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Resumen 
 
 La presente Tesis trata sobre el desarrollo de la célula solar de doble unión monolítica 

de GaInP/GaAs para aplicaciones de alta concentración, incluyendo su estudio teórico y 

modelado, y la fabricación experimental y caracterización de las estructuras semiconductoras 

necesarias, mediante MOVPE, y de los dispositivos de célula solar. El énfasis puesto en la 

consecución de una excelente respuesta en concentración es el principal elemento 

diferenciador respecto a las células de GaInP/GaAs desarrolladas en otros laboratorios. 

 
 En la primera parte de este trabajo se realiza un estudio teórico de la célula de 

GaInP/GaAs para concentración, analizando los límites de eficiencia de diferentes 

configuraciones posibles para ésta célula, y el modelo intrínseco de la opción monolítica con 

conexión serie. Las propiedades extrínsecas y los efectos distribuidos que aparecen en éste 

tipo de dispositivos son analizados mediante modelos cuasi-3D basados en circuitos 

electrónicos distribuidos. Con éstos se diseña la malla frontal óptima para la célula de 

GaInP/GaAs funcionando a altas concentraciones y se estudia el efecto de los perfiles de luz 

no uniformes presentes en las aplicaciones de ésta célula funcionando dentro de un 

concentrador. 

 
 La segunda parte comienza con una introducción en la que se describen las 

características de la tecnología MOVPE disponible en el I.E.S.-U.P.M. y se hace un repaso de 

los métodos de caracterización de materiales y dispositivos de célula solar empleados en esta 

Tesis, haciendo hincapié en las particularidades conceptuales y tecnológicas de la medida de 

células multiunión. 

 
 A continuación se aborda el desarrollo experimental de la célula de GaInP, la unión 

túnel y la célula de doble unión. Al estudio del crecimiento epitaxial de GaInP y Al(Ga)InP le 

sigue el desarrollo de la célula de GaInP empleando estos materiales y prestando una 

atención especial a la recombinación en las intercaras anterior y posterior de la unión p-n de 

la célula. El desarrollo de la unión túnel comienza con las investigaciones acerca del 

crecimiento mediante MOVPE de GaAs y AlGaAs fuertemente dopados. A continuación se 

presentan las diferentes estructuras semiconductoras de unión túnel estudiadas en esta 

Tesis, con las que, además de perfeccionar el funcionamiento del dispositivo, se buscó la 

eliminación de posibles efectos adversos para el crecimiento y calidad de la célula superior de 

GaInP, debidos a la inserción de la unión túnel en la estructura de la célula de doble unión. 

Como resultado se obtiene una densidad de corriente de pico record de 10100 A/cm2 y una 

resistencia serie a 0 voltios de 1.6·10-5 Ω·cm2, en una unión túnel de AlGaAs/GaAs dopada 

con carbono y teluro.  
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 En el último capítulo de ésta parte, los diseños de célula solar de doble unión de 

GaInP/GaAs desarrollados en esta Tesis se estudian mediante el análisis de su eficiencia 

cuántica, curvas I-V y respuesta en concentración. El estudio experimental y teórico de las 

deficiencias de cada diseño permite identificar las líneas a seguir para su mejora. Como 

resultado se obtiene una célula solar con una eficiencia del 32.6 % a 1000 soles, que es el 

valor más alto publicado en la literatura hasta hoy, para una célula solar de doble unión. El 

modelado y análisis posterior de éstas células nos permite pronosticar, además, la obtención 

de eficiencias cercanas al 34 %, con versiones mejoradas de este tipo de células solares. 

  
 En la última parte se resumen las conclusiones globales del trabajo realizado en esta 

Tesis, y se identifican y proponen las líneas de trabajo a emprender en el futuro.   
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Abstract 
 

This Thesis deals with the development of the monolithic GaInP/GaAs dual-junction 

solar cell for high concentration applications, including its theoretical analysis and modeling, 

and the experimental manufacture and characterization of the needed semiconductor 

structures grown by metal-organic vapour phase epitaxy (MOVPE), and of the final 

concentrator solar cell devices. A special emphasis is put on the optimization of the solar cell 

concentration response, as the most important distinctive characteristic when compared to 

other GaInP/GaAs dual-junction solar cells developed in other laboratories. 

 
In the first part of this Thesis, a theoretical study of the concentrator GaInP/GaAs dual-

junction solar cell is presented. The efficiency limit of different configurations of this solar cell, 

and the intrinsic model of the monolithic, series connected approach are analyzed. The 

extrinsic properties and distributed effects exhibited by this kind of devices are then studied by 

using quasi-3D models based on distributed circuit units. The optimum front grid layout for the 

operation of our GaInP/GaAs dual-junction solar cell under high concentrations is designed, 

and the effect of non-uniform light profiles is appraised. 

 
The second part begins with an introduction to the experimental research carried out in 

this Thesis, in which the MOVPE technology available at I.E.S. – U.P.M. is described. A 

review of the semiconductor material and solar cell device characterization techniques used is 

also presented, emphasizing on the issues specific to the dual-junction solar cell devices.  

 
The experimental development of the GaInP top cell, the tunnel junction and the 

complete dual-junction solar cell is then dealt with. As for the GaInP top cell, the MOVPE 

growth of the GaInP and Al(Ga)InP materials is first tackled. These materials are then used to 

build the semiconductor structure of the GaInP solar cell, paying an special attention to the 

front and back surface passivation. As for the tunnel junction, the material research conducted 

to obtain very high doping levels in GaAs and AlGaAs is firstly treated. Then the experimental 

work concerning the study of the main tunnel junction semiconductor structure approaches 

developed in this Thesis is presented. Both the performance of the tunnel junction devices 

fabricated and the influence of their MOVPE growth on the growth and quality of the GaInP 

top cell is assessed in each case. A record peak current density of 10100 A/cm2 and a series 

resistance at zero bias as low as 1.6·10-5 Ω·cm2 are achieved with a AlGaAs/GaAs tunnel 

junction doped with carbon and tellurium.  

In the last chapter of this part, the most representative dual-junction solar cell designs 

developed in this Thesis are explained and analyzed by means of quantum efficiency, I-V 

curves and concentration response measurements. The weaknesses of each design are 
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assessed experimentally and theoretically in order to determine the modifications required to 

improve the performance of the solar cell. An efficiency of 32.6 % at 1000 suns is eventually 

achieved, which is the highest value reported so far for a monolithic dual-junction solar cell. 

Moreover, the simulations carried out show that an efficiency approaching 34 % is attainable. 

 
In the last part, the summary and global conclusions of this Thesis are outlined and 

some future research activities are envisaged. 
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I.1. Introduction 

In the 70s, concentrators were seen by many as a solution for the energy supply 

problems derived from the oil shock occurred in 1973. However, both the fact that the cost 

reduction of the concentrators was not as fast as expected and the normalization of the oil 

market gave rise to the abandonment of the concentrator systems deployment. A 

technological breakthrough, necessary to speed the cost reduction of concentrators, has been 

sought by researchers since then [Luque07]. The way to the accomplishment of this 

breakthrough appears to have been already paved by the development of very high efficiency 

solar cells. Concentrator multijunction solar cells have reached the highest conversion 

efficiency of a solar cell of any kind. In fact, the increasingly higher efficiencies attained during 

the 90s is one of the reasons for the renewed interest on the concentrator technology in the 

PV community. So far, a record-efficiency of 41.6% at 364 X (suns) has been achieved by 

Spectrolab with a monolithic lattice-matched triple-junction solar cell [King09]. Moreover, 

efficiencies higher than 39% at 500 X and 36% at 1000 X are already in the production stage 

(see for example [Emcore10]). These high efficiencies have proven the multijunction solar cell 

technology as a feasible solution for the cost (€/Wp) reduction needed in order to make the 

photovoltaic generation of electricity economically competitive. In fact, many CPV 

manufacturers state that, today, only an increase in production volumes, in order to 

materialise the positive effect of the learning curve on the cost, is required to make the CPV 

technology cost-competitive [ICSC08]. Other advanced concepts such as the intermediate-

band solar cell, now in the demonstration stage of development, are also quite promising 

[Luque09]. 

The cost analyses carried out in the III-V technology group at I.E.S.-U.P.M have shown 

that, after learning, the most important factor on the cost is the concentration, followed by the 

efficiency [Algora07]. Therefore, the key factor for reducing the cost of CPV will be by means 

of learning and production optimization but, while a significant cumulated production is 

achieved, the running CPV installations should take into account the efficiency-concentration 

pair because concentration appears as a factor governing cost more severely than efficiency. 

For example, a complete installation based on 30% efficient solar cells operating at 1000 X 

would have a cost a bit higher than 3 €/Wp after a cumulated production of 10 MWp, which is 

the same cost than that of an installation based on 40% efficient solar cells operating at 400 X 

[Algora09]. For concentrations of 1000 X or higher, the solar cell efficiency and CPV price 

parameters are decoupled, i.e., low prices can be attained with expensive solar cells. This is 

one of the reasons for the determination of our research group to the development of high 

efficiency solar cells for very high concentrations (> 1000 X). This approach requires the 
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attainment of very low series resistances, in order to minimise the ohmic losses and take 

advantage of the solar cell efficiency gain achieved as the concentration is raised.  

On the other hand, the need for a good performance at concentrations higher than 

1000 X is not only understood in our group as a strategic issue. In addition, it is a need 

derived from the fact that real optical concentrators do not produce uniform illumination spots 

on the cell. On the contrary, optical concentrators exhibit peak irradiances going from 1.5 to 20 

times the nominal concentration [Algora07]. Therefore it is important to assure that the solar 

cell efficiency decline with concentration, after its peak value has been reached, is not steep. 

With all these considerations in mind, the development of multijunction solar cells for 

high concentration applications was started at I.E.S.-U.P.M. in 2004. With the already 

developed concentrator GaAs single-junction solar cell as the departure point, as will be 

explained in next section, the development of the concentrator GaInP/GaAs dual-junction 

solar cell grown on GaAs substrates was the step to be tackled prior to the implementation of 

the GaInP/GaAs/Ge triple-junction solar cell. The development of the GaInP/GaAs dual-

junction solar cell is not only limited, though, to its posterior integration in a GaInP/GaAs/Ge 

triple-junction solar cell. In fact, according to the cost analysis mentioned above, a solar cell 

with an efficiency of 34% working at 1000 X would give rise to a lower electricity cost than a 

solar cell with an efficiency of 40% working at 600 X, for a cumulated production of 10 MWp 

[Algora09]. An efficiency of 34% at 1000 X is attainable with a GaInP/GaAs dual-junction solar 

cell, as will be demonstrated in Chapter 7 of this Thesis. Therefore, the use of GaInP/GaAs 

dual-junction solar cells can allow the achievement of competitive prices for the electricity 

production with the advantage of the elimination of the complications found in the growth of III-

V solar cells grown on Ge substrates and of the concerns about the reliability of such devices, 

being appraised currently [Karam07][Schöne08]. Another application niche for the 

development of the GaInP/GaAs dual-junction solar cell are the spectrum splitting 

configurations, such as the one proposed in [Barnett07][Green10]. Although the economical 

viability of these approaches is compromised seriously by the fact that more than one 

substrate is used in their manufacturing, the potential efficiencies achievable make them an 

appealing research topic.   

 In conclusion, the research topic of this Thesis is the development of the monolithic 

GaInP/GaAs dual-junction solar cell for high concentration applications, including its 

theoretical analysis and modelling, and the experimental manufacturing and characterization 

of the semiconductor structures and solar cell devices required. In the following sections, the 

state of the art about dual-junction solar cells and the situation at I.E.S. -U.P.M at the 

beginning of this Thesis, as well as the approach followed and the objectives endeavoured are 

detailed. 
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I.2. Analysis of the state of the art. 

I.2.1. Brief history of the GaInP/GaAs monolithic dual-junction solar cell 

Monolithic dual-junction solar cells based on the GaInP/GaAs system were first 

proposed by J. M. Olson and coworkers in 1985 [Olson85]. Since then, they have proved to 

be a successful approach mainly due to the easiness of achieving high electronic quality in the 

GaInP compound, as compared to other ternaries such as AlGaAs. Through the years, the 

evolution of this kind of devices in the field of terrestrial concentrator applications, gave rise to 

a record efficiency of 30.2% at 300 X in 2001, in a GaInP/GaInAs metamorphic dual-junction 

solar cell [Bett01][Dimroth01][Green08]. The work presented in this Thesis culminated with the 

achievement of a monolithic GaInP/GaAs concentrator solar cell with a new record efficiency 

of 32.6% at 1000 X. In the following, the different technological challenges faced at each 

development stage of the GaInP/GaAs monolithic solar cell, from the first devices to the 

beginning of the research at I.E.S. – U.P.M. in 2004 are summarized. 

The first attempts with the GaInP/GaAs dual-junction solar cell (Figure I.1a) yielded 

Voc = 2.17 V, FF = 0.73, and a Jsc = 5.3 mA/cm2 (without ARC) which meant an efficiency of 

about 8% (1X-AM1.5G) [Olson85]. This low Jsc was limited by problems associated to the 

particular dopants (H2Se end DEZn) used, and the deficient quality of the precursors, specially 

the TMIn. Moreover, the technique for the epitaxial growth of the tunnel junction in between 

the top and bottom cell was not well defined yet.  

These problems were partially solved and, in 1988, a solar cell with the structure 

shown in Figure I.1b was reported with an efficiency of 21.9% (Jsc = 11.8 mA/cm2, 

Voc = 2.19 V, and FF= 85% under AM1.5G conditions) [Olson88]. A couple of years later an 

efficiency of 27.3% (1X-AM1.5G) was achieved. The Jsc, Voc and FF were 13.6 mA/cm2, 

2.29 V, and 0.87, respectively [Olson90]. The key aspect for this high efficiency was the 

current matching between the top and bottom subcells thanks to a careful tailoring of the 

GaInP top cell band gap-thickness relationship (see Chapter 1 for details on this). By using 

this type of GaInP/GaAs dual junction solar cell, over the next years, two efficiency records 

were achieved: an efficiency of 29.5% at 1X-AM1.5G [Bertness94] (structure shown in Figure 

I.1c) and an efficiency of 30.2% at 160 X AM1.5D [Friedman95]. 

It is interesting to analyze the origins of these improvements by following the reasoning 

of their own authors. The achievement of the 29.5% efficient solar cell (Jsc = 14 mA/cm2, 

Voc = 2.38 V and FF = 0.885) was the result of an optimized grid design, and top surface and 

back surface passivation (see Figure I.1c). The optimized grid design was for 1 X operation 

and thus is not interesting in the context of this Thesis. The top surface passivation was 

carried out by means of an AlInP window layer with a low oxygen content (verified by SIMS). 
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The good back surface passivation was achieved in the GaAs bottom cell using a thin GaInP 

layer while in the GaInP top cell it was achieved with a highly disordered GaInP layer with a 

higher band gap. The performance of the tunnel junction was improved by replacing zinc with 

carbon as p-dopant, and by lowering the growth temperature. The results showed higher peak 

currents for the tunnel junction. This was attributed to the smaller diffusion of the p-type 

dopant carbon, which allowed the growth of sharper junctions with the consequent thinner 

depletion regions, giving rise to an enhanced tunnelling effect. These tunnel junctions were 

studied in more detail later [Bertness94b], concluding that they were suitable for these 

devices, even for concentrations up to 1000 X. Finally, the problems associated with the 

memory effect of Se, caused by the high dopant flow required to obtain the high doping levels 

needed in the tunnel junction, were overcome by achieving a higher dopant incorporation 

coefficient by modifying growth conditions such as the arsine partial pressure. Thus, higher 

doping levels could be achieved with lower dopant flows, thereby reducing the memory effect. 

On the other hand, the achievement of the 30.2% efficient solar cell in a range of 

roughly 140-180 X (at 1 X, Jsc = 13 mA/cm2, Voc = 2.337 V, FF = 0.869 and the efficiency is 

26.4%) was the result of an adaptation from the previous 1 X device. The main modification 

introduced was the thickness increase of the emitter and base layers of the top cell to a total 

value of 1.5 µm. The emitter thickness was increased from 0.1 to 0.2 µm in order to decrease 

the solar cell series resistance while the base thickness was increased from 0.6 to 1.2 µm in 

order to match the top and bottom cell currents for the AM1.5D solar spectrum. In addition, a 

denser front metal grid was used which was the main responsible for the decrease in the Jsc 

from 14 mA/cm2 in the 1 X design, to 13 mA/cm2. A projection from the experimental 

concentration response curves shows that, at 1000 X, this solar cell would exhibit an efficiency 

of 26.0-26.5%. In fact, the authors of [Friedman95] stated that efficiencies higher than 31% 

were achievable at 1000 X via fine tuning of the emitter thickness and doping as well as with a 

front metal grid redesigned for high concentration applications. 

The 29.5% efficiency of the GaInP/GaAs solar cell presented in [Bertness94] was soon 

eclipsed with an efficiency of 30.3% at 1X-AM1.5G [Takamoto94]. Other similar solar cells, 

intended for space applications, surpassed also the 30% efficiency at 1X-AM1.5G by reducing 

the tunnel junction absorption using the high band gap material GaInP with AlInP barrier 

layers [Takamoto97][Agui98] (see Figure I.1d). In these structures, the p-dopant of the tunnel 

junction is zinc, since carbon is not an appropriate dopant for In-containing compounds. The 

AlInP barrier layers employed are useful to minimize the Zn outdifussion. However, under 

concentrated light, no better efficiency than the 30.2% presented in [Friedman95] was 

achieved.  
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Although in this Thesis we are dealing with monolithic lattice-matched GaInP/GaAs 

dual-junction solar cells, it is interesting to mention the maximum efficiencies achieved with 

other technologies. For example, a 30-31.3% efficiency was attained at the concentration of 

300 X, with a GaInP/GaInAs lattice mismatched solar cell [Bett01][Dimroth01]. With the 

mechanical stacked technology, sum efficiencies1 of 32.6% were achieved by mechanically 

locating a GaSb solar cell underneath a GaAs solar cell [Fraas90], so that the IR region of the 

spectrum transmitted by the GaAs solar cell, could also be used.  

In Table I.1 a summary of the I-V curve parameters of the most representative 

monolithic lattice-matched GaInP/GaAs solar cells developed since 1985 is presented. Once 

                                                
1 The efficiency is calculated as the sum of the efficiencies of each individual component of the 
mechanical stack, since it is a four-terminal solar cell. 

 

Figure I.1. Semiconductor structure of some of the lattice matched GaInP/GaAs solar cells developed 
since 1985. 
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achieved the dual-junction solar cell performance mentioned, most laboratories focused on 

the development of the GaInP/Ga(In)As/Ge triple-junction solar cell, which led to the 

attainment of a record efficiency of 41.6% at 364 X by Spectrolab with a lattice matched 

approach [King09]. 

I.2.2. State-of-the-art at I.E.S. – U.P.M. 

The development of III-V solar cells for concentrator applications follows a long 

tradition at I.E.S.-U.P.M. The first theoretical contributions authored in the 80s by 

Prof. G. L. Araújo where soon followed by their experimental materialization by means of the 

Liquid Phase Epitaxy (LPE) technique, using a reactor designed and fabricated in-house. With 

this technique, the first GaAs solar cell devices were manufactured entirely at I.E.S. – U.P.M. 

Successive improvements of the growth technique and solar cell fabrication allowed the 

achievement of an efficiency of 22.8% at 1 X, which was the highest in Europe from 1989 to 

1990 [Algora89]. 

Table I.1. Merit figures of some of the lattice matched GaInP/GaAs dual-junction devices developed 
since 1985. The values for a lattice mismatched and mechanical stacked devices are also shown for 
comparison.  

Reference Jsc Voc FF Eff 

[Olson85] 
(no ARC) 

5.3 mA/cm2 
1X, ELH 2.170 V 72% 8.3% 

[Olson87] 
(no ARC) Figure I.1a 

8.25 mA/cm2 
1X, ELH 

1.766 V 68.5% 10% 

[Olson88] 
Figure I.1b 

11.7 mA/cm2 
1X, AM1.5G 

2.185 V 85.06% 21.9% 

[Olson90] 13.61 mA/cm2 
1X, AM1.5G 

2.292 V 87.41% 27.3% 

[Bertness94] 
Figure I.1c 

14.00 mA/cm2 
1X, AM1.5G 

2.385 V 88.5% 29.5% 

1X 2.337 V 87.2% 26.4% 
[Friedman95] 

13.0 mA/cm2 
AM1.5D 150 X 2.655 V 86.9% 30.2% 

[Takamoto97] 
 Figure I.1d 

14.22 mA/cm2 
1X, AM1.5G 

2.488 V 85.6% 30.3% 

15.34 mA/cm2 
1X, AM1.5D 1.943 V 84.1% 25.1% [Dimroth01]] 

(lattice mismatched) 
300X, AM1.5D - - 30-31.3% 

GaSb solar cell 

24.5 mA/cm2 
100X, AM1.5D 

0.466 V 71% 8.1% 

GaAs solar cell 

[Fraas90] 
(mechanical stacked, 

GaAs/GaSb, 
with prismatic covers) GaAs: 

30.9 mA/cm2 

100X, AM1.5D 
1.100 V 85% 28.97% 
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At the beginning of the 90s, the commitment of the I.E.S. – U.P.M. to the concentrator 

technology was fully established and put into practice by means of the European Project 

named “The photovoltaic Eye”, aiming the development of GaAs solar cells for medium 

concentrations. As a result, an efficiency of 25% at 180 X was achieved with solar cells placed 

inside a confining cavity [Algora92]. This efficiency was the highest in Europe for a 

concentrator solar cell, at that moment. In 1995, an efficiency of 23% for concentrations 

ranging from 200 to 1300 X (23.3% at 500 X) was attained [Maroto95a], which represented an 

European record efficiency for a solar cell working at 1000 X. Posterior improvements in the 

growth technique and post-processing routines led to the achievement, in collaboration with 

the Ioffe Institute of Saint Petersburg, of an efficiency of 26.2% at 1000 X [Algora01], which is 

the highest reported so far for a single-junction solar cell at that concentration.  

Further improvements in the concentrator GaAs single-junction solar cell were 

attainable only if important modifications in the semiconductor structure were tackled, namely, 

the use of n/p polarity (the previous design had p/n polarity) and the replacement of the 

AlGaAs window layer with GaInP [Algora01a]. For the development of these structures, the 

LPE growth technique resulted inappropriate due to its inherent limitations such as, for 

example, the difficulties in growing materials containing indium. Such restrictions in the growth 

of some materials and the low homogeneity achieved in the material grown, made the LPE 

technology unsuitable to tackle the development of multijunction solar cells, which was being 

considered at that time at I.E.S. – U.P.M.  Consequently, the transition to the metal-organic 

vapour-phase epitaxy (MOVPE) technology was required. This technology allows the growth 

of virtually unlimited number of layers in the same structure, with an excellent control over 

doping levels, layer thicknesses, material composition and interface quality. Moreover, it 

allows the mass production of devices with a high homogeneity and the best economics of 

growth, which is the main reason for being the most widely used technology for the fabrication 

of III-V semiconductor devices in the industry.  

The first investigations concerning MOVPE-based GaAs single-junction solar cells 

were carried out using externally grown semiconductor structures. The theoretical and 

experimental improvement and refinement of the manufacturing routines employed for the 

fabrication of concentrator GaAs solar cell devices, carried out in [Rey-Stolle01], was applied 

to LPE-grown and MOVPE-grown devices. This represented the first contact with the MOVPE 

technology at I.E.S-U.P.M., which was fully realized with the acquisition and installation of a 

research AIX200 MOVPE reactor in 2001. The intense work devoted to the set-up and first 

experiments, made possible the beginning of the research concerning the development of 

MOVPE-grown concentrator GaAs single-junction solar cells. In 2006, in the context of this 

Thesis and out of the I.E.S.-U.P.M. commitment to the transfer of technological knowledge to 
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the industry, the AIX200 reactor was upgraded to the higher capacity AIX200/4 version (with a 

capacity of three 2” substrates or one 4” substrate at a run), as one of the steps towards the 

installation of a pilot production line at I.E.S. – U.P.M.  

The development of the concentrator GaAs single-junction solar cell was culminated in 

2006 with the achievement of an efficiency of 26% at 1000 X [Galiana06]. An efficiency of 

26.8% at 1000 X was predicted, assuming that the problems found at that moment in some of 

the post-processing routines, which caused an abnormal deterioration of the fill factor, were 

fixed. Thus, the record efficiency obtained at I.E.S.-U.P.M. in 2001 with LPE-grown solar cells 

were reproduced with the MOVPE technology. The semiconductor structure of the GaAs solar 

cell developed is depicted in Figure I.2. As can be observed, it consists of an n-on-p GaAs 

junction where the front and back surfaces passivation is attained by means of a lattice 

matched GaInP layer and an AlGaAs layer, respectively. The doping level and thickness of the 

base and, especially, of the emitter layer are designed to optimize the efficiency of the solar 

cell at high concentrations.  

In 2004 the theoretical and experimental development of the GaInP/GaAs dual-junction 

solar cell at I.E.S.-U.P.M., being treated in this Thesis, was initiated, in parallel with the 

development of the GaAs single-junction solar cell, which continued until 2006. Therefore, the 

first GaInP/GaAs dual-junction versions developed incorporated a less advanced GaAs 

bottom cell semiconductor structure than that of Figure I.2, as will be seen in Chapter 7.  

In addition to all the theoretical and experimental work carried out at I.E.S. – U.P.M. 

since the 80s, concerning the development of the concentrator GaAs single-junction solar cell, 

the contributions to the analysis of the efficiency limits in multijunction solar cells are also 

outstanding. Works such as [Araujo94][Martí96] are a reference in the PV community. 

In conclusion, the theoretical and experimental work commented above and published 

in past Thesis and papers, constitute the ground for the development of the concentrator 

GaInP/GaAs dual-junction carried out in this Thesis. 

 

Figure I.2. Semiconductor structure of the 
MOVPE-grown GaAs single-junction solar cell 
developed at I.E.S.-U.P.M., which attained an 
efficiency of 26% at 1000 X [Galiana06]. 
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I.3. The I.E.S.-U.P.M. dual-junction solar cell approach 

The development at I.E.S. – U.P.M. of monolithic GaInP/GaAs concentrator dual-

junction solar cells grown lattice-matched on GaAs substrates was motivated for the following 

reasons: 

- As commented above, the solar cell development in our research group is aimed to 

achieve a product able to make possible the achievement of competitive prices for the 

photovoltaic generation of electricity. At the moment of beginning the research about 

multijunction solar cells, the mechanical stacking approaches developed by other groups did 

not appear to be able to achieve competitive prices, due to the use of more than one 

substrate. The cost is, still today, a problem to be solved for that technology. Moreover, at 

I.E.S.-U.P.M. we did not have the technology necessary to participate in a development that 

could eventually produce a cost reduction in the mechanical stacking approach. Therefore, the 

monolithic solution was preferred. 

- The choice of a lattice matched solution restricted from the beginning the maximum 

theoretical efficiency achievable in our multijunction solar cell development, due to the 

restricted palette of semiconductor material band gaps that we could use. However, the 

results published at that moment by other research groups showed very close efficiencies 

attained with lattice matched and metamorphic GaInP/Ga(In)As/Ge triple-junction solar cells. 

This was due, primarily, to the recombination introduced by the defects inherent to the growth 

of lattice mismatched structures. Today, a vast progress in the suppression of these defects or 

of their propagation towards the active layers of the solar cell, has been attained through the 

use of buffer layers or inverted metamorphic designs, which have allowed to achieve record 

efficiency triple-junction solar cells [Geisz08][Guter09]. Nevertheless, the lattice matched 

approach has always been able to catch up and achieve similar efficiencies. In fact, the 

current efficiency record is held by a triple-junction lattice matched solar cell [King09]. The 

concerns about the long term reliability of the metamorphic solar cells, were also decisive in 

our choice of the lattice matched approach. Furthermore, the multijunction solar cells now in 

the production stage at Emcore, Spectrolab or Azur, both for space or terrestrial applications, 

are lattice matched designs. Therefore, the development of lattice matched approaches was 

also seen at I.E.S.-U.P.M. as a better choice for a faster transference to the production stage. 

Moreover, it must be taken into account that we counted only on two year experience in the 

MOVPE field at the beginning of the dual-junction solar cell development in our group, so 

many other aspects of this technology were to be addressed before tackling the challenges 

imposed by the growth of lattice mismatched structures. However, the development of 

metamorphic solar cells at I.E.S.-U.P.M. on Ge and, specially, on Si substrates is planned for 

the medium-term future. 
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- Finally, the convenience of the GaInP/GaAs system for the achievement of reliable 

and high efficiency solar cells is well known and demonstrated in practice, as compared to 

other approaches with more favourable band gap combinations to obtain higher theoretical 

efficiencies such as the AlGaAs/GaAs system [Olson03]. Moreover, the GaInP/GaAs 

approach is the most mature and proven option for the dual-junction solar cell. This would 

allow us to take advantage of the experience of other research groups in order to attain a fast 

development of the first functional versions of dual-junction solar cell, to which the 

improvements presented in this Thesis would be incorporated. 

In Figure I.3 the general semiconductor structure of the GaInP/GaAs dual-junction 

solar cell developed at I.E.S. – U.P.M. is shown. As can be observed, it corresponds to the 

most advanced lattice matched GaInP/GaAs dual-junction solar cells developed in other 

laboratories and explained in section I.2.1. Our purpose was to first reproduce the results 

obtained in the past by other laboratories and, then, to further develop the solar cell 

semiconductor structure in order to achieve higher efficiencies at higher concentrations. An 

intense experimental work had to be carried out in order to attain such a semiconductor 

structure with the appropriate characteristics. Around 900 epitaxy runs have been performed, 

including the reactor calibration experiments, material studies and solar cell structure growth.  

Regarding the GaAs substrates used, most experiments were carried out with 

substrates (100) misoriented 2º off towards the nearest (111)A plane, although the 2º 

 

Figure I.3. General semiconductor structure of 
the GaInP/GaAs dual-junction solar cell 
developed at I.E.S. – U.P.M. 
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misorientations towards the (110) and (1-10) planes were also studied. These misorientations 

are the most common that can be found in the literature. Misorientating the substrate by a few 

degrees from the (100) orientation allows to achieve optimum morphologies. On the other 

hand, this misorientation influences growth parameters such as the growth efficiency (and 

consequently the growth rate), dopant incorporation efficiency, etc [Stringfellow99, Chapter 8]. 

In addition, for the GaInP material, the substrate miscut, specially the misorientation angle, 

also influences the ordering degree achieved [Gomyo94]. However, in this work no noteworthy 

differences among the results obtained with the different substrates used were observed, due 

to the fact that the most influencing parameter is the misorientation angle, which was the 

same for all the substrates considered. However, some experiments performed on 6º�(111)B 

substrates, in view of the application of the GaInP/GaAs dual-junction solar cell to be grown 

on Ge substrates (which have typically this misorientation), showed outstanding differences, 

specially in the GaInP ordering degree, in agreement with the data reported in the literature. 

The I.E.S. – U.P.M. approach contemplates the application of the high efficient solar 

cells to high concentration applications. For the solar cell to operate efficiently at high 

concentrations, the minimization of the series resistance is compulsory. This is pursued in our 

solar cell designs, even at the cost of reducing the performance of the solar cell in other 

aspects such as the Jsc. In fact, the tunnel junction used in the GaInP/GaAs dual-junction solar 

cell developed in this Thesis is based on the GaAs material, which, in spite of its higher light 

absorption, as compared to other higher band gap materials, allows to achieve a higher peak 

current and a lower resistivity, which redounds to the attainment of a lower series resistance in 

the solar cell. This makes necessary the employment of strategies to maximise the light 

transmittance of the tunnel junction. An eye is kept also on other vertical series resistance 

components originated in the semiconductor structure. The majority carrier transport across 

the semiconductor heterointerfaces is assessed and some structures which were found to 

introduce a high series resistance, were replaced with other less resistive approaches.  

However, in a solar cell with a properly designed semiconductor structure, the larger 

contribution to the series resistance in the concentrator application comes from the front grid-

emitter. As a consequence, its appropriate design is considered of top importance in our 

development approach. This allows the maximum exploitation of the semiconductor structure 

properties, achieving the optimum FF and Voc, while affecting the minimum possible the Jsc 

(due to shadowing). Moreover, the optimization is always performed using technologically 

realistic assumptions, so that the optimized solar cell could be adequately implemented with 

the resources available at the I.E.S.-U.P.M. laboratory  

Another distinctive characteristic of our concentrator solar cells designs is the device 

size. Standard III-V solar cell sizes for terrestrial applications go from 0.25 to 1 cm2. However, 
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the study carried out in [Algora97] showed that the optimum size of GaAs single junction solar 

cell operating at 1000 X is around 1 mm2. This results from the trade-off existing between the 

influence of the series resistance and the perimeter recombination. An additional advantage of 

this small solar cell size is that it facilitates the extraction of the heat generated by its operation 

under high concentrations, in such a way that the active cooling of the receiver is not 

necessary. Moreover, this small size allows to use techniques from the optoelectronic industry 

for the solar cell fabrication, expressed as the “LED-like approach” which was patented in 

2000 [Algora00c]. This allows to take advantage from the maturity and low production cost of 

this technology. In summary, the 1 mm2 size has been considered as standard in our group 

and, consequently, the solar cells developed in this Thesis have that size. Recent feedback 

from some manufacturers trying to translate the concentrator solar cells to the production 

stage reinforced this tendency, but suggests that higher sizes, (though still in the range of the 

optoelectronic devices), would favour the economics of the solar cell screening and 

concentrator panel assembly process. The final solution adopted for the massive production of 

concentrator solar cells remains to be known.   

Finally, it must be pointed out that the solar spectrum used for all the measurements 

and calculations in this Thesis (except otherwise noted) is the standard AM1.5D low-AOD, 

normalized to achieve an integrated power of 1000 W/m2. This spectrum is an evolution from 

the previously established AM1.5D standard [ISO92], which pursued a spectral distribution 

closer to reality by using a lower aerosol optical depth value [Myers02]. However, in most of 

the publications concerning the development of the GaInP/GaAs dual-junction solar cell, the 

old spectra is used for the performance assessment of the solar cells. In this Thesis, the 

quantum efficiency measurements shown in these publications are used to recalculate the 

solar cell short circuit currents reported, for the AM1.5D low-AOD solar spectrum. However, 

corrections on the FF or Voc are not attempted. Therefore, the comparisons of solar cell 

performances presented in this Thesis must be taken cautiously and bearing in mind the 

differences in the solar spectra used in each case. 

I.4. Objectives of this Thesis. 

From the previous sections, the purpose of this Thesis can be clearly deduced: the 

development of the GaInP/GaAs dual-junction solar cell for its efficient operation under high 

concentrations. The quantification of “efficient operation” and “high concentrations” was 

defined by the objectives established in the different national and European projects that 

framed the work of this Thesis. The most important among these was the European project 

“Full Spectrum”, which lasted from the end of 2003 to the end of 2008. This project pursued “a 

better exploitation of the FULL solar SPECTRUM by further developing concepts already 
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scientifically proven but not yet developed and by trying to prove new ones in the search of a 

breakthrough for the PV technology”. One of the project activities was the multi-junction solar 

cell development: “MJC technology towards 40% efficiency will be developed using lower cost 

substrates and high light concentration (up or above 1000 suns)”. Note, though, that the 

approach consisting in using high concentrations of 1000 X or above had already been 

proposed in our group before, as explained in the previous sections of this Introduction 

chapter. In accordance with the tasks assigned to the work packages of the Full Spectrum 

project in which our research group was involved, the general objective established for this 

Thesis was:  

 
“TThhee  aacchhiieevveemmeenntt  ooff  aa  ccoonncceennttrraattoorr  GGaaIInnPP//GGaaAAss  dduuaall--jjuunnccttiioonn  ssoollaarr  cceellll  

wwiitthh  aann  eeffffiicciieennccyy  hhiigghheerr  tthhaann  3300%%  aatt  aa  lliigghhtt  ccoonncceennttrraattiioonn  ooff  11000000  ssuunnss”. 

 
The success in the accomplishment of this general objective could be possible only by 

dividing it in more specific objectives. Some of the most important are: 

 
Objective 1: Theoretical analysis and modeling of the concentrator GaInP/GaAs dual-

junction solar cell.  

The particularities of the working principles of the dual-junction solar cell, when 

compared with the already-developed GaAs single-junction solar cell, must be studied in order 

to understand the relation between the solar cell properties and the characterization results 

(quantum efficiency, dark and illumination I-V curve, concentration response, etc). Suitable 

models must be developed in this sense, by the upgrade of the existing for the single-junction 

solar cells, and implementation of new ones. Of special importance are the quasi-3D 

distributed models, which must be developed and used for the analysis of the distributed 

effects present in our concentrator solar cells, and for the solar cell design. 

 
Objective 2: Theoretical optimization of the semiconductor structure and front grid.  

 In addition to the achievement of the necessary electronic properties in the 

semiconductor active junctions, issues such as the current matching or a low absorption in the 

tunnel junction, must be addressed by theoretical analyses which will guide, complement and 

explain the experimental results obtained. In addition, the different characteristics of the 

GaInP/GaAs dual-junction solar cell, as compared to the GaAs single-junction solar cell, 

particularly in the short circuit current and top cell emitter, makes necessary the design of the 

appropriate top cell structure and the redesigning of the front grid. The quasi-3D distributed 

models are the appropriate tool for this purpose. 
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Objective 3: MOVPE growth of the required semiconductor materials and structures.  

 Our command over the MOVPE growth and characterization of semiconductor 

materials and structures for solar cell applications must be extended in order to meet the 

requirements of the multijunction solar cell. The development of the growth methods for 

materials such as GaInP, AlInP and AlGaInP lattice matched to GaAs, heavily doped GaAs 

and AlGaAs, etc, with the appropriate structural, electronic and morphological properties must 

be tackled. The challenges of the growth of the tunnel junction, GaInP solar cell and 

GaInP/GaAs dual-junction solar cell semiconductor structures, using these materials, must 

also be addressed. 

 
Objective 4: Development of the GaInP/GaAs dual-junction solar cell components.  

 In addition to the adaptation of the GaAs single-junction solar cell, developed 

previously, to its inclusion in the dual-junction solar cell structure, the development of the 

tunnel junction and GaInP top cell must also be dealt with. A tunnel junction properly designed 

to provide an effective (high peak current, low series resistance, low optical absorption) series 

interconnection between the top cell and bottom cell must be attained. The voltage gain in the 

dual-junction solar cell which makes possible the achievement of a higher efficiency, as 

compared to the GaAs single-junction solar cell, must be maximized through the development 

of a high quality GaInP top cell. A high short circuit current in the dual-junction solar cell is, at 

the same time, desirable. For this, an optimum GaInP top cell photorresponse and current 

matching, in addition to a low absorption in the tunnel junction, are to be pursued. The 

adaptation of the anti-reflecting coating developed for the GaAs single-junction solar cell, to 

the GaInP/GaAs dual-junction solar cell is also necessary. Quantum efficiency, I-V curves and 

concentrator response are the most important characterization techniques planned to assess 

the experimental results, which are complemented with theoretical analyses and modeling.  

 
Objective 5: Development of the complete GaInP/GaAs dual-junction solar cell.  

The integration of the GaInP top cell, GaAs bottom cell and tunnel junction, which 

compose the complete GaInP/GaAs dual-junction solar cell, must be accomplished by making 

possible the optimum exploitation of the properties of the individual components. An special 

attention must be paid to the pernicious interactions appearing during the MOVPE growth of 

the different layers composing the semiconductor structure. The theoretical design and 

optimization of the dual-junction solar cell for high concentration applications must be 

materialized by manufacturing solar cell devices and analyzing their performance. The 

adaptation of the solar cell characterization methods (specially quantum efficiency and 

concentration response), to their application to multijunction solar cells is required. The 
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assessment of the characterization results and the theoretical analyses must provide the 

guidelines in the progress of the GaInP/GaAs dual-junction solar cell performance, towards 

the eventual achievement of an efficiency higher than 30% at 1000 X. 

I.5. Organization of this document. 

The theoretical analysis, modelling and design, and the development of the GaInP top 

cell, tunnel junction and the complete GaInP/GaAs dual-junction solar cell is presented 

separately in seven chapters. Other choices such as describing the dual-junction device 

development chronologically were found inappropriate since it would lead to little didactic and 

difficult to be consulted chapters. On the other hand, the disadvantage of the structure chosen 

lies in the fact that the research topics mentioned were always interrelated. Therefore, treating 

them in separate chapters made necessary to devote an additional effort to make each 

chapter understandable by referring to the results explained in the other chapters.  

This document is structured in two main parts, accompanied by this introductory 

chapter and the final conclusions and future works. 

Part I, comprising chapters 1 to 3, is devoted to the theoretical analysis, modelling and 

design of the GaInP/GaAs dual-junction solar cell. 

In Chapter 1, the classical models for the description of the single-junction solar cells 

are extended for their application to the dual-junction solar cell by focusing on the intrinsic 

aspects of the device (associated primarily to the semiconductor structure). The theoretical 

limits of the photovoltaic conversion, the models used for the quantum efficiency and 

recombination currents, and the analysis of the tunnel junction and I-V curves of the solar cell 

are some of the issues treated in this Chapter. 

Chapter 2 deals with the modelling of the extrinsic properties of the GaInP/GaAs dual-

junction solar cell (associated primarily to the layout and properties of the front grid and the 

geometry of the solar cell device). The distributed nature of the concentrator solar cell is taken 

into account by developing and using a quasi-3D distributed model based on distributed 

circuits units. The influence of the front grid characteristics, perimeter recombination, etc, on 

the performance of the dual-junction solar cell working under uniform concentrated illumination 

is analyzed using this model. The optimum design of the front grid to maximise the efficiency 

of the GaInP/GaAs dual-junction solar cell at a concentration of 1000 X, is also determined. 

In Chapter 3, the quasi-3D distributed model is used to appraise the effect of the non-

uniform light profiles generated by the optics used in the concentrator applications, on the 

performance of the solar cell designed in the previous chapter. Some modifications in the front 

grid, intended to counteract the solar cell fill factor drop caused by the non-uniform light 

profile, are analyzed, and their suitability in a real concentrator application discussed.  
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Part II of this Thesis, comprising chapters 4 to 7, is devoted to the experimental 

development of the concentrator GaInP/GaAs dual-junction solar cell, including the MOVPE 

growth of the semiconductor structures needed, the fabrication of the semiconductor devices 

(solar cells, tunnel junctions, test devices, etc) and the characterization of both. Specific 

theoretical analyses are also included, which explain or complete the experimental results 

obtained. 

In Chapter 4, a brief review of the MOVPE technology is presented together with a 

description of the characteristics and capabilities of the installations at I.E.S.-U.P.M. A review 

of the characterization methods used for the analysis of the semiconductor materials and 

structures grown, and of the solar cells and other semiconductor devices manufactured, is 

also presented. A special emphasis is put on the peculiarities of the solar cell characterization 

methods, when applied to multijunction solar cells. 

Chapter 5 deals with the experimental development of the concentrator GaInP single-

junction solar cell destined to be the top cell in the GaInP/GaAs stack, including the MOVPE 

growth of the semiconductor materials needed, and the manufacturing and characterization of 

the GaInP single-junction solar cell devices manufactured. 

In Chapter 6, the development of the tunnel junction is presented. An extensive part of 

the chapter is devoted to the MOVPE growth of heavily doped GaAs and AlGaAs, as needed 

to attain a high performance tunnel junction. Different designs of tunnel junctions are then 

analyzed experimentally. Both the tunnel junction performance and the influence of its growth 

on the GaInP top cell properties are assessed. 

In Chapter 7, the development of the GaInP/GaAs dual-junction solar cell is presented. 

The results explained in Chapters 5 and 6 are completed with the growth and characterization 

of different designs of GaInP/GaAs semiconductor structures and solar cell devices. The 

progress in the performance of these devices is assessed at each development stage by 

means of quantum efficiency, I-V curve and concentration response measurements. The 

performance of the record-efficiency GaInP/GaAs dual-junction solar cell attained is finally 

analyzed in depth, and modifications necessary to further increase its efficiency are proposed.  

Finally, the most important conclusions of the research carried out in this Thesis are 

summarized, and the future works intended for the development of more advanced versions of 

multijunction solar cells are outlined.     
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1.1. Introduction 

In this chapter, a brief exposition of the theory that models the physical processes 

governing the operation of the GaInP/GaAs dual-junction solar cell, as a particular case of the 

multijunction solar cells, is presented. By intrinsic properties we mean those related 

exclusively to the semiconductor structure, being the study of the complete device, including 

the metal contacts and distributed effects, the topic of next chapter. The aspects particularly 

related to multijunction devices are taken into account in the present work and are used to 

extend the GaAs single-junction device model which was presented in [Rey-Stolle01]. The first 

step consists in the calculation of the theoretical limiting efficiency of an ideal Shockley-

Queisser (hereinafter SQ) independently connected (4-terminal) and series connected (2-

terminal) solar cell. Then, some properties of practical devices will be taken into account to 

reach an still ideal, but closer to practice, model. Finally, the modeling of the most important 

parameters that qualify the electrical behavior (I-V or J-V curves) of the dual-junction solar cell 

is developed. The study is focused on the operation of the solar cell under concentrated light, 

being 1000 suns the design concentration, as explained in the Introduction chapter.  

1.2. Efficiency limits of the GaInP/GaAs dual-junction solar cell 

In the first part of this section the Detailed Balance Theory, developed by Shockley and 

Queisser [Shockley61] is used to calculate the theoretical efficiency limit of the GaInP/GaAs 

dual-junction solar cell. Briefly, this well-known model considers the solar cell an ideal p-n 

junction whose efficiency limit, relative to a given incident light power density spectrum, is 

defined by the incident light spectrum, the band gap and the emission of the material the p-n 

junction is made of. The only loss process considered is the emission of the solar cell, 

calculated using Planck’s radiation law, and which depends only on the radiating area, 

temperature and emissivity (directly related to the band gap). Other loss mechanisms, present 

in practical solar cell devices, such as SRH recombination, are not taken into account. Another 

key point of this theory is that all the incoming photons with an energy higher than the band 

gap of the material are absorbed and generate one hole-electron pair [Araújo90a][Martí91]. 

This means that the photogenerated current can be calculated using the desired solar spectra 

and a photorresponse in the solar cell of 1, for photon energies above the band gap of the 

material, and 0 for the rest of photon energies. The total current density in the solar cell is 

given by the balance of the generation and emission components.  

The SQ theory was developed for single-junction devices although it was suggested 

that the use of several solar cells with different band gaps to convert photons of different 

energies, i.e. a multijunction solar cell, would increase the conversion efficiency. For a 
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multijunction solar cell, the SQ theory can be applied to each subcell by restricting the 

wavelength range of the photons reaching each subcell, as a function of the band gap of the 

subcells placed above. Concretely, in a dual-junction solar cell, all the photons with an energy 

above the band gap of the top cell will be considered to be absorbed and, consequently, they 

will not reach the bottom cell. In the calculations presented here the reabsorption of photons 

emitted by the other junctions are not considered. The expressions used to calculate the 

generation and recombination components in a multijunction solar cell can be found in Table 

1.1.    

 

Table 1.1. Expressions used to calculate the photocurrent and recombination currents in each subcell 
of an ideal multijunction solar cell, based on [Martí91]. 
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where 
   X  = concentration ratio. 
   θS = emission angle of the luminous source. 
   bs = photon flux per unit energy, surface and solid angle. 
   θE = photon emission angle of the solar cell. 
   TC = working temperature of the solar cell. 

    

 As can be seen in these equations, the generation current density depends only on the 

characteristics of the luminous source (through bs) and the band gap of the material (Eg). In 

our case, we will take the emission angle of the luminous source, θs, to be 90º, which 

simplifies the calculation of JL to the usual process of integrating the convolution of the solar 

spectrum and solar cell photorresponse. The recombination current density, defined by the 

solar cell emission, depends at a given voltage on the band gap and the temperature of the 

solar cell, following Plank’s law. In the expression for the recombination current (JE), the usual 

-1 term is neglected and the emission angle, θE, is taken to be 90º.  

In the following, the efficiency limits for several dual-junction solar cell case-studies are 

calculated using the expressions in Table 1.1 for a range of band gap combinations in the top 
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and bottom cells. Similar studies on dual-junction solar cells were performed in the past by 

other authors, for a variety of spectra and concentrations [Nell87][Wanlass91]. Here, we have 

focused on the AM1.5D low-AOD spectrum and 1000 suns concentration.  

1.2.1. Efficiency limit of an independently connected dual-junction solar cell 

1.2.1.1. General case 

 The most favorable case to maximize the efficiency of a dual-junction solar cell is the 

connection of each subcell in an independent way. This means that we have a four-terminal 

device where the top and bottom cell do not share the load to which the generated electrical 

power is supplied. Thus, the current and voltage at each subcell do not have the restrictions 

that appear in the cases of the series or parallel connection, and the highest conversion 

efficiency can be achieved. In Figure 1.1 it is shown the schematic representation of such a 

configuration. In this figure it is also indicated that the top cell absorbs all the photons with an 

energy higher than its band gap, as corresponds to a SQ solar cell. The top cell maximum 

efficiency is defined solely by the band gap that produces the maximum Voc·Isc·FF product in it. 

In the bottom cell the fraction of the spectrum absorbed in the top cell influences also its 

efficiency. Therefore, a band gap chosen for the top cell that maximizes its efficiency may 

result in an excessively low efficiency in the bottom cell. In conclusion, the optimum band gap 

combination is that which maximizes the sum of the individual efficiencies of each subcell.   

 For this configuration we can obtain the efficiency limit for different top and bottom cell 

band gaps using the expressions in Table 1.1. The illumination curves are obtained using 

these models and their merit figures (Isc, Voc, maximum power, fill factor, efficiency) calculated. 

The solar spectrum used is the AM1.5D low-AOD, normalized to an integrated light power of 

1000 W/m2 at 1 X and the solar cell temperature is 300 K. In Figure 1.2 the iso-efficiency 

contour plots obtained for 1 X and 1000 X are depicted.  

 

 

Figure 1.1. Scheme of the four-terminal, 
ideal dual-junction solar cell. 
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Figure 1.2. Calculated iso-efficiency contour plots of the four-terminal ideal SQ dual-junction solar cell, 
for the AM1.5D low-AOD solar spectrum (normalized to 1000 W/m2) at 1 X and 1000 X. 

 

As can be observed, the contour plots have a two-lobed shape. This is due to the 

optical absorption of atmospheric water between 1300 and 1500 nm, making that there exist 

two bottom cell band gaps with which peak efficiencies can be attained, for a constant top cell 

band gap. The maximum efficiencies are achieved with a combination of band gaps of about 

1.7 eV for the top cell and 0.95 eV for the bottom cell. It can also be observed that there is a 

range of top and bottom cell band gaps for which the efficiency is close to its maximum value, 

which means that there is a wide combination of materials that could produce high 

efficiencies. As could be expected, the concentration only influences the value of the 

efficiencies (which increases with concentration), but not the optimum band gap combination. 

1.2.1.2. GaInP/GaAs dual-junction solar cell 

 In the case of the present Thesis, the materials used in the dual-junction solar cell 

being developed are GaAs for the bottom cell and GaInP lattice matched to GaAs for the top 

cell. In principle, since the materials to be used are fixed, this means that the efficiency limit 

for the GaInP/GaAs four-terminal device is a point in the contour plots of Figure 1.2, 

corresponding to the band gaps of GaAs and GaInP. However, the band gap of the GaInP 

material can be modulated by (intentional or not) slight variations in its composition, or due to 

the ordering phenomenon (explained in Chapter 5). Therefore, we are going to analyze the 

efficiency limit of the dual-junction solar cell with GaAs bottom cell, for different band gaps in 

the top cell. The results obtained are a subset of the data in Figure 1.2 and are plotted in 

Figure 1.3. In this figure it can be observed that the maximum efficiency when the bottom cell 

is made of GaAs is achieved using a top cell with a band gap around 2.1 eV for the AM1.5D 

low-AOD solar spectrum. This high value is not achievable in practice with GaInP material 

lattice matched to GaAs and at 300 K. For the maximum band gap achievable with lattice 

matched to GaAs GaInP at room temperature, which is 1.91 eV [Delong95], the maximum 
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theoretical efficiency is approximately 0.4% absolute lower than for a top cell with a band gap 

of 2.1 eV. As will be observed in next sections, the drop in maximum efficiency achievable, 

due to the lower band gap of GaInP lattice matched to GaAs than the optimum, is higher for 

the series connected dual-junction solar cell. 

1.2.2. Efficiency limit of a series connected dual-junction solar cell 

1.2.2.1.  General case 

 In this case, both subcells in the dual-junction solar cell are connected in a series 

configuration, and the device is accessed through two terminals, as shown schematically in 

Figure 1.4. In this case, a restriction in the current is required to be added in the efficiency 

calculations: the current through both subcells must be of equal value. Any excess 

photocurrent generated in one of the subcells with respect to the other is considered to be lost 

in the model used. Continuing with our device based on the idealizations of the SQ model, it is 

obvious that, since each subcell absorbs all the photons with an energy above its band gap, 

only a subset of band gap combinations will produce an exact current matching in both 

subcells, for a given light spectrum. In Figure 1.5 the iso-efficiency contour plot results for 

different concentrations and solar spectra is shown.  

 

Figure 1.4. Scheme of the two-terminal, ideal dual-
junction solar cell. 
 

 

Figure 1.3. Calculated efficiency vs. top cell 
band gap of a four-terminal dual-junction SQ 
solar cell with a GaAs bottom cell. 
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Figure 1.5. Calculated iso-efficiency contour plots of a series connected ideal SQ dual-junction solar 
cell, for the AM1.5D low-AOD solar spectrum (normalized to 1000 W/m2) at 1 X and 1000 X. 

 

Although the shape of the efficiency contours is notably different from the case of 

independently connected subcells (although the two-lobed feature is still present, due to the 

same reason), it can be appreciated that the maximum efficiency is obtained with a similar pair 

of band gaps: about 1 eV for the bottom cell and around 1.6 eV for the top cell. Again, the 

maximum efficiency value is higher as the concentration increases, only due to the increase of 

the Voc, since the solar cells under study are ideal and no series resistance effects are 

present.  

 It is interesting to analyze the origin of the shape of the efficiency contours, by 

examining the contribution of the I-V curve merit figures (Voc, Isc, FF) to the efficiency. In 

Figure 1.6 the contour plots of these parameters for an AM1.5D low-AOD spectrum and 

1000 X concentration are plotted. Some remarks can be done on these contour plots. First, 

the short circuit current of the series connected device is defined not only by the band gap 

combination but also by the fact that the current in the device is limited by the lesser of the 

currents in each subcell. In relation with this is the current matching line. As can be seen, the 

iso-Isc contours have a shape which follows the direction of the current matching line, since at 

current matching the short circuit current is maximum. The Voc result is obviously mostly 

determined by the band gaps of the subcells in our idealized solar cell: the higher the band 

gap, the lower the J0 emission current and the higher the Voc. As can be seen, the evolution of 

the Isc and Voc in the contour plots is the opposite with respect to each other, if we stick to the 

current matching line: the band gap combinations that produce a higher Voc, give rise to a 

lower short circuit current, and vice versa. This generates a non monotonic shape of the Isc·Voc 

product, as we move along the current matching line. The presence of more than one 

maximum is, as explained before, due to the particular shape of the solar spectrum used. 

Finally, the fill factor depends on the band gaps of the subcells (the higher the band gap, the 
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higher the fill factor) and also on the current mismatch, being minimum at the exact current 

matching condition. Again, two opposite effects take part: meanwhile a current matching is 

desirable since it makes the short circuit current maximum, the fill factor is minimum at this 

condition [Olson03]. In spite of this effect, it is clear that the fill factor influences the efficiency 

values but does not determine the shape of the efficiency contours, which is dominated by the 

Isc*Voc product. In fact, the efficiency maximums are situated in a region where the fill factor is 

in the middle of the range of values obtained in the contour plot. To put it in a nutshell, the 

combination of band gaps that produce a maximum theoretical efficiency, for the solar 

spectrum, temperature and concentration studied, is determined primarily by the way the 

incoming light spectrum is partitioned by the combination of gaps used, that give rise to a 

certain pair of short circuit currents and open circuit voltages in each subcell. 

 

  

  
Figure 1.6. Contour plots of the calculated I-V curve merit figures of the series-connected ideal SQ dual-
junction solar cell, for the AM1.5D low-AOD spectrum and 1000 X concentration. The blank area at the 
bottom-right of each contour plot corresponds to a situation where the bottom cell band gap is higher 
than the top cell band gap, i.e., no light is absorbed in the bottom cell. 
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1.2.2.2. GaInP/GaAs dual-junction solar cell 

 Since the topic of this Thesis is the lattice matched dual-junction solar cell grown on 

GaAs substrates, it is interesting to analyze in detail the case of a bottom cell made of GaAs, 

i.e., the bottom cell band gap restricted to be 1.42 eV at 300 K. From the data obtained in the 

last section, it is evident that any combination of gaps with the bottom cell fixed to 1.42 eV is 

well away from the optimal band gap combination. In Figure 1.7 the calculated efficiency and 

short circuit current of each subcell are plotted against the top cell bandgap. 

 

 

Figure 1.7. Calculated efficiency and short 
circuit current density at each subcell, for 
an ideal SQ dual-junction solar cell with a 
GaAs bottom cell and a range of band 
gaps for the top cell. 
 

 

 From this graph it can be observed that the optimum top cell band gap, when the 

bottom cell is made of GaAs, is 1.95 eV. Besides, this optimum band gap is that which 

produces an exact current matching between the top and bottom cells. This further 

emphasizes the importance of the current matching to obtain a maximum efficiency, in spite of 

the lower fill factor achieved at this condition [Olson03].  

 As commented before, the higher band gap of GaInP, for a composition lattice 

matched to GaAs (sometimes referred to as GaInP2) and 300 K is 1.91 eV [Delong95]. As will 

be studied in Chapter 5, the band gap of this material depends on the MOVPE growth 

conditions due to the ordering phenomena. For the requirements of a solar cell photoactive 

material (primarily, good electronic properties), the growth conditions lead to a GaInP with a 

band gap around 1.85 eV. From Figure 1.7 it can be seen that this reduction of 0.06 eV from 

the optimum band gap causes an important decrease in efficiency (close to 6% absolute). This 

is due to the strong dependence of the short circuit current on the band gap of the top cell. In 

our assumption of a solar cell which absorbs all the photons with an energy higher than its 

band gap, a reduction in the band gap of the top cell results in a higher Jsc at this subcell and 

a lower Jsc at the bottom cell. This deviation gives rise to a current mismatch that leads to a 

notable efficiency drop.  
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1.2.3. Efficiency limit of a series connected dual-junction solar cell with tunable photon 

absorption in the top cell 

 Come to this point, it is necessary to introduce a modification in the SQ model so as to 

come closer to the case of a practical GaInP/GaAs dual junction device. The assumption that 

each subcell absorbs all the photons with an energy above its band gap must be modified by 

bringing the absorption coefficient into scene. Given the absorption coefficients and the 

thicknesses of the subcell semiconductor layers (window, emitter, base, and BSF), the 

quantity of light which is absorbed in it can be calculated. By modulating the thickness of the 

top cell, it is possible to adjust the quantity of photons with an energy above its band gap that 

reach the bottom cell. Thus, a change in the top cell band gap that in the case of the SQ solar 

cell would produce a current mismatch, can result in a current matched device by modifying 

also the thickness of this subcell. This modulation of the top cell thickness in the GaInP/GaAs 

dual-junction solar cell is the way for alleviating the pernicious effect of the deviation of the 

GaInP band gap from the optimum 1.95 eV.   

 The general case for this new approach would consist in calculating the efficiency for 

any band gaps combination. However, since the absorption coefficient must be known for all 

the materials corresponding to the analyzed band gaps, this is not practical. In [Kurtz90] a 

simple model for the absorption coefficient depending on the band gap is used to obtain the 

efficiency contours at 1 X concentration. The SRH recombination in the bulk material was 

taken into account, but the surface recombination was set to 0. The main conclusion of this 

study was that the maximum efficiencies obtained when the absorption of the top cell can be 

modified through the tuning of its thickness are significantly higher, although the band gap 

combination that produces this maximum efficiency is almost the same as in the case of the 

top cell absorbing all the photons with an energy above its band gap (1.1 eV for the bottom 

cell and 1.7 for the top cell). The increased efficiency is primarily due to the gain in Jsc 

resulting from the ability to achieve a current matched device.  

 Once commented the advantages of using the top cell thickness as an adjustable 

parameter, we are going to focus our study on the GaInP/GaAs dual-junction solar cell 

working under concentration.  

1.2.4. Efficiency limit of a concentrator monolithic GaInP/GaAs dual-junction solar cell 

 In this section we will deal with the case when we have a GaInP material lattice 

matched to GaAs and with a finite absorption coefficient, which is going to be used for the top 

cell grown on an ideal GaAs subcell. The only loss mechanism which is going to be 

considered is again the radiative recombination. 

 From the study presented in the previous sections it was deduced that the 1.85-1.42 

eV band gap combination corresponding to a GaInP/GaAs solar cell is not optimum. With a 
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GaAs bottom cell, the top cell band gap should be 1.95 eV to maximize the efficiency. As 

explained above, the difference of the GaInP band gap from 1.95 to 1.85 eV gives rise to an 

important efficiency reduction. However, this reduction is alleviated if we introduce the 

absorption coefficient (i.e., the solar cell does not absorb all the photons with an energy higher 

than its band gap) and use the top cell thickness as an adjustable parameter. We are going to 

analyze this case. The GaInP absorption coefficient used in the calculations is taken from 

[Sopra06] and it is recalculated to account for modifications in the material band gap1. In 

Figure 1.8 the iso-efficiency contour plots for the range of possible band gaps of GaInP lattice 

matched to GaAs are plotted against the top cell thickness and band gap.  

 

 

Figure 1.8. Calculated iso-efficiency 
contours plotted against the top cell 
thickness and band gap, for the ideal 
SQ GaInP/GaAs dual-junction solar 
cell in which the absorption coefficient 
of the top cell material is taken into 
account. 
 

 
Again, the importance of the current matching is evident: the maximum efficiency for 

each top cell band gap corresponds to a point in the current matching line. On the other hand, 

as expected, when the GaInP band gap increases, it is necessary a thicker top cell in order to 

increase its absorption and attain a current matched GaInP/GaAs solar cell. In Figure 1.9, the 

efficiency vs. top cell thickness, for a fixed GaInP band gap of 1.85 eV is shown. As can be 

observed, the efficiency at the practical GaInP band gap of 1.85 eV is maximum for a top cell 

thickness of 765 nm. This value differs slightly from the one obtained in [Kurtz90], which was 

around 730 nm. This is due to the different absorption coefficient and solar spectrum used. In 

our case, the absorption coefficient is an experimental dataset taken from the literature, as 

commented above, while in [Kurtz90] a model which gives rise to a higher absorption for the 

photons with an energy close to the band gap, is used. Besides, in this Thesis the AM1.5D 

low-AOD solar spectrum is used, as compared to the AM1.5G spectrum used in [Kurtz90].  

                                                
1 This is done by using the data available from [Sopra06] and shifting the “cut-off” wavelength of the 
absorption coefficient to account for the near band gap absorption reduction, as the band gap of GaInP 
is increased. Obviously, this method is only approximate since the modification of the absorption 
coefficient at other energies when disordering the GaInP material is not taken into account. 
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Once determined the thickness of the GaInP top cell which produces the maximum 

efficiency in our ideal GaInP/GaAs solar cell, we finally calculated its concentration response. 

The results are presented in Figure 1.10.   

 In this study, no series or parallel resistance is considered, and the recombination 

current is expressed as a single exponential in the model. Consequently, the fill factor and 

efficiency increase monotonically as the concentration is raised, and the dependence of the 

Voc with the concentration is purely logarithmic. At the concentration goal of this Thesis, which 

is 1000 suns, it can be observed that an efficiency of around 44.6% with a fill factor of 91.6% 

and Voc of 3.057 V are obtained in this ideal device. These values can be considered a 

superior limit. In next sections, the loss mechanisms that must be taken into account to model 

a practical solar cell will be treated putting an special emphasis on the particularities of the 

GaInP/GaAs solar cell device, as compared to the GaAs single-junction solar cell developed in 

the past in our group. 

 
Figure 1.9.  Calculated efficiency and Isc of the ideal SQ GaInP/GaAs dual-junction solar cell with 
EgTop = 1.85 eV, for different top cell thicknesses. The cases of experimental and modeled GaInP 
refraction index are included. 

 
Figure 1.10. Concentration response of the ideal GaInP/GaAs solar cell whose top cell has a band 
gap of 1.85 eV and is 765 nm thick. The working temperature is 300 K and the solar spectrum used is 
the AM1.5D low-AOD normalized to 1000 W/m2. 
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1.3. Modeling of the GaInP/GaAs concentrator solar cell 

 So far, the GaInP/GaAs solar cell has been considered a device where the only loss 

mechanism is the radiative recombination. For series connected devices, another constraint 

introduced was the enforced equality of currents in top and bottom subcells which produced a 

decreased maximum efficiency achievable. Finally, the detrimental effect of this limitation was 

alleviated by taking into account the absorption coefficient of GaInP, and tuning the top cell 

thickness. In a practical device, however, numerous additional loss mechanisms contribute to 

make the conversion efficiency be much below the values obtained for the idealized solar cell. 

These mechanisms have been studied in detail in the past. A complete summary can be 

found in [Rey-Stolle01, chapter 2]. They will be only listed and briefly explained here: 

 1) Recombination current. In addition to the radiative recombination component, there 

exist other non-radiative recombination processes like Auger recombination, surface and 

interfaces recombination and Shockley-Read-Hall recombination (hereinafter SRH 

recombination). While the Auger recombination is inherent to the semiconductor nature and 

increases with the thickness of the semiconductor layer, the SRH and surface or interface 

recombinations are parameters that can be minimized through an optimized technological 

process of fabrication of the solar cell device. 

 2) Optical losses. The fact that the solar cells are made of different semiconductor 

layers with different refractive indexes, which are different to the refraction index of air, makes 

that the light impinging the solar cell suffers reflections giving rise to photocurrent losses. This 

is greatly minimized by the use of anti-reflecting coatings and refractive index coupling 

materials during the solar cell encapsulating process. On the other hand, the light absorption 

in the tunnel junction and the light transmitted through the whole solar cell semiconductor 

structure cause also a loss in the short circuit current.  

 3) Transport losses in the junctions. Practical solar cells exhibit non ideal transport 

parameters, i.e., the carrier mobilities are not infinite. Thus, resistive effects appear that give 

rise to power losses. Series resistance, by which the devices designed to operate at 1 sun are 

less affected, is a central parameter to be minimized in devices aimed to work under high light 

concentrations. 

 4) Tunnel junction electrical losses. This loss mechanism is particular of monolithic 

multijunction solar cells. The tunnel junctions used for the series connection of the different 

subcells introduce an additional series resistance component. The losses may be even worse 

than an increased series resistance if the tunnel junction is not able to handle the current of 

the multijunction solar cell due to a low peak current, giving rise to an excessive voltage drop 

which ruins the electrical performance of the solar cell. 
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 5) Parallel resistance losses. Alternative current paths can appear in parallel to the 

junctions due to a defective mesa etching, structural (dislocations) or chemical (deep 

recombination center assisted tunneling) defects in the semiconductor, etc. This can be 

modeled as a low resistance component in parallel to the junctions. Depending on the value of 

this parallel resistance, its effect on the solar cell device performance can vary but, generally, 

its influence is less important as the working concentration increases. A device which shows 

an evident parallel resistance problem when being measured at 1 sun concentration, can have 

a concentration behavior not affected by it. However, the parallel resistance can cause 

problems during the characterization of the dark I-V curve or External Quantum Efficiency of 

the solar cells [Espinet08].  

 6) Metal contacts and front grid related losses. Any ohmic metal-semiconductor contact 

introduces a series resistance component to the solar cell which has to be taken into account. 

When dealing with concentrator solar cells the properties and geometrical design of the front 

grid is of central importance. The specific contact resistance and sheet resistance of the metal 

must be minimized and the geometry of the front grid must be designed so as to reach the 

optimum compromise between serial resistance losses in the top cell emitter and shadowing 

factor. This issue will be dealt with in next chapter.   

 The most important loss mechanisms outlined, we are now going to examine the 

model of the practical solar cell which accounts for all of them.  

1.3.1. Configuration and classical model of the GaInP/GaAs dual-junction solar cell 

 A multijunction solar cell semiconductor stack consists not only of several series-

connected n-p semiconductor junctions. In order to reduce the losses explained above, some 

other layers are added to the device structure. In Figure 1.11, the general configuration of a 

monolithic dual-junction GaInP/GaAs n-on-p solar cell is shown. The purpose of the extra 

layers (AR coating, window and BSF layers) that are observed is widely known and a 

summary can be found in [Rey-Stolle01]. As for the tunnel junction, it is the way to series 

connect the subcells in the monolithic stack, as explained before.  

The dual-junction solar cell can be modeled using an equivalent circuit in which the 

generation and recombination components of each subcell are taken into account. In Figure 

1.11 such a model is shown. The photocurrent component is modeled as a current generator 

whose value is linear with the irradiance (X), being the proportional factor the 1-sun short 

circuit current of the solar cell. The recombination current is modeled as a component whose 

current value depends on the voltage at its terminals. The contributions to the series 

resistance of each subcell are merged into a single component, rs in this model. Finally, the 

tunnel junction is modeled as a device where the current flowing through it is a function of the 

voltage at its terminals, being this function the corresponding to the tunnel junction I-V curve. 
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It is evident that this model is a simplification whose aim is to separate the different 

physical processes occurring in the solar cell device in order to facilitate the realization of an 

useful model. The implications of the assumptions made have been extensively studied and 

discussed in the literature [Sánchez84]. The most significant are the linearity of the 

photocurrent with the irradiance, the superposition principle applied to the generation and 

recombination currents, and the modeling of a distributed 3-dimensional property as the series 

resistance with a 1-dimensional approach as a single resistor component is. The linearity of 

the photocurrent with the concentration is most times a good approximation. The applicability 

of the superposition principle has been demonstrated for the real working conditions of the 

device [Lindholm76][Tarr79]. Finally, the error introduced when using this 1D model with 

concentrated parameters without considering the 3-dimensional nature of the solar cell device 

(specillay regarding its series resistance) has been studied in the past [Galiana06b]. In 

Chapter 2 the realization and use of a quasi-3D model is presented.  

 One of the most widely known analytical model for III-V solar cells was proposed by 

Hovel [Hovel73]. In his model, the three simplifications commented above are assumed. In 

next sections, the photocurrent, recombination currents and series resistance of the dual-

junction GaInP/GaAs solar cell are modeled to reach an analytical expression for each one, 

following the method proposed by Hovel. 

 

Figure 1.11. Configuration of the GaInP/GaAs dual-junction solar cell and its equivalent circuit. 
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1.3.2. Modeling of the photocurrent and recombination currents 

 Hovel’s model makes use of the quantum efficiency of the solar cell to calculate its 

photocurrent. It is important to keep in mind the difference between “external” and “internal” 

quantum efficiency (QE hereinafter). While in the first the light reflection on the solar cell 

device surface and the shadowing factor are taking into account, in the second these factors 

are set to 0. Usually, the external quantum efficiency (EQE) and the reflectivity of the solar cell 

are measured and they are used to calculate the internal quantum efficiency. For the 

analytical calculation of the internal or external quantum efficiency, the doping level and 

electronic properties (mobility, lifetime and diffusion length) are assumed to be homogeneous 

in each layer of the solar cell semiconductor structure. These assumptions are acceptable in 

solar cells grown by the MOCVD technology. For the calculation of the photogenerated 

current, the normalized photon flux (per unit area and energy) and the EQE are convoluted in 

the range of energies from the material band gap energy to infinite (see Eq. (1.5) ) The 

photocurrent is calculated as the summation of the contributions of the window, emitter, 

depleted area, base and BSF layers. The assumption of a photocurrent which is linear with 

the irradiance is represented by the use of a concentration factor, X.  

In [Hovel73] the analytical model of the QE of a single junction solar cell can be found. 

In [Rey-Stolle01] this model was used for the analysis of the GaAs single-junction solar cell. In 

the case of a dual-junction GaInP/GaAs solar cell, the GaInP top cell QE model is identical. 

For the GaAs bottom cell the model remains valid but adding the terms which account for the 

absorption in the top cell and tunnel junction. As an example, in Figure 1.12 it is shown the 

calculated EQE of a GaInP/GaAs dual-junction solar cell, for the usual thicknesses and doping 

levels in this kind of devices. The contribution of the semiconductor layers of each subcell to 

the EQE of the dual-junction solar cell, and the photogenerated current resulting from the 

calculation with the AM1.5D low-AOD solar spectrum, also shown in Figure 1.12, are detailed. 

In this EQE graph is noteworthy the different contribution to the overall EQE of the different 

layers in each subcell. While in the GaInP top cell the EQE is dominated clearly by the emitter 

contribution in a wide range of wavelengths, in the bottom cell the base layer contribution has 

the highest weight on the overall EQE. This may appear to be in contradiction with the n-on-p 

solar cell approach, in which most of the photoconversion is intended to be produced in the 

base layer. In fact, if the top cell emitter thickness could be reduced, the contribution of each 

active layer to the EQE could be the desired for an n-on-p design, but the series resistance 

would be seriously affected by the increased resistivity in the emitter. The tradeoff between 

the EQE and the series resistance will be dealt with in Chapter 2.  
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Figure 1.12. Calculated EQE of a GaInP/GaAs dual-junction solar cell, with detail of the 
contribution of each layer in the top and bottom subcells. The spectral power density of 
the AM1.5D low-AOD solar spectrum is also shown. 

 

 Regarding the recombination currents (also known as dark currents since they are 

present regardless of the light impinging the solar cell), a complete review of their origins and 

the analytical expressions which model the most important recombination currents of 

concentrator solar cells can be found in [Rey-Stolle01, pag. 35]. The most widely used model 

is composed of two exponential terms, each one accounting for the recombination in the 

neutral and space charge regions, respectively. In Table 1.2 a summary of these models can 

be found. The dependencies of the recombination current with the most important physical 

and device design parameters are also detailed. 
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where: 

Nf(E) = normalized photon flux (per unit area and energy). 

R(E) = spectral surface reflectivity. 

SF = shadowing factor. 

(1.5) 
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Table 1.2.  Summary of the expressions for the recombination currents and their dependence with the 
solar cell physical parameters. 

Origin Expression Dependence with physical parameters 

Neutral region 
recombination 

, 01( ) exp( ) 1D iny
B

V
J V J

k T

 
= − 

   
where J01 = J01emitter + J01base 

J01 ∝ ni
2, 1/N 

J01 ↑ if W, SE ↑ 
J01 ↓ if ττττ, L ↑ 

ni = intrinsic carrier concentration 
N = electrical doping level 
W = thickness of the layer 
SE = surface recombination 
ττττ, L = minority carrier lifetime and diffusion 
length.  

Space charge 
region 

perimeter 
recombination 

, 02,( ) exp( ) 1
2D Per Per

B

V
J V J

k T

 
= − 

   

J02,Per ∝ ni
2, S0, Ls, Lper/A 

ni = intrinsic carrier concentration 
S0 = recombination rate at the perimeter 
Ls = diffusion length at the perimeter 
Lper/A = perimeter length/ device area rate. 

Space charge 
region volume 
recombination 

, 02,( ) exp( ) 1
2D scr scr

B

V
J V J

k T

 
= − 

   

J02,Per ∝ ni, Wscr, C, 1/(Vbi-V) 

ni = intrinsic carrier concentration 
Wscr = space charge region thickness 
C = constant for the concentration and 
effectiveness of the deep levels in the scr 
Vbi = built-in potential 

Total 
recombination 

current 
01 02, 02,( ) exp( ) 1 ( ) exp( ) 1

2D Per scr
B B

V V
J V J J J

k T k T

   
= − + + −   

        

(1.6) 

  
From the expressions in Table 1.2, it can be deduced the outstanding influence of the 

intrinsic carrier concentration on the recombination currents. This is the main reason why the 

recombination currents decrease as the band gap of the material increases. In fact, these 

values are much lower for the GaInP subcell than for the GaAs subcell, specially the J01 

recombination current, which is proportional to the square of the intrinsic carrier concentration. 

For example, the J01 in the GaInP top cell is in the order of 10-27 A/cm2 (see Chapter 5), while 

for the GaAs subcell it is 10-19 A/cm2. The influence of the recombination currents on the 

performance of the complete dual-junction solar cell device is treated in section 1.3.4. 

1.3.2.1. Calculation of the current matched GaInP/GaAs dual-junction solar cell 

As explained in last section, to achieve the maximum efficiency the dual-junction solar 

cell must be current matched, i.e., the short circuit current of the top and bottom cells must be 

equal for a given solar spectrum. For a given solar spectrum, the short circuit current of the 

bottom cell is determined by its minority carrier properties and by the absorption in the top cell 

and tunnel junction. The thickness of the bottom cell is designed to absorb all the photons with 

an energy higher than the GaAs band gap. In the case of the top cell, its short circuit current 

depends solely on its thickness and minority carrier properties. Thus, for a given set of 
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minority carrier and tunnel junction properties, the current matching in a GaInP/GaAs dual-

junction solar cell can be achieved by tuning the top cell thickness. Since the emitter layer 

properties are directly involved in the design of the front grid, its thickness is usually set to a 

value that minimizes the series resistance and maximizes the short circuit current achievable 

in the top cell (see chapter 2). Thus, the total thickness of the top cell is most frequently 

modulated by modifying its base layer thickness. 

 In Figure 1.13, it is shown the absolute current mismatch plotted against the GaInP top 

cell base thickness, for different tunnel junction approaches and for the AM1.5D low-AOD 

solar spectrum. The internal quantum efficiencies have been calculated using Hovel model for 

each top cell base thickness using the practical parameters shown in Table 1.3 as an 

example. As can be seen, the current matching is obtained in this case for a top cell base 

layer thickness between 600 and 750 nm, which means a total top cell thickness between 780 

and 930 nm. This value is well below the one obtained with the theoretical model presented in 

section 1.2.4 (Figure 1.9) since here the non-radiative recombination (SRH and surface 

recombination), which affects more intensely to the bottom cell due to its lower band gap, and 

the absorption in the tunnel junction are taken into account. In Figure 1.13 it can be seen how 

 

 

Figure 1.13. Calculated absolute current 
mismatch in a GaInP/GaAs dual-junction 
solar cell against the top cell base layer 
thickness, for different tunnel junctions 
materials. The parameters used in the 
calculations are shown in Table 1.3. 
 

Table 1.3. Summary of the parameters used in the calculation of the current matching. 

 Layer Thickness 
[nm] 

Doping 
level  
[cm -3] 

Surface 
recombination 

[cm/s] 

Mobility 
[cm 2/V·s) 

Lifetime 
[ns] 

Window 30 5·1017 1·106 10.5 0.79 

Emitter 180 1·1018 1000 28.1 4.79 Top cell 

Base Variable 1·1017 10 676.3 6.06 

Window 30 1·1018 1000 23.0 0.51 

Emitter 120 1·1018 1000 98.2 5.66 
Bottom 

cell 
Base 3500 1·1017 10 5401.8 8.55 
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the higher the light absorption in the tunnel junction, the thinner the top cell base layer must 

be to achieve a current matched GaInP/GaAs dual-junction solar cell. This is obvious, since 

the absorption in the tunnel junction must be compensated with a lower light absorption in the 

top cell, which is attained using thinner base layers. 

1.3.3. Modeling of the tunnel junction 

The use of semiconductor tunnel junctions is the way of monolithically growing a series 

connected multijunction solar cell. The tunnel junction must cause minimum conversion 

efficiency losses in the solar cell. This basically implies a low series resistance contribution 

and minimum optical absorption. In this section, the physical fundamentals of the tunnel 

junction device and its electrical modeling are presented. The objectives of this brief review 

are, on the one hand, to identify the relation between the tunnel junction quality and the 

semiconductor structure design parameters. On the other hand, the tunnel junction model is 

the last component needed in our GaInP/GaAs dual-junction solar cell model, shown in Figure 

1.11. The reader is, however, referred to [Baudrit10] for a complete numerical analysis of the 

3-dimensional physical modeling of the tunnel junction, including all the physical phenomena 

involved, and its application to the GaInP/GaAs dual-junction solar cell.     

1.3.3.1. Theory of the tunnel junction 

Since its discovery in 1958 [Esaki58], tunnel junctions have been employed in a 

number of practical electronic circuit designs, being its major application the switching and 

oscillator circuits. The tunnel junction work principle is based on the fact that a charge carrier 

is capable of traversing a potential barrier with a potential energy higher than that of the 

charge carrier, with a certain probability. This is known as tunnel effect. The probability that 

this occurs is a function of the height, width and shape of the potential barrier, the charge 

carrier energy and mass, etc. The particular case of a triangular-shaped potential barrier, 

which is of special interest in our study as will be seen later, is shown in Table 1.4 

[Sze81, Chapter 9]. From (1.7) it is deduced that the tunneling probability increases as the 

effective mass of the charge carrier, and the potential barrier height decreases or when the 

electric field increases (i.e. the barrier width decreases). 

 
Table 1.4. Probability of charge carrier tunneling through a triangular-shaped potential barrier. 

 

* 3/24 2 ·
exp( )

3t

m U
T

q ξ
= −

ℏ  
 

m* = charge carrier effective mass. 
U = barrier potential energy 

ξξξξ = electric field 

(1.7) 
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A semiconductor tunnel diode consists of a n++ - p++ homo or hetero-junction where 

both sides are so heavily doped that the n and p materials are degenerate. Due to the 

resultant thin space charge region, there exists the possibility that the normal thermal current 

characteristic of the p-n junction can be “shorted” by tunneling through the narrow space 

charge region. We can explain this using the usual simplified band diagram of a 

semiconductor junction. At thermal equilibrium, the band diagram of a tunnel homo-junction 

would look as shown in Figure 1.14. 

 

 

Figure 1.14. Band diagram of a tunnel homojunction 
at thermal equilibrium, with detail of the potential 
barrier created between the conduction and valence 
band. 
 

 

As can be seen, at thermal equilibrium (0 volts bias) the Fermi level is constant across 

the junction and it is placed within the bands of the semiconductor, due to its degeneracy. A 

region of completely empty states and a region of completely filled states appears in the p and 

n type regions, respectively, with a triangular-shaped potential barrier between them, through 

which a tunneling process may occur. However, due to the position at different energies of the 

carriers at thermal equilibrium, no tunneling current can flow through the junction. In Figure 

1.15, it is schematized the situation when a voltage bias is applied to the tunnel junction 

[Sze81]. For negative voltage bias, the electrons can flow from the position of completely filled 

states in the valence band to the position of completely unoccupied states in the conduction 

band. Thus the current is negative (it flows from the n-side to the p-side). If a positive voltage 

bias is applied, the situation is reversed: electrons from the conduction band can flow to the 

valence band, giving rise to a positive current. However, if we increase the voltage, the 

situation comes to a point where there is no unoccupied energy state in the valence band at 

the same energy level as any occupied state in the conduction band, so tunneling current 

becomes zero. If we increase further the voltage, the normal thermal current will flow,  

increasing exponentially with the applied voltage. Thus, we have the shape of the tunnel 

junction I-V curve as shown in Figure 1.15. 
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Since the tunnel junctions destined to work in a multijunction solar cell are wanted to 

be able to manage the highest possible current with the minimum voltage drop (so as to 

minimize the series resistance), the tunneling process must be favored as much as possible. 

This can be achieved by reducing the effective height and width of the potential barrier. In 

practice, this is accomplished firstly by using very high doping levels. As can be deduced from 

Figure 1.14 the highest the doping level, the lower the potential barrier width. The high 

tunneling current obtained with low band gap materials is due to the reduced potential barrier 

height obtained with these materials. Unfortunately, their high optical absorption affects 

negatively the multijunction solar cell short circuit current. Finally, the use of high band gap 

barrier layers sandwiching the tunnel junction is also common. On the one hand, they are 

useful for the achievement of the appropriate semiconductor structure. For example, they 

block the tunnel junction dopants outdiffussion during the semiconductor structure growth. In 

some cases, such as in [Bedair00], the barrier layers have been reported to favor the 

tunneling effect through a modification in the band structure (and the potential barrier shape 

and dimensions). A summary of the tunnel junction designs used in the multijunction field, as 

well as the development of the practical tunnel junction devices in this Thesis is presented in 

Chapter 6. 

So far we have only considered the band to band tunneling current. However, in 

practice, there exists an additional current term, known as excess current, which is mainly due 

to carrier tunneling by way of energy states within the forbidden gap [Sze81, chapter9]. This 

effect makes that the total current flow through the tunnel junction, when the tunneling current 

is zero, is higher than the thermal current. Generally, this current component is desired to be 

minimized because it is an indication of the quantity of point or extended midgap defects in the 

 

 

Figure 1.15. Schematic band diagrams of a 
tunnel homojunction for different voltage 
bias, and the resulting I-V curve. 
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tunnel junction. These defects have not been demonstrated to be beneficial for the 

performance of the tunnel junction. Moreover, they can give rise to negative effects like carrier 

compensation in the tunnel junction, reduction in the thermal stability and the quality of the 

overlying layers, etc. [Olson03, pag. 396]. A conduction mechanism which contributes to the 

excess current is the trap assisted tunneling (TAT) for which a complete modeling can be 

found in [Baudrit10]. The TAT is though to be behind the excellent performance achieved in 

the tunnel junctions developed in this Thesis, as will be shown in Chapter 6. At any rate, the 

modeling of the different tunnel junction physical processes, in order to predict its behavior, is 

complicated and even today those models are still being developed [Baudrit08][Hermle08].  

 

1.3.3.2. Model of the tunnel junction I-V curve 

The three current components in a tunnel junction (tunneling, excess and thermal or 

diode currents), described in the previous section, and the total current are plotted in Figure 

1.16. Three regions can be differentiated in the I-V curve of a tunnel junction, which are 

delimited by the (peak voltage [Vp], peak current [Ip]) and (valley voltage [Vv], valley 

current [Iv]) points: the ohmic region, where the tunneling current dominates and increases 

with the voltage; the negative resistance region, where the tunneling current still dominates 

but decreases with the voltage; and the diode region, where the thermal or diode current 

dominates. Between the negative resistance region and the diode region there exists a range 

of voltages where the excess current dominates and causes that the valley current is not zero. 

The peak current and peak voltage can be considered as the most important merit figures of 

the tunnel junction performance, in the multijunction solar cell context. For a tunnel junction to 

be useful as a series connection of subcells in a multijunction solar cell, its peak current must  

 

 

Ip = peak current 

Vp = peak voltage 

Iv = valley current 

Vv = valley voltage 

Figure 1.16. I-V curve of a tunnel junction with the different regions indicated and the tunnel, excess 
and thermal current components detailed. 
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be equal to or higher than the short circuit current of the solar cell device at the working 

concentration. The peak voltage must be also as low as possible to have the minimum voltage 

drop in the tunnel junction working in the ohmic region (i.e. its series resistance contribution is 

minimum). If the light profile impinging the solar cells is not uniform, as in the practical case 

when the solar cell is working in a concentrator, the tunnel junction must have a peak current 

higher than the maximum local photogenerated current in the solar cell. This ensures the 

operation of the tunnel junction in the ohmic region all over the active area of the solar cell. 

Otherwise, the tunnel junction inserted in the multijunction solar cell is forced to work in the 

thermal current regime, where the high voltage drop spoils the solar cell performance. Recent 

studies have shown that this requirement can be partially alleviated by the lateral current 

spreading occurring in the tunnel junction and adjacent layers, allowing the tunnel junction to 

work in the ohmic region for short circuit currents in the solar cell higher than the tunnel 

junction peak current [Braun09]. This effect is being analyzed currently in our research group 

[Espinet10].  

As said above, the modeling of the tunnel junction physical processes is complicated. 

However, there exist semi-empirical expressions for each current component such as those 

reported in [Sze81, chapter9]. These models can be used to fit experimental data and obtain 

the expressions that describe the electrical behavior of the tunnel junction. These expression 

can be used in electrical models of the multijunction solar cell, as the quasi-3D model based 

on distributed circuit units presented in Chapter 2. A summary of the model used for the tunnel 

junction can be found in Table 1.5. Each current component is modeled with an exponential 

term. The excess current and thermal current are modeled with the usual exponential term 

with the appropriate constants multiplying the exponential and the exponent in each case. As 

for the tunneling current, the exponential term is modified so that the value of the current 

increases with the voltage, reaches a peak value and then decreases. As can be seen, with 

some of the parameters used by this model we can define directly the shape of the I-V curve 

of the tunnel junction. This shape can affect the illumination I-V curve of the dual-junction solar 

cell, as will be seen in next sections. The influence of modifications in these parameters on the 

shape of the tunnel junction I-V curve can be observed in Figure 1.17. 

The values for the peak current density and peak voltage (tunneling current 

parameters) used in the model correspond to the actual peak current density and peak 

voltage in the J-V graph. However, the values used for the excess current parameters (JV, VV, 

and A parameter) do not produce exactly the same value in the J-V curves obtained. The 

value of the valley voltage (VV) has to be interpreted as the voltage at which the excess 

current component reaches the valley current density value (JV). On the other hand, from 

Figure 1.17 it can be seen that the A parameter affects the actual valley voltage and the valley 

current density obtained. This is due to the fact that, since the A parameter defines how fast 
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the excess current increases with the voltage applied to the tunnel junction, it decides also 

when the excess current component is more important than the tunneling current component. 

If A is increased, this happens at a lower voltage and higher tunneling current density, i.e., the 

valley voltage decreases and the valley current density increases, and vice versa.   

 If the tunnel junction used in a dual-junction solar cell is correctly designed and 

implemented, it should always work in the ohmic region, in order not to generate an excessive 

Table 1.5. Expressions for the current components of a tunnel junction [Sze81]. 

Tunneling current exp 1t p
p p

V V
J J

V V

   
= −      

     

(1.8) 

Excess current 2exp[ ( )]x V VJ J A V V= −
 (1.9) 

Thermal current 0 expth

qV
J J

kT
 =  
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2 0exp 1 exp[ ( )] exp

t x th

p V V
p p

J J J J

V V qV
J J A V V J

V V kT

= + + =

     = − + − +               

(1.11) 

  

  
Figure 1.17.  Calculated J-V curves of a tunnel junction for different parameters in the tunneling current 
and excess current models shown in Table 1.5. 
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voltage drop in it and spoil the performance of the solar cell. For the GaInP/GaAs dual-junction 

solar cell analyses presented in next two chapters, the tunnel junction will be by default 

assumed to work in the ohmic region, unless otherwise noted. This assumption is in 

agreement with the characteristics of the practical tunnel junctions developed in this Thesis, 

as will be shown in Chapter 6.  

1.3.4. Analysis of the I-V curve of the GaInP/GaAs dual-junction solar cell 

In the previous sections each component in the model of the GaInP/GaAs dual- 

junction solar cell, presented in Figure 1.11, has been studied. The remaining task consists in 

analyzing the overall operation of the whole dual-junction solar cell, i.e., the dark and 

illumination I-V curves. In this chapter, we are dealing with the intrinsic model of the dual-

junction solar cell, i.e., its performance is analyzed only from the point of view of the 

semiconductor structure. Therefore, the solar cell parameters are considered to be 

homogeneous and without any distributed phenomena influencing the operation of the solar 

cell (perimeter, series resistance associated to the front grid, etc). The study of these effects 

will be dealt with in Chapter 2. Here, a 1D approach based on the two-exponential model 

presented in Table 1.2 is used. 

1.3.4.1. Illumination I-V curve of the current-matched dual-junction solar cell 

Since we are dealing with a two-terminal series connected dual-junction solar cell, two 

requirements are imposed in the calculation of its I-V curve: the total voltage is the sum of the 

voltages at each series connected subcell, and the current flowing through all of them is of 

equal value. In general, for non leaky subcells (as is the case of high quality III-V junctions), 

the current of the whole dual-junction solar cell is the lesser of the currents of the two subcells, 

for each voltage applied to the solar cell. To calculate the I-V curve or, equivalently, the J-V 

curve of the dual-junction solar cell, we are going in this section to find the expressions for the 

voltages at each junction for a given current. Some necessary simplifications will be used to 

be able to work out an analytical model. First, we are going to employ the one exponential 

model, taking only the J01 term into account. The error introduced by this simplification is 

assumable for high concentration operation of the solar cell, when the J02 term is low 

compared to the J01 term, specially in the GaAs bottom cell. Second, the parallel resistance of 

each subcell will be considered to be sufficiently high so as to have a insignificant effect on 

the J-V curve. Third, the tunnel junction will be considered ideal, meaning that it will always 

work in the ohmic region and its behavior can be modeled as a voltage drop which depends 

linearly on the current flowing through it. Finally, the solar cell will be assumed to be current 

matched, that is, the photogenerated current in both subcells is considered to be of equal 

value. With these conditions, an analytical expression for the illumination J-V curve of the 
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dual-junction solar cell can be developed as follows. The general one-exponential model for 

each subcell which is going to be used is: 

0

·
·exp( )s

L
B

V J r
J J J

k T

−= −
 

(1.12) 
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And the voltage at the whole dual-junction solar cell is: 
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Since the current in the series connected subcells must be equal, and assuming that 

the subcells are current matched, we obtain: 
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 This expression is similar to the general form of the single junction solar cell one 

exponential model, but using the geometric average of the recombination currents as the 

exponential pre-factor, and introducing a factor 2 in the denominator of the exponential term.  

From these expressions, the open circuit voltage and short circuit current can be derived: 
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The Voc , which could have also been calculated as the sum of the Voc of the top and 

bottom subcells as single devices, has an expression similar to the case of a single junction 

solar cell, but, again, using the geometric average of the recombination currents and a factor 2 

multiplying the whole expression. Of course, this expression is only valid for a high 

concentration where the recombination current is dominated by the J01 component. As for the 

Jsc, for the usual values of series resistance, is equal to the photogenerated current, JL. 

In Figure 1.18 it is shown the plot of the analytical expressions developed (without 

series resistance) for an example of GaInP/GaAs solar cell working at 1000 suns. As can be 

observed, the total current flowing through the dual-junction solar cell and its component 

subcells at short circuit is of equal value, due to the current matching condition imposed. For 

each current the voltage in the solar cell is the sum of the voltages at each subcell. 

1.3.4.2. Illumination I-V curve of the current mismatched dual-junction solar cell 

In the previous study it is assumed that we have an exact current matching in the dual-

junction solar cell. This ideal situation is seldom encountered in practice since, although the 

solar cell device can be designed and fabricated to be current matched for a given solar 

spectrum, the characteristics of the light impinging on the solar cell, particularly the spectral 

irradiance, can deviate from the data used in the design, giving rise to a current mismatch. A 

compact analytical expression for the illumination I-V curve cannot be reached in this case. 

However, it is interesting to study how the current mismatch affects the behavior of each 

subcell. For this, some simulations with Pspice were carried out. The case of a dual-junction 

solar cell without parasitic resistances (very low series resistance and very high parallel 

resistance) and with an ideal tunnel junction (no voltage drop in it) was simulated. Three 

current mismatch situations were studied: top cell limiting current, bottom cell limiting current 

and current matching between subcells. The results are presented in Figure 1.19. 

 

 

Figure 1.18. J-V curves of a GaInP/GaAs 
dual-junction solar cell and its subcells, at 
current matching and a concentration of 
1000 X. 
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Jsc,TOP = Jsc,BOTTOM Jsc,TOP < Jsc,BOTTOM Jsc,TOP > Jsc,BOTTOM 

Figure 1.19. Illumination I-V curve and voltage at each subcell in a GaInP/GaAs dual-junction solar 
cell without series and parallel resistances, for different current matching conditions and a 
concentration of 1000 X . 

 

 The dual-junction solar cell J-V curves obtained are the expected: the current is always 

the lesser of the two subcells and the voltage is the sum of the voltages at each subcell for 

every current point. About the voltage at each subcell, the main requirement that defines their 

value is the equality of currents traversing each subcell. Consequently, the subcell voltages 

must adapt so that this requirement if fulfilled. The shape of the subcell voltage curves 

obtained can be explained as follows:  

 • For the case of current matching (Jsc,TOP = Jsc,BOTTOM), at low voltages applied to the 

dual-junction solar cell, the diodes are far below the necessary voltage to turn them on, and 

the voltage at each subcell is the result of the voltage divisor created by the current sources 

and the parallel resistances. Since in the simulation the parallel resistances used were the 

same for both subcells (1 MΩ), the voltage at each subcell is equal for low voltages applied to 

the dual-junction solar cell. As this voltage increases, the voltage drop in each subcell starts to 

vary differently as the recombination diodes turn on. Since the J0 values of the GaAs subcells 

are higher than the ones for the GaInP top cell, the voltage that must appear on the GaAs 

subcell must be higher to have the same current than the GaInP top cell. In the final region, 

the voltages at each subcell increase linearly with the total voltage in the dual-junction solar 

cell, when the J01 component becomes dominant. 

 • When the short circuit current in the top cell is lower than in the bottom cell 

(Jsc,TOP < Jsc,BOTTOM), the GaAs bottom cell is situated around its open circuit voltage until its 

current is lower than that of the GaInP top cell, for a given voltage applied to the dual-junction 

solar cell. From that moment, the voltages at each junction evolve in a way so that the 

currents at each junction are the same.   
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• When the short circuit current in the top cell is higher than in the bottom cell 

(Jsc,TOP > Jsc,BOTTOM), the behavior follows a similar pattern but interchanging the roles of top 

and bottom cell.  

 

1.3.4.3. Influence of the tunnel junction on the dual-junction solar cell illumination I-V curve 

In this section, the influence of the tunnel junction characteristics on the dual-junction 

solar cell illumination I-V curve is studied by means of simulation procedures using lumped 

models. The purpose is to predict the behaviour of the dual-junction solar cell depending on 

the tunnel junction peculiarities and understand it by taking advantage of the possibilities and 

simplicity of the simulation methods. The experimental tunnel junctions developed in this 

Thesis and their characterization will be presented later in Chapter 6. 

As explained before, the tunnel junction is required to have a peak current higher than 

the short circuit current of the dual-junction solar cell operating at its working concentration 

(neglecting the effect of the lateral current spreading commented in section 1.3.3.2). 

Otherwise, the tunnel junction does not work in the ohmic region and a high voltage drop is 

produced in it, spoiling the solar cell performance. We are going to examine what happens to 

the J-V curve of the dual junction solar cell in this case. In Figure 1.20 the J-V curves and 

voltages of a dual-junction solar cell with a Jsc of 14 mA/cm2 at 1 sun, for two concentrations 

are shown. The J-V curve of the tunnel junction used is also shown.  

When the short circuit current of the solar cell is lower than the peak current of the 

tunnel junction, i.e. for a concentration of 500 suns, the tunnel junction is always working in its 

ohmic region. In this case, the voltage drop in the tunnel junction is low and its effect on the 

shape of the J-V curve is similar to any other component of series resistance. On the contrary, 

when the concentration is 1000 suns, the short circuit current of the solar cell is higher than 

the peak current of the tunnel junction, which will not always work in the ohmic region, giving 

rise to the features in the shape of the J-V curve shown in Figure 1.20. As can be observed, 

the maximum power point is affected, leading to an important fill factor and efficiency drop in 

the solar cell. For the explanation of this shape in the J-V curve the graphs in Figure 1.20 are 

divided into 4 regions. As the voltage applied to the dual-junction solar cell is decreased from 

its Voc, the current starts a steep increase. Firstly, the tunnel junction works in its ohmic region, 

where the voltage at its terminals is low and does not affect significantly the shape of the solar 

cell J-V curve (region 1 in Figure 1.20). However, when the solar cell current is equal to the 

peak current of the tunnel junction we have series connected: two subcells whose current 

should increase as the voltage is further decreased, and a tunnel junction which cannot follow 

this current increase without an unfeasible stepwise voltage change in order to move its 
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operating point to the diode region2. Inexorably, the two conditions for a series connected 

device must be accomplished: the total current is the lesser of the currents in the individual 

subcells and the total voltage is the sum of the voltages in them. Moreover, it must be taken 

into account that the polarity of the voltage drop in the subcell is opposite to the polarity of the 

voltage drop in the tunnel junction. In summary, the possible evolutions from this point, as the 

voltage applied to the dual-junction solar cell is further decreased, are: 

- the voltage at the subcells continue decreasing. This is not possible because that 

would imply an increase in their current, which cannot be followed by the tunnel junction. 

- the voltage at the subcells increase. Thus, the current decreases and the voltage 

drop in the tunnel junction also increases, as its operating point moves along the negative 

resistance region.  

                                                
2 In fact, if a stepwise increase of the voltage drop in the tunnel junction would occur so as to move instantly its 
polarization point from the ohmic region to the diode region, the voltage at the subcells would sharply increase 
also, giving rise to an abrupt decrease of their current, leading to an inconsistency.  

  

  
Figure 1.20. J-V curves of a tunnel junction (top-left) and a dual-junction solar cell with that tunnel 
junction (top-right) for the cases when its short circuit current is lower and higher than the tunnel junction 
peak current. At the bottom, the internal voltage at each subcell and at the tunnel junction, for these two 
cases, are plotted against the voltage applied to the whole dual-junction solar cell, in order to explain the 
solar cell  J-V curves shown on top. 
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Therefore, as the voltage applied to the dual-junction solar cell decreases in region 2, 

the voltage drop in the tunnel junction increases and the voltage drop in the subcells increase, 

in order to reduce their current (see Figure 1.20). This evolution is followed until the tunnel 

junction valley current is reached and the current starts to increase again in region 3 by 

decreasing the voltage in the subcells. The current increases until the short circuit current is 

reached (region 4) and the subcells limit the total current in the dual-junction solar cell. From 

this moment, the tunnel junction is working in its diode region, with a fixed voltage drop 

corresponding to the solar cell short circuit current. The voltage at the subcells continue 

decreasing normally. Observe in Figure 1.20 that, from this moment, the graph of the voltage 

drop in the subcells has the same shape as in the case of 500 suns, but they are shifted 

leftwards along the x-axis by a value equal to the tunnel junction voltage drop. This makes 

that the voltages at the subcells at the short circuit current point of the dual-junction solar cell 

is not 0, but they are such that their sum is equal to the voltage drop in the tunnel junction. An 

equivalent reasoning can be done if the voltage applied to the dual-junction solar cell is 

increased from 0 volts to the open circuit voltage. 

Finally, the modifications in the shape of the dual-junction solar cell J-V curve for 

different values of the peak current and A parameter of the tunnel junction model used are 

illustrated with the simulations shown in Figure 1.21. The shape of this J-V curve follows the 

modifications in the shape of the J-V curve of the tunnel junction, as could be expected. It is 

worth mentioning that for values of the peak current above the short circuit current of the dual-

junction solar cell, the shape of the J-V curve is the habitual but, as the peak current of the 

tunnel junction if further increased, the fill factor obtained is higher. This is due to the fact that 

if the peak current of the tunnel junction is increased while its peak voltage is kept constant, 

the equivalent resistance in the ohmic region of the tunnel junction decreases, giving rise to a 

lower series resistance and a higher fill factor in the dual-junction solar cell.  

 

  
Figure 1.21. J-V curves of a GaInP/GaAs dual-junction solar cell for different peak currents and A 
parameter in the tunnel junction. 
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1.3.4.4. Dark I-V curve of the dual-junction solar cell 

The measurement and study of the dark I-V curve of a solar cell is of great importance 

because it allows to extract many parameters that determine the performance of the solar cell 

device at low and high concentrations. These parameters include those related primarily to the 

characteristics of the semiconductor structure, like the J01 and J02 recombination currents, and 

others than can be related also to the solar cell post-processing, like the parallel and series 

resistance, and the perimeter recombination current. Using the appropriate solar cell device 

geometries (i.e. using ad-hoc devices) the dark I-V curves obtained allow to determine 

quantitatively the J01 and J02 recombination currents and the series resistance introduced by 

the semiconductor structure. For a single junction solar cell this can be achieved by fitting the 

dark I-V curve using the two-exponential model. In a multijunction solar cell the task is more 

complicated because multiple recombination current mechanisms act simultaneously in the 

different subcells connected in series. Few works on this issue can be found in the literature. 

In [Reinhardt00][Mayberry03], the ideality factor obtained experimentally in triple-junction solar 

cell is justified analytically and the impact of the recombination currents on the performance of 

the solar cell is analyzed. In the following, the study of the case of a dual-junction solar cell is 

presented. 

First we are going to explore the influence of the recombination currents of each 

subcell on the final dark I-V curve, with a similar analytical approach as in [Reinhardt00]. 

Parasitic resistances will not be taken into account in order to make the analytical study 

feasible. Moreover, for “low” voltages, the J02 recombination current component dominates, 

whilst for “high” voltages, the J01 component dominates. In these situations, we can neglect 

one exponential term and we have: 
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where J0x can be J01 or J02, and the mx can have the values 1 or 2, according to the two 

exponential I-V curve model for each subcell. In a high quality series connected solar cell, 

where the parallel resistances are sufficiently high and no junction has leaks, the current at 

both sucells must be equal. Besides, the voltage in the dual-junction solar cell is the sum of 

the voltages at each subcell. Thus, combining all the expressions in (1.17) we obtain: 
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The expression obtained has a similar form than in the case of a single junction solar 

cell. Depending on the actual value of the voltage at each junction, it will be operating at its J01 

or J02 dominated region, with the corresponding m and J0 values in (1.18). The possible 

combinations are shown in Table 1.6. It can be observed how the ideality factor of the dual-

junction solar cell ranges from 2 to 4, for high and low voltages, respectively. Using a lumped 

model without parasitic resistances and usual J0 values in a dual-junction solar cell, the dark 

I-V curve, recombination current components and ideality factor were computed using 

Pspice. The result is shown in Figure 1.22. 

 
Table 1.6.  Expressions for the dark current density in the dual-junction solar cell  

for different bias point scenarios in the subcells. 
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J01Top 

[A/cm 2] 
J02Top 
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1·10-27 1·10-14 

J01Bot  
[A/cm 2] 

J02Bot  
[A/cm 2] 

1·10-19 1·10-11 
 

Figure 1.22. Example of dark J-V curve of a dual-junction solar cell without parasitic resistances, with 
the recombination current components of each subcell and the ideality factor for each voltage detailed 
(left). The J0 values used are shown in the table on the right. 
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It is noteworthy to mention that in Figure 1.22 all the current components are plotted 

against the voltage applied to the terminals of the dual-junction device. This is why the 

recombination current components do not appear as straight lines in the graph with a 

logarithmic scale in the current axis. Depending on which recombination current dominates at 

each subcell three regions can be clearly distinguished in the dark J-V curve of the dual-

junction solar cell used. For low voltages applied, both subcells are working in their J02 region. 

As the voltage increases, the first the bottom cell changes to its J01 region and then the top 

cell does so. Two slopes are clearly observed in the dark J-V curve, depending on if the solar 

cell is working in the J02 or J01 dominated region. The transition region, where the bottom cell 

is working in the J01 region and the top cell is still in the J02 region, is so brief that it only 

appears as an inflexion point between the two slopes mentioned (at about 2.5 V in the case 

analyzed).  

The ideality factor (m) of the dual-junction solar cell is indicative of the recombination 

current components which dominate the behaviour of the solar cell at a given operating point. 

The ideality factor can be calculated from the dark J-V curve using: 
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J J
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=  
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e
m

S k T S k T
= =

 

(1.19) 

 

where S is the slope of the J-V curve using a logarithmic scale for the current. The m 

calculated for each voltage is also shown in Figure 1.22. It can be observed how the m 

obtained are in agreement with the analytical expressions of Table 1.6. For an operation at 

14 A/cm2, which corresponds to an equivalent light concentration of 1000 X in a high quality 

GaInP/GaAs dual-junction solar cell, the ideality factor is close to 2, for the set of J0 

parameters used in the calculations, indicating that the J01 recombination mechanism is 

dominant in both top and bottom subcells. Note, though, that in practical solar cells, the effect 

of the series resistance on the dark J-V curve can distort the relation between the value of m 

calculated from (1.19) and the recombination currents in the solar cell. 

In conclusion, the dark I-V curve of a dual-junction solar cell, as a particular case of a 

multijunction solar cell, is not as straightforwardly interpretable as for the case of a single 

junction solar cell. An analytical expression has been developed for cases where the J01 or J02 

recombination current dominates clearly in both subcells. The ideality factor, which can be 

calculated from the dark I-V curve, ranges from 2 to 4 in a dual-junction solar cell and can be 

used to assess the recombination current characteristics of the solar cell.  
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1.3.4.5. Influence of the subcell parameters on the dual-junction solar cell dark I-V curve 

Finally, it is interesting to study the influence of variations in the dual-junction solar cell 

parameters on the shape of its dark I-V curve and on the ideality factor. The result is intended 

to serve as a reference to analyze the origin of the peculiarities of a dark I-V curve measured. 

In Figure 1.23 the simulation results for the lumped model used in the previous study are 

shown. The “base” values for the parameters are those presented in Figure 1.22. For each 

graph, one parameter is increased and decreased from its base value and the resultant dark 

J-V curve and ideality factor are plotted.  

It can be clearly observed that the influence of each parameter on the J-V curve is 

coherent with what could be expected from Figure 1.22, in which it can be seen the weight of 

the contribution of each component in each region of the dark J-V curve. For example, the 

variations in the J02Top affect a wider range of voltages of the dark J-V curve than the variations 

in J02Bot, in agreement with the fact that the top cell is in its J02 regon up to higher voltages than 

the bottom cell. The effect of the parallel resistance of the top and bottom cell, on the dual-

junction solar cell dark J-V shape is similar. The only difference is the range of voltages 

affected, which is wider in the case of the parallel resistance in the top cell. This is due to the 

fact that the circulation of current in the bottom cell through its parallel resistance is delayed to 

higher voltages by the top cell, whose recombination diodes turn on at a higher voltage than 

the diodes of the bottom cell. The presence of a low parallel resistance can hinder the 

extraction of the J0 components with the dark I-V curve. Thus the solar cells destined to 

parameter extraction using dark I-V curve measurements are always chosen to have the 

highest parallel resistance possible. The External Quantum Efficiency measurements can also 

be affected seriously by the parallel resistance, due to the low current at which they are 

performed [Espinet08]. Regarding the series resistance, its effect consists in the flattening of 

the I-V curve for high voltages. As the current through the device increases, the voltage drop 

in the series resistance increases. This gives rise to a slower increase in the current as the 

voltage applied to the device increases. Of course, as the series resistance value is increased, 

this effect appears at a lower current. 

The ideality factor at a current density equivalent to the operation of the dual-junction 

solar cell at 1000 X is around 2 and it is mostly sensitive to variations in the top cell J01, 

indicating that this is the recombination current mechanism dominating at this current density 

and for the J0 parameters set used. The parasitic resistances can influence the value of m 

obtainable from the dark J-V curve and, consequently, the determination of the dominant 

recombination current mechanism. For example, for a vertical series resistance (which is the 

resistance component influencing most the dark I-V curve of a solar cell) of 5·10-4 Ω·cm2, 

typical in our dual-junction solar cells (see Chapter 7), the ideality factor at J = 14 A/cm2 is 
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Figure 1.23. Influence of the recombination currents 
and parasitic resistances on the shape of the dark J-
V curve and ideality factor of a GaInP/GaAs dual-
junction solar cell. 
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higher than 2, which can be mistakenly attributed to a high influence of the J02 

recombination current in the top or bottom subcells. As can be observed in the plot, the higher 

the series resistance, the higher the ideality factor obtained, due to the increased dark I-V 

curve bending. The parallel resistance, however, is not expected to give rise to 

misinterpretations of the ideality factor. This is so, because its influence on the dark I-V curve 

at 14 A/cm2 is significant only for very low parallel resistances. Besides, solar cells with such a 

low parallel resistance are easy to identify by observation of their dark I-V curve, and, 

therefore, they can be discarded as unreliable for recombination parameters extraction from 

the dark I-V curve.  

1.4. Summary and conclusions 

In the first part of this chapter, the Shockley-Queisser model is used to calculate the 

theoretical efficiency limits of 4-terminal (independently connected subcells) and 2-terminal 

(series connected subcells) dual-junction solar cells, for different band gap combinations. The 

implications of the current restriction imposed to the series connected device has been made 

apparent. Briefly, the maximum efficiency achievable is lower than in the case of the  

four-terminal device, but the optimum band gap combination is similar. If the bottom cell 

material is fixed to GaAs, which is the case relevant for this Thesis, the calculation yielded a 

maximum efficiency of 46.3% and 45.3% for the independently and series connected cases, 

respectively. Adding the absorption coefficient to the ideal SQ model of the series connected 

dual-junction solar cell, it has been proved how the modulation of the thickness of the top cell 

helps to reach higher efficiencies by achieving current matched solar cells. The particular case 

of a GaInP/GaAs series connected dual-junction solar cell has been then studied and the 

optimum top cell thickness, for a typical band gap of the top cell, has been calculated. A 

thickness around 765 nm was found to be the optimum in the ideal solar cell, although the 

exact value depends on which optical data is used, as demonstrated by the comparison with 

results obtained in other works. The Voc, FF and efficiency of the ideal GaInP/GaAs dual-

junction solar cell, with a GaInP band gap of 1.85 eV, were calculated, yielding values of 

3.057 V, 91.6% and 44.6% respectively, which can be considered a superior limit. 

In the second part, the model of a practical GaInP/GaAs dual-junction device has been 

developed. The loss mechanisms taking part in real solar cells have been summarized and 

the components of the classical model, adapted to the GaInP/GaAs dual-junction solar cell, 

have been analyzed, including the photocurrent and recombination currents in each subcell, 

and the characteristics of the tunnel junction. The top cell thickness necessary to obtain a 

current matched solar cell for a typical set of semiconductor structure properties (minority 

carrier properties, surface recombination velocities and layer thicknesses) and a top cell band 

gap of 1.85 eV, was calculated to be around 750 nm for a non absorbing tunnel junctions and 
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600 nm for a 30 nm thick GaAs tunnel junction. Then, the theory behind the tunneling process 

has been briefly explained and a model for the I-V curve of the tunnel junction has been 

described. Finally, the model of the I-V curve of the GaInP/GaAs dual-junction solar cell has 

been studied. As for the illumination curve, an analytical model has been developed for the 

particular case of current matching and both subcells working in the J01 recombination current 

region. The expression obtained is similar to the traditional one-exponential model used for 

single-junction solar cells, but using the geometric average of the subcells J0 and 2 as ideality 

factor. The effect of the current mismatch on the illumination curve has been illustrated by 

simulating the dual-junction solar cell lumped equivalent circuit using Pspice and analyzing 

how the voltage at each subcell evolves as the voltage applied to the dual-junction solar cell is 

raised. A similar procedure has been followed to study the influence of the tunnel junction 

characteristics on the illumination I-V curve of the dual-junction solar cell.  

The dual-junction solar cell dark I-V curve has been also analyzed by developing 

analytical expressions for the cases when one recombination current component dominates in 

each subcell, and by simulation of lumped models. The ideality factor of the dual-junction solar 

cell has been found to range from 2 to 4, for high and low voltages, depending on the weight 

of the top and bottom cell J01 and J02 recombination current components on the dark I-V curve. 

For typical values of the J0 parameters in a dual-junction solar cell, the J01 recombination 

current in the top cell has been found to dominate the dark I-V curve at a solar cell current 

equivalent to its operation at 1000 X. Some guidelines for the interpretation of GaInP/GaAs 

dual-junction solar cell dark I-V curve experimental results have been provided. The use of the 

ideality factor obtained from the dark I-V curve to determine the dominating recombination 

current component at a given current level in the solar cell has been assessed. At 1000 X, the 

ideality factor has been found to be influenced significantly by the vertical series resistance in 

a typical GaInP/GaAs dual-junction solar cell. This must be taken into account when deducing 

the recombination current components associated to the ideality factor obtained. 
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2.1. Introduction 

This chapter deals with the development and application of the extrinsic model of a 

GaInP/GaAs dual-junction solar cell. By extrinsic we mean all the characteristics and 

properties of the solar cell somehow related to or influenced by the solar cell manufacturing 

once the semiconductor structure has been grown, including the front grid metallization, the 

back contact, the encapsulation, perimeter characteristics after the mesa etching, etc. The 

focus is put on the study, design and optimization of the front grid to maximize the efficiency of 

a concentrator GaInP/GaAs dual-junction solar cell, assuming uniform illumination. The 

analysis of the solar cell working inside a concentrator, i.e., when the illumination profile is not 

uniform, is the topic of next chapter. Other topics such as the influence of the perimeter 

recombination and of technological imperfections of the front grid and wire-bonding, on the 

performance of the dual-junction solar cell, are also studied. For the analyses carried out in 

this chapter, theoretical and typical parameter values, found in the literature and/or obtained 

experimentally at I.E.S.-U.P.M., are used. It is in chapters 5 and 7 where these models are 

used to analyze the solar cells developed in this Thesis, by means of experimental data fitting 

procedures. Quasi-3D distributed models based on distributed circuits units are employed for 

the analyses presented in this chapter. In next section their suitability for our purposes and its 

description are presented. 

2.2. Description of the quasi-3D model based on distributed circuit units. 

2.2.1. Suitability of a distributed model 

The semiconductor structure of a III-V multijunction solar cell has a planar nature. 

Thus, its modeling is possible using one-dimensional approaches. For example, the external 

quantum efficiency of the semiconductor structure can be predicted using a 1D version of the 

Hovel model [Hovel73], with the adequate semiconductor properties, as explained in 

Chapter 1. This is common practice and, as will be seen in Part II, it is used profusely in the 

development of the dual-junction solar cell semiconductor structure dealt with in this Thesis.     

However, in the development of a multijunction solar cell, the design of the extrinsic 

elements, especially the front grid, is as important as the design of the semiconductor 

structure, particularly when working with concentrator solar cell devices. It is evident that 1D 

models are not suitable in this case. Moreover, 2D models are still not valid because the 

design of the front grid (which for modeling purposes can be considered to have a 

2-dimensional geometry) is always made in accordance with the properties of the 

semiconductor layers underneath, especially the top cell emitter. Therefore, the interaction 

between these layers and the front grid requires an extension of the 2D models [Algora04].   
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The 3D modeling based on finite elements is the approach with the highest potential, 

especially regarding accuracy. Moreover, it allows the modeling of both “low” level (physical) 

and “high level” (electrical) processes in the solar cell at the same time. However, solar cells 

are semiconductor devices with a large area, as compared to other kind of semiconductor 

devices, making this kind of modeling very demanding concerning computation resources and 

time, especially in the 3D case [Baudrit10]. On the other hand, these models have yet shown 

satisfactory results only in 2D studies of dual-junction solar cells [Baudrit08][Hermle08], and 

their development is still ongoing at present. 

In this context is where the models based on distributed circuit units are convenient. 

The quasi-3D models1 based on distributed circuit units are an easy-to-use and powerful tool 

to study the electrical characteristics of any semiconductor device, being solar cells a 

particular case. These models consist in virtually dividing the solar cell into sufficiently small 

portions and assigning an equivalent circuit to each one. Then, all the circuits generated are 

interconnected and an electronic circuit solving software is used to perform solar cell 

simulations. This kind of models are not designed to simulate physical processes in the 

device. They must be seen as “high level” models, to which the electrical parameters, many of 

which have their origin on “low level” physical processes, are provided to the model. 

Therefore, the demand on computing resources and time to simulate the electrical 

characteristics of a whole solar cell device is much lower than in the case of finite elements 

models. In any case, these two kind of modeling approaches are complementary2, as they are 

suited for the analysis of physical and electrical processes, respectively [Baudrit08][García08]. 

The approach based on generating an equivalent electronic circuit that models the 

electrical behavior of the solar cell has been used for many years. However, the first truly 

quasi-3D model of a complete GaAs solar cell, which reproduced the experimental data of 

single-junction concentrator GaAs solar cells very closely, was presented just a few years ago, 

in 2005 [Galiana05]. Before, the equivalent circuits tended to concentrate some or all the 

parameters of the solar cell in single components [Maroto95][Rey-Stolle01], or they paid 

attention only to some of them [Antonini03][Araki03]. In [Galiana06b], the importance of 

considering and modelling all the distributed effects that can be present in a concentrator solar 

cell is studied, by analysing the error committed when using 1D models (“lumped” models) 

with concentrated parameters for assessing the front contact in GaAs concentrator solar cells. 

On the other hand, if we are dealing with non-uniform light profiles, as is the case of the real 

                                                
1 The name quasi-3D comes from the fact that these models, while being an extension of a 2D model, are not still a 
full 3D model, since the transversal (vertical) properties and processes are modelled in a concentrated way. 
2 In fact, although 3D finite elements models are projected to be capable of simulating complete solar cell devices 
in the medium-term, quasi-3D distributed models will still be useful as a faster and easy-to-use tool for electrical 
simulations, especially for the analysis and optimization of front grids. 
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operation of the solar cell under a concentrator, the need for a distributed model becomes 

definitely apparent.  

For all these reasons, the quasi-3D models based on distributed circuit units are the 

tool chosen for the analysis, study and optimization of the extrinsic properties of the solar cells 

object of this Thesis.  

2.2.2. Distributed quasi-3D model of the GaInP/GaAs dual-junction solar cell 

As explained above, a quasi-3D model based on distributed circuit units is obtained by 

dividing the area of the solar cell into small portions and assigning them an equivalent circuit. 

The global equivalent circuit, resulting from the connection of the circuits modeling each 

portion, is solved using the appropriate software. The main issues in this process are the way 

the solar cell is divided into portions and the equivalent circuit we assign to each one. The 

approach followed must be such that all the distributed phenomena are taken into account 

with the appropriate accuracy. Computation time, which depends exponentially on the number 

of nodes and also on the number of components [Silvaco02], is also a parameter to be 

considered. 

 

Figure 2.1. Scheme of the division into portions of the solar cell to generate the quasi-3D distributed 
model, and detail of the equivalent circuit assigned to one portion corresponding to the metal area. 
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Regarding the portions into which the solar cell is divided, they are generally of three 

types: metal area, uncovered semiconductor (or active) area and perimeter [Galiana05]. In 

Figure 2.1, it is represented schematically how the division is performed in one solar cell with 

an inverted square front grid. Concerning the equivalent circuit for each portion, they are 

based on the traditional two-diode model (see Figure 2.2) in which the photocurrent is 

modeled with a current source, the recombination currents with two diodes and the parasitic 

resistances are modeled with resistors. Note that the photocurrent and recombination currents 

are intrinsic properties of the solar cell which were studied and modeled in Chapter 1. 

 

 

Figure 2.2. Traditional 2-diode model 
of a single junction solar cell. 
 

 

 In the dual-junction solar cell, each subcell is modeled with a different two-diode 

circuit. The vertical resistance components are modeled also with resistors. Finally, the 

resistances for the current flowing in the longitudinal direction (horizontally) are also modeled 

with resistors, which are also used to interconnect the subcircuits assigned to each portion the 

solar cell is divided into. That is the case, for example, of the emitter and base layers lateral 

resistances. In Figure 2.3, the detailed subcircuit used for a portion in the metal area of the 

solar cell is shown. In this equivalent circuit, the following parts can be differentiated: 

- The front grid, in which the front metal sheet resistance and front contact 

resistance are included.  

- The top cell, including the junction, the lateral resistances in the emitter and base 

layers, and the vertical resistance contributions of the base and BSF layers. 

- The tunnel junction. This part is represented in Figure 2.3 as a component in which 

its current is a generic function of the voltage at its terminals. Depending on the 

tunnel junction, this function will vary, although the general expressions shown in 

Chapter 1 are applicable in most cases. In this Thesis, a resistor is mostly used to 

model the tunnel junction, assuming that it is always working in the ohmic region of 

its I-V curve.  

- The bottom cell, including the junction, the lateral resistances in the emitter and 

base layers, and the vertical resistance contributions of the base, BSF, substrate 

and back contact. 
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Figure 2.3. Equivalent circuit of a portion of the dual-junction solar cell corresponding to the metal 
area. 

 

As can be seen, the connection between the subcircuits of each portion of the solar 

cell is made by means of the resistances modeling the front metal sheet resistance, and the 

emitter and base sheet resistances of each junction. In most cases for uniform light profiles, 

the horizontal current flow is only important at the top cell emitter. Therefore, this equivalent 

circuit can be simplified removing the lateral resistances of the base layers and the bottom cell 

emitter layer. This allows to reduce substantially the computing time required for the solving of 

the equivalent circuit of the whole solar cell. 

 Once the equivalent circuit for each portion is defined, all the subcircuits generated 

must be interconnected. This is carried out in our case by way of a ad-hoc developed 

software. During the process, some precautions must be taken, especially to define correctly 

the boundaries of the solar cell and the frontiers between the metal and active area regions. 

The details on this can be found in [Galiana06]. Finally, the resulting circuit is simulated using 

a circuit solver such as Pspice, and all the electrical characteristics of the solar cell can be 

obtained. The validity and accuracy of these models for single junction solar cells have been 
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already fully demonstrated [Galiana06]. The model for the dual-junction solar cell does not 

introduce any element that could, a priori, put at risk its validity. Nevertheless, in Chapter 5 

and 7, these models are used to analyze and improve the practical GaInP single-junction and 

GaInP/GaAs dual-junction solar cell devices manufactured and the results demonstrate the 

validity of the quasi-3D distributed model for the analysis of these devices. 

In conclusion, the quasi-3D distributed models based on electronic circuit units are 

suited for the simulation of the electrical behavior of the dual-junction solar cell, by supplying 

them with the appropriate parameters which come from theoretical calculations or 

experimental data.  In the following, these models are used to study and optimize the extrinsic 

properties and distributed effects of the GaInP/GaAs dual-junction solar cell.  

2.3. Design of the inverted square front grid for the concentrator GaInP/GaAs 

dual-junction solar cell 

The front grid plays a major role in the performance of a concentrator solar cell. An 

incorrect design of its layout, dimensions or metal properties can spoil any superior 

characteristics achieved in the semiconductor structure, due to, for example, an unnecessarily 

high shadowing factor or emitter-related series resistance. Moreover, when using 

concentrating optics, the distribution of the light impinging the solar cell is not uniform, giving 

thus more importance to an accurate design of the front grid. 

The front grid design has as ultimate objective the minimization of the series resistance 

of the solar cell while maximizing the amount of photogenerated current. For this, the 

properties of the top cell emitter must be included in the optimization routines, since they are 

related to the photocurrent of the solar cell (through the EQE of the top cell) and the series 

resistance (through the emitter sheet resistance).   

 In the design of a front grid, three characteristics are involved: the properties of the 

metal and metal-semiconductor contact, and the layout of the front grid. The central issue in 

this study will be the design of the front grid layout. The metal and contact characteristics are 

defined by the solar cell manufacturing technological process, which in all the devices studied 

in this Thesis is based on the Au/Ge-Ni-Au metal system. Comprehensive descriptions of 

these technological processes and their optimization can be found in [Rey-

Stolle01][Galiana06]. Since their parameters (metal sheet resistance and contact resistance) 

are well defined, the usual values will be used in this study. 

 The front grid layout that will be studied and optimized for our 1 mm2 GaInP/GaAs 

dual-junction concentrator solar cell is based on the inverted square design (Figure 2.4). This 

configuration reduces the series resistance associated to the front grid primarily because the 

bus is placed all around the solar cell, making the extraction of current more efficient than in 

other approaches where the bus is placed only on one or two sides of the device [Moore79]. 
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Due to this reduced series resistance contribution of the front grid, the inverted square 

configuration is very appropriate for the solar cell operation under concentration, especially 

when working with point focus concentrators [Algora00a]. Therefore, this is the design that we 

are going to study and optimize. 

A detailed analytical study of the influence of each parameter of the inverted square 

front grid configuration on the series resistance, and its application to the GaAs single-junction 

solar cell can be found in [Rey-Stolle01]. In that work, geometrical approximations are used in 

order to be able to obtain manageable analytical expressions. Since we are going to employ 

the quasi-3D distributed model, no geometrical approximations are needed. In a GaInP/GaAs 

dual-junction solar cell, the main differences that influence the design result, as compared to 

the GaAs single-junction device, are in the short circuit current and the GaInP subcell emitter 

sheet resistance. Moreover, since in this case we have two solar cells connected in series, the 

total voltage and the fill factor are also affected differently by the front grid characteristics. As 

the metal properties (thickness and sheet resistance) are fixed by the manufacturing 

technology, we will perform the optimization considering the geometrical dimensions and 

layout of the front grid as the parameters to be varied. Concretely, we will analyze the 

influence of the finger width and the number of fingers. Besides, we will present the 

optimization carried out for the uniformly spaced fingers and current balanced fingers cases. 

The concentration goal in this optimization is 1000 suns of uniformly distributed light. The 

effect of non-uniform light distributions and other practical issues will be studied in next 

chapter. 

2.3.1. Optimization for uniform light distribution and evenly spaced fingers 

As explained above, the optimization presented in this section is made for the case of 

a uniform distribution of light impinging the solar cell. It is also assumed that the dual-junction 

solar cell is current matched, i.e., the photocurrent generated in both subcells is the same. As 

commented in last section, two parameters are of central importance for the front grid 

optimization: the short circuit current density of the dual-junction solar cell, and the GaInP top 

 
Figure 2.4. Layout of the inverted square front 
grid design. 
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cell emitter sheet resistance. On the one hand, the short circuit current density must be as 

high as possible. Since this current is defined by the least of the currents in both subcells, the 

GaInP top cell must be capable of producing a high value of short circuit current, but 

transmitting the necessary amount of light so that the bottom cell can photogenerate, at least, 

the same current. This can only be attained with a high quality semiconductor structure and 

tuning the thickness of the GaInP subcell base layer. Briefly, a high value of short circuit 

current in the dual-junction device, close to 14 mA/cm2, would require, for example, a GaInP 

top cell with excellent minority carrier properties, a negligibly absorbent tunnel junction, an 

accurately current matched design, etc. On the other hand, the GaInP subcell emitter sheet 

resistance is directly related to the thickness and doping level of this layer, and is always a 

parameter to be minimized. However, any alteration of the doping level or thickness of the 

emitter gives rise to a modification of the external quantum efficiency of the top cell, producing 

a different short circuit current in the dual-junction solar cell. Thus a tradeoff appears in the 

design. Whilst one would be tempted to have very low emitter sheet resistances to reduce the 

number of fingers in the front grid, i.e. the shadowing factor, and thus increase the short circuit 

current, this can only be achieved by increasing the thickness and/or doping level of the 

emitter layer, which generally entails a reduction of the top cell short circuit current. The 

achievement of the optimum solution in this tradeoff, by the jointly design of the emitter and 

front grid, is the aim of the study presented in next sections. 

 
2.3.1.1. Jsc and rshEmitter vs. top cell emitter properties 

In (2.1) it is expressed the well-known and simplified dependence of a n-type 

semiconductor layer sheet resistance on the mobility (µn), majority carrier concentration 

(electrons, n)  and thickness (h). 

 
1

sheet
n

R
q n hµ

=
 

(2.1) 

  
The majority carrier mobility depends on the carrier concentration and, consequently, 

on the doping level. Concretely, the mobility of electrons decreases as the carrier 

concentration increases in the n-type material. For a given temperature, an increase in the 

carrier concentration is normally the consequence of a higher doping level. Moreover, at room 

temperature, the doping level and majority carrier concentration are in most cases very 

similar, since almost all the donor atoms are ionized. In Figure 2.5 it is shown the data 

available in the literature about the mobility in n-type GaInP grown by MOCVD measured by 

the Hall-Van der Pauw method [Shitara94]. The experimental results obtained in this Thesis  

for n-GaInP doped with tellurium, for a narrower range of doping levels, are also plotted. It can 
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be observed that they are similar to the data obtained in [Shitara94] for the same carrier 

concentration range. For our modeling purpose, we use the data from [Shitara94], assuming 

that this similarity can be extended to the whole carrier concentration range.  

An increment of the doping level does not produce a reduction in the layer sheet 

resistance in the same proportion, as could be deduced from (2.1), due to the fact that the 

carrier mobility decreases with the carrier concentration. For example, using the data in Figure 

2.5, when increasing the doping level from 1·1018 to 5·1018 cm-3 (5-fold increase), the sheet 

resistance is reduced only by a factor 1.4. In Figure 2.6 the dependence of a n-type GaInP 

layer sheet resistance on the doping level, for different thicknesses, is plotted taking into 

account the variation of the mobility with the doping level. It is observed that, for a given sheet 

resistance there exist infinite pairs doping level – layer thickness that produce it, which is an 

obvious detail but of central importance as will be seen in the following. 

At this point, and coming back to the design of the front grid, we need to work out the 

most favorable situation in the tradeoff generated by the simultaneous requirements of a 

minimum emitter sheet resistance and a maximum short circuit current, to achieve the 

 

Figure 2.5. n-GaInP electron mobility vs. 
carrier concentration taken from [Shitara94]. 
The experimental data obtained in this 
Thesis are also plotted. 
 

 

Figure 2.6.     n-GaInP layer sheet 
resistance vs. doping level for various 
thicknesses. The variation of the mobility 
with the doping level, shown in Figure 2.5, 
is taken into account. 
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maximum conversion efficiency. The procedure consists in: 

1) Define the semiconductor structure of the bottom cell and tunnel junction, 

including thicknesses and doping levels of the layers, surface recombination 

velocities and minority carrier lifetimes.  

2) Define the top cell base, window and BSF layers, including thicknesses and 

doping levels, surface recombination velocities and minority carrier lifetimes. 

3) For each top cell emitter doping level and thickness, obtain the top cell base layer 

thickness that produces a current matched dual-junction solar cell by an iterative 

method. Thus we can obtain all the emitter sheet resistance-short circuit current 

points, all of them at the current matched dual-junction solar cell situation. 

For this, we are going to use de Hovel model to calculate the EQE and then the short 

circuit current of the dual-junction solar cell under the AM1.5D low-AOD solar spectrum (see 

Chapter 1 for details on these calculations). In this process, the dependence of the minority 

carrier lifetime and mobility in the top cell emitter upon its doping level must be taken into 

account. Due to the scarce data published in the literature, we have used the well known 

analytical expressions shown in Equations 2.2 and 2.3 (a complete review on this issue can 

be found in [Martí91]). The fits of our EQE experimental data obtained with GaInP solar cells 

(whose emitter was about 180 nm thick and with a doping level of around 1·1018 cm-3, see 

chapter 5) with the Hovel model have been used to calculate approximated values for the 

parameters in the mobility expression. As for the lifetime, the values for the constants 

appearing in (2.3) have been obtained from [Ioffe01]. The resulting trends are shown in Figure 

2.7. On the other hand, the influence of the doping level on the width of the space charge 

region is also included. The surface recombination velocity of the emitter-window interface is 

kept constant for all the doping levels, due to the lack of data in this regard. The values used 

are obtained again from the fits of the experimental EQE data and the Hovel model. Finally, 

the band gap of the GaInP material in the top cell is set to 677 nm (1.83 eV), to account for 

the ordering effect present in the practical devices manufactured in this Thesis (see 

Chapter 5). In Table 2.2, a summary of the semiconductor structure properties which are 

relevant in the calculation of the short circuit current can be found.  

The parameters used for the GaAs bottom cell come also from the fits of experimental 

EQE measurements. The GaAs subcell semiconductor structure was optimized in the past 

[Galiana06] as a single junction solar cell, and all its characteristics are used for the dual-

junction solar cell, except the window material (GaInP in the single junction device) and the 

emitter thickness (200 nm before), as will be explained in chapter 7. On the other hand, the 

optical absorption in the tunnel junction has a direct influence on the short circuit current of the 
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Table 2.1. Analytical expressions used for the dependence of the hole mobility and lifetime with the 
doping level in n-type GaInP (taken from [Martí91]). 
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where: 

· Umax, Umin, Nref, fHALL � 
empirical parameters 
· B � radiative constant 
· C � Auger recombination 
coefficient 
· τSRH � Shockley-Read-Hall 
lifetime 
· NE � doping level in the GaInP 
solar cell emitter (2.3) 

 

 

Figure 2.7.   Hole mobility and 
lifetime dependence with doping 
level in the n-doped emitter used for 
the GaInP top cell. 
 

 
Table 2.2. GaInP/GaAs dual-junction solar cell semiconductor structure properties  

used in the calculations. 

Subcell Layer Material Thickness 
[nm] 

Doping 
level Mobility Lifetime 

Surface 
rec. 

velocity 

BSF ideal - - - 

Base GaAs 3500 1·1017 3000 8.5 10 

Emitter GaAs 100 1·1018 92.1 5.1 105 
Bottom 

Window AlGaAs 45 1·1018 23.0 0.51 10000 

n-side GaAs 15 - - - - Tunnel 
junction p-side (Al)GaAs 15 - - - - 

BSF ideal - - - 

Base 
GaInP 

(λg=677 nm) 
variable 1·1017 800 6.9 10 

Emitter 
GaInP 

(λg=677 nm) 
variable variable variable variable 4000 

Top 

Window AlInP 30 5·1017 10.5 0.8 108 
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dual-junction solar cell. Thus, the calculation of the short circuit current has been made for two 

different cases: n++GaAs/p++GaAs and n++GaAs/p++Al0.8Ga0.2As tunnel junctions, whose 

absorption is significantly different and which correspond to the most advanced tunnel junction 

designs developed experimentally in this Thesis (see Chapter 6). 

The calculation results are shown in Figure 2.8, where the short circuit current density 

and top cell base thickness are represented against the top cell emitter doping level and 

thickness, by means of contour plots. Note that the Jsc is calculated using the IQE of the solar 

cell for each top cell emitter-doping level pair. 

As expected, the short circuit current density obtained is higher for the case of the less 

absorbent tunnel junction, and the thickness of the top cell necessary to achieve a current 

Short circuit current density [mA/cm 2] 

n++GaAs/p ++GaAs n++GaAs/p ++Al 0.8Ga0.2As 

  
 

Top cell base layer thickness for current matching [nm] 

n++GaAs/p ++GaAs n++GaAs/p ++Al 0.8Ga0.2As 

 
 

 

Figure 2.8. Results of the calculation of the dual-junction solar cell short circuit current density, for a 
range of top cell emitter doping levels and thicknesses, and for two designs of tunnel junction. The top 
cell base layer thickness which results from the calculation of the current matched device is also 
shown. 
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matched device is lower. In the contour plots of the short circuit current density it can be seen 

how the maximum currents are obtained for very thin and highly doped top cell emitters. It 

appears that the bad minority carrier properties that are produced in a highly doped emitter 

can be compensated by thinning it so much that the minimum absorption occurs there and the 

maximum minority carrier extraction is attained. However, in these calculations, no 

manufacturing technology-related constraints, existing actually in practice, have been taken 

into account. For example, the top cell emitter cannot be thinned indefinitely, since problems 

of parallel resistance or depletion of the emitter can appear. Besides, we have found that the 

doping level in n-doped GaInP with silicon, for example, is difficult to be increased over 

1-2·1018 cm-3 without damaging the minority carrier properties, much more severely than 

predicted by the model used in the simulations.  

In conclusion, we have theoretically calculated the dependence of the top cell emitter 

sheet resistance and dual-junction solar cell short circuit current with the top cell emitter 

doping level and thickness. The current matching condition has been imposed for all the 

doping-thickness pairs, by using the appropriate top cell base layer thickness. This 

dependence can be now used in the jointly optimization of the emitter and front grid, as final 

objective. 

 
2.3.1.2. Front grid optimization of the GaInP/GaAs dual-junction solar cell 

To this point, we have established the relation between the dual-junction solar cell 

short circuit current density and top cell emitter sheet resistance, and the properties of the top 

cell emitter, for the current matched GaInP/GaAs dual-junction solar cell. Now, the whole solar 

cell including the front grid is going to be optimized. For each emitter thickness-doping pair, a 

set of front grids (which differ only in the number of fingers) is simulated using quasi-3D 

distributed models, in order to find the optimum combination. It is important to note that the top 

cell emitter doping-thickness pair which produces the maximum short circuit current density 

may not be the optimum in terms of efficiency in the final solar cell. This is due to the fact that 

the optimum short circuit current density may be achieved with an emitter whose sheet 

resistance is, for example, too high, forcing to the use of a front grid with an excessively high 

shadowing factor to keep the series resistance low. Therefore, a joint optimization including 

the top cell emitter thickness and doping level, and the front grid properties must be carried 

out by means of a multi-variable optimization, similarly as in [Algora01b].   

As explained above, the front grid layout that we are going to optimize is based on the 

inverted square design, shown in Figure 2.4. In principle, the parameters we can adjust are 

the number of fingers, the width of the fingers and the width of the bus bar. Of course, 

parameters such as the metal sheet resistance and contact resistance are always wanted to 

be as low as possible but they are defined in our case by the manufacturing technology used 
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at I.E.S. – U.P.M. [Rey-Stolle01]. A study of their influence on the front grid properties can be 

found in [Galiana06]. Here we will use the metal sheet resistance and front contact specific 

resistance obtained typically in our laboratory (0.2 Ω/� and 5·10-6 Ω·cm2, respectively). As to 

the finger width, next in this section a study of the optimum value is presented. However, 

regardless of the optimum value determined, a minimum width of 3 µm is imposed by the 

photolithography technique employed in this Thesis, if an acceptable reproducibility is to be 

attained. Regarding the bus bar, its width must be as low as possible in order to reduce the 

dark current associated with it, but it cannot be so narrow that the series resistance could be 

affected. In section 2.3.2.2 a study of its influence on the performance of the solar cell is 

presented. At any rate, the minimum bus width usable at I.E.S-U.P.M is fixed to around 100 

µm by the manual wire-bonding technology available [Rey-Stolle01]3, and this is the value 

which is going to be used in the front grid optimization. Therefore, the only two parameters 

varied in the optimization of the front grid are the number of fingers and their width. In Table 

2.3, a summary of the parameters which are kept constant during the optimization process is 

shown. 

Table 2.3. Front grid parameters defined by the manufacturing  
technology available at I.E.S.-U.P.M. 

Metal sheet 
resistance 

Front contact 
specific 

resistance 
Bus bar width Minimum finger 

width 

0.2 Ω/� 5·10-6 Ω·cm2 100 µm 3 µm 

 

Concerning the finger width, as mentioned above, the photolithographic process used 

at I.E.S.-U.P.M. limits it to a minimum value of around 3 µm. Nevertheless, we can study 

which value, though maybe not technologically viable now in our laboratory, is the optimum in 

terms of efficiency of the solar cell. For this study, an optimized example GaInP/GaAs dual-

junction solar cell was used, in which the short circuit current is 14 A/cm2 at 1000 X, the 

emitter sheet resistance is 500 Ω/� and the number of fingers is 8. In Figure 2.9, the result of 

the finger width study is shown. It can be observed how the optimum value is around 2 µm. 

For lower values, the fill factor drops sharply due to the high series resistance in the narrow 

fingers. This can be observed also in the surface voltage maps shown as an inset in Figure 

2.9 for three different finger widths. As the finger width decreases, the surface voltage 

distribution becomes increasingly inhomogeneous, due to the high resistive paths resulting 

from the narrow fingers. For wider fingers than 2 µm, the gain in fill factor does not 

compensate for the increased shadowing factor which produces a diminished short circuit 

                                                
3 Note that we are referring to the layout presented in Figure 2.4., where the bus bar has a constant width. There 
exist, tough, other layouts in which a narrow bus is used in combination with wide bus regions where the wire 
bonding is to be applied.  
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current. As a result, the solar cell efficiency decreases. In Figure 2.9 it is also plotted the 

practical case when there exists contact layer under etch. As shown in Figure 2.10, this effect 

consist in the reduction of the GaAs contact layer width under the metal in the fingers, due to 

the isotropic etching process used to remove this layer from the active area of the solar cell. 

Since the GaAs contact layer thickness is normally 0.5 µm, the resulting effective contact 

width is reduced by about 1 µm, although the metal width remains the same4. However, as 

can be observed in Figure 2.9, its influence on the optimum finger width is minor. This means 

that, for the manufacturing technology used, the metal sheet resistance has much more 

weight on the optimum finger width than the specific contact resistance, in the range of values 

examined. This is in accordance with the results obtained in [Rey-Stolle01, Chapter 3].  In 

conclusion, the optimum finger width is around 2 µm for the short circuit current and number of 

fingers used. Since the value of short circuit current used is very close to the maximum value 

achieved in the dual-junction solar cells developed in this Thesis (see chapter 7), and the 

number of fingers is just below the optimum (as shown later in this section), the optimum 

finger width obtained can be considered a lower limit. At any rate, as explained above, due to 

 

                                                
4 During the wet etching of the contact layer, the metal is negligibly affected, since the Au-based alloy used in the 
front grid is resistant to the ammonium hydroxide solution used.  

 

Figure 2.9. Calculated efficiency and 
fill factor of the dual-junction solar cell 
for different finger widths with and 
without under-etch, at a concentration 
of 1000 X. The MPP voltage map at 
the surface of the solar cell is also 
shown for three finger widths. 
 

 
Figure 2.10. Schematic representation of the under-etch caused by the isotropic etching of the contact 
layer.  
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technological restrictions imposed by our photolithography process, the minimum finger width 

that can be obtained with an acceptable reproducibility is 3 µm, which is the value used in the 

forthcoming modeling and simulations.  

The width of the front grid fingers already determined, we are able to proceed with the 

joint optimization of the top cell emitter and front grid, using the quasi-3D model based on 

distributed circuit units. The parameters used in the models corresponding to Figure 2.3, are 

summarized in Table 2.4. The values for the parameters associated to the metal and the J0 

recombination currents in the GaAs subcell were obtained in [Galiana06] through the fitting of 

the experimental I-V dark and illumination curves of practical devices. Regarding the GaInP 

subcell, the J0 values used in this optimization are semi-empirical. Due to the scarcity of data 

available in the literature, especially regarding the J02,per in GaInP solar cells, an estimate has 

been used and its practical feasibility has been checked with preliminary data fitting. Besides, 

note that in Table 2.4 the recombination currents in the top cell are kept constant for all the 

 

Table 2.4. Quasi-3D distributed model parameters used in the front grid optimization simulations. 

Solar cell 
element Parameter Value Definition 

rsM 0.2 Ω/� Front grid metal sheet resistance 
Front grid 

ρρρρFC 5·10-6 Ω·cm2 Front contact specific resistance 

rsE,Top  Variable Top cell emitter layer sheet resistance 

IL,Top  Variable Top cell photocurrent density 

J01,Top 5.5·10-27 A/cm2 
Top cell neutral regions recombination  

current density 

J02,Top 3.15·10-15 A/cm2 Top cell s.c.r. recombination current density 

J02per,Top  1·10-16 A/cm2 
Top cell perimeter recombination  

current density 

rsB,Top  25,500 Ω/� Top cell base layer sheet resistance 

Top cell 

rv,Top  1·10-3 Ω·cm2 Top cell vertical resistance per unit area 

Tunnel  
junction 

RTJ 2.84·10-4 Ω·cm2 
Tunnel junction equivalent resistance  

per unit area 

rsE,Bot  200 Ω/� Bottom cell emitter layer sheet resistance 

IL, Bot  Variable Bottom cell photocurrent density 

J01, Bot  1.2·10-19 A/cm2 
Bottom cell neutral regions recombination 

current density 

J02, Bot  1·10-12 A/cm2 
Bottom cell s.c.r. recombination  

current density 

J02per, Bot  1·10-12 A/cm2 
Bottom cell perimeter recombination  

current density 

rsB, Bot  600 Ω/� Bottom cell base layer sheet resistance 

Bottom cell 

rv,Bot  1·10-3 Ω·cm2 Bottom cell vertical resistance per unit area 
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emitter thicknesses and doping levels, which is a good approximation for the range of values 

swept, as will be shown in Chapter 5 (section 5.3.3). 

 For the back contact only the specific contact resistance is taken into account, and it is 

merged with the vertical resistance of the bottom cell. No horizontal current flow is assumed to 

occur in the back contact, since it is considered to be equipotential and without ohmic loses. 

This approximation does not introduce any noticeable error in the simulations, since we have 

observed in practical devices that the back contact is normally sufficiently thick and little 

resistive. On the other hand, though the values of the sheet resistance of the top cell base 

layer and bottom cell emitter and base layers are also calculated (using the parameters in 

Table 2.2 and the mobility values published in [Rode75][Wiley75][Ikeda89]) and shown in 

Table 2.4, the simulations performed to check their influence on the final result showed that it 

is negligible, for the usual values measured in practical devices. This is due to the fact that, 

with a uniform light profile, the current in the solar cells simulated is mainly vertical except in 

the top cell emitter. This is possible also thanks to the fact that the back contact is 

equipotential. The influence of the top and bottom cell base layers sheet resistance on the 

performance of the solar cell, in terms of lateral current flow in these layers, is negligible. This 

is due to the lower doping level and majority carrier mobility in the base layer, as compared to 

the emitter layer, which makes that its sheet resistance is much higher (see Table 2.4). 

As for the tunnel junction, it is modeled as a resistor, by assuming that it is working 

always in its ohmic region. According to the tunnel junction experimental results presented in 

Chapter 6, this assumption is valid for the dual-junction solar cells developed in this Thesis, 

which exhibit a peak current density extremely high, and far above any short circuit current 

achievable in practice by a solar cell of any kind. The resistance value for this resistor is 

obtained from the J-V curves of these tunnel junctions, by calculating the series resistance at 

0 bias. On the other hand, the lateral flow of currents in the tunnel junction has been 

neglected in this study. The effect of these currents is important for the dual-junction solar cell 

performance, when the tunnel junction is working at a current close to its peak current, since 

they allow the tunnel junction to work in the ohmic region for solar cell short circuit currents 

slightly higher than its peak current [Espinet10]. Since our tunnel junctions are never in this 

situation, the lateral currents are neglected. 

 Finally, the vertical resistance components are set to 1·10-3 Ω·cm2 in the top and 

bottom cell, as a result of the theoretical calculation of the vertical series resistance in the 

active layers (using the same data as in the case of the sheet resistances) and empirical 

observations of the contribution of the heterojunctions and back contact in single-junction 

GaAs and GaInP solar cells. Subsequent developments of the dual-junction solar cell 

demonstrated that the values used for the vertical resistances were overestimated (see 
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Chapter 5 and 7). However, this is only expected to affect the maximum efficiency obtained in 

our calculations, but not the optimum emitter-front grid parameters. 

 Once explained the parameter values used, we now proceed to describe the 

simulations performed for the optimization of the inverted square front grid with 3 µm wide 

fingers, as the front contact of our 1 mm2 dual-junction solar cell. The emitter doping level was 

varied from 5·1017 cm-3 to 5·1018 cm-3, and its thickness from 50 nm to 200 nm. For each 

emitter doping level-thickness pair, the number of fingers in the front grid was swept from 8 to 

14. A distributed model was generated for each case, and the resulting equivalent circuit was 

solved, in order to obtain the electrical characteristics of the dual-junction solar cell. The Jsc, 

FF, and efficiency results obtained for these two extreme values are shown in Figure 2.11, in 

order to illustrate the evolution of these parameters with the number of fingers in the front grid. 

The short circuit current density, obtained during the emitter study presented in last 

section, is an input parameter for the quasi-3D distributed models. Therefore, the Jsc plots in 

Figure 2.11 follow the same trends as the ones presented in Figure 2.8. The difference 

between the cases with 8 and 14 fingers is exclusively due to the shadowing factor, which 

 
Figure 2.11. Simulation results including short circuit current density, fill factor and efficiency of the 
1 mm2 dual-junction solar cell described in Table 2.4, with inverted square front grid, for 8 and 14 
fingers and working at 1000 X. 
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varies with the number of fingers. The fill factor follows the expected trend: it decreases as the 

top cell emitter sheet resistance increases, i.e., its doping level decreases or its thickness 

increases. As the number of fingers increases, the fill factor is less sensitive to the emitter 

properties (in the range explored) due to the reduced emitter distance to be crossed by the 

carriers. Finally, the efficiency values obtained are proportional to the Jsc·FF product. For low 

emitter doping levels, the efficiency decreases due to the reduced fill factor. Conversely, for 

high emitter doping levels, the efficiency decreases because the short circuit current density 

decreases. Moreover, these trends are modulated by the top cell emitter thickness. For 

example, if the top cell emitter is thick, the short circuit current density is more sensitive to an 

increase in the doping level, since a higher quantity of light is absorbed in the emitter and the 

carriers photogenerated in it are more easily lost by recombination, due to its worse electronic 

quality as its doping level is increased. On the contrary, thick emitters allow a high fill factor 

with low doping levels.  

These opposite trends in the short circuit current density and fill factor, as the doping 

 

  

  
Figure 2.12. Calculated iso-efficiency contour plots for the dual-junction solar cell described in Table 2.4 
working at 1000 X, when varying the top cell emitter doping level and the number of fingers in the 
inverted square front grid. Each graph corresponds to a different top cell emitter thickness. 
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level in the top cell emitter increases, give rise to an optimum efficiency point. The efficiency 

contour plots with the top cell emitter doping level and the number of fingers as the axes 

variables are shown in Figure 2.12, for four values of emitter thickness. 

It can be observed how, as the top cell emitter thickness increases, the optimum 

doping level decreases. However, the optimum number of fingers remains almost constant at 

9-10 fingers. Moreover, according to these results, the efficiency is maximized if the doping 

level is increased as much as possible and the thickness is decreased in the top cell emitter. 

However these results have to be taken cautiously since, as mentioned before, the 

manufacturing technology-related constraints are not considered in the optimization. As will be 

seen in Chapter 5, the thickness of the top cell emitter cannot be reduced and its doping level 

cannot be increased as much as wanted. For a top cell emitter doping level of 1·1018 cm-3, 

which is mostly used in the experimental development of the GaInP/GaAs dual-junction solar 

cell presented in this Thesis, the optimum top cell emitter thickness is around 150-200 nm. On 

the other hand, the calculation of the Jsc in the semiconductor structure has been carried out 

using models with estimated semi-empirical parameters, especially for the GaInP top cell, 

which can differ significantly from the actual values measurable in practice. The ARC used 

can be also a source of discrepancies between the simulation results, for which ideal ARC 

layers are assumed, and the experimental results. Therefore, the optimization results 

presented here have to be considered only as orientative. In fact, the number of fingers used 

in the forthcoming theoretical analysis and in most of the experimental work carried out in this 

Thesis, is 8. This is so due to the problems found in achieving an appropriate Jsc in the 

GaInP/GaAs dual-junction solar cells being developed at the time of doing the theoretical 

optimization being presented here (see details in Chapter 7). The aim was to attain a higher 

Jsc through a lower shadowing factor and without compromising excessively the FF. In Table 

2.5, a summary of the theoretical optimization results, experimental factors, and parameters 

used in the theoretical and experimental studies presented in this Thesis, is shown. 

Table 2.5. Summary of the theoretical top cell emitter-front grid optimization, and the experimental 
restrictions found when applying it, which give rise to the parameters used in the theoretical and 
experimental studies presented in this Thesis. 

Top cell emitter Front grid 
Parameter 

Doping level Thickness Finger width Number of 
fingers 

Optimization 
result > 5·1018 cm-3 < 50 nm ~ 2 µm 9-10 

Experimental 
factors 

Photorresponse 
sensitivity to doping 
levels > 1·1018 cm-3 

Emitter depleted 
or shorted with 
low thickness 

3 µm minimum 
Low short circuit. 
Lower shadowing 

factor needed. 

Used        ~ 1·1018 cm-3                
����    ~ 150-200 nm     3 µm 8 
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2.3.2. Study of modifications in the front grid configuration 

2.3.2.1. Current-balanced fingers 

In the front grid configuration studied in last section, the finger pitch was constant over 

the whole front grid. This implies that the total current flowing through each finger is different, 

since each one is collecting current from regions of the active area with different sizes. 

Moreover, the fingers which stand the higher currents are also the longest ones. 

Consequently, the series resistance “seen” by the carriers coming from the inner part of the 

solar cell is significantly higher than that “seen” from the regions closer to the bus. This is 

illustrated in Figure 2.13, where the surface voltage map of a dual-junction solar cell working 

at the MPP and 1000 X is presented together with the voltage map of the same solar cell but 

setting the metal sheet resistance to an ideal value approaching 0. The surface voltage is 

indicative of the series resistance seen from each surface point to the external contacts. In 

Figure 2.13 the non-uniform distribution of the voltage drop caused by the different current 

levels in each finger, which is eliminated if the series resistance of the fingers is set to 0, is 

clearly seen. Therefore, the question that arises is whether the “average” series resistance 

introduced by the fingers can be lowered using other configurations with non evenly spaced 

fingers. 

The current-balanced fingers configuration consists in using a finger pitch set such that 

the total current flowing through each finger is the same. The aim of this configuration is 

basically to reduce the series resistance “seen” by the current coming from the inner part of 

the solar cell active area, by increasing the density of fingers in that region. To calculate the 

distances between the fingers in order to obtain a current balanced configuration, the areas of 

the regions from which each finger collects carriers must be equaled for all of them. Assuming 

an ideally homogeneous solar cell and incident light power density, the distribution of these 

  

Figure 2.13. Surface voltage map of a dual junction solar cell with 8 evenly spaced, 3 µm wide fingers, 
working at the MPP and 1000 X. The voltage drop is higher in the longest fingers. The ideal case when 
the metal sheet resistance is artificially low is also shown to illustrate the influence of the finger 
characteristics on the series resistance. 
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areas is as shown in Figure 2.14. As can be observed, it is assumed that the carriers 

photogenerated in the active area will be collected by the finger which is closest to them. The 

portions of active area from which the current is directly collected by the bus bar are also 

taken into account. 

If we calculate the areas from which each finger collects current in the case of 

uniformly distributed fingers, the result shows that it is approximately doubled from finger to 

finger. For example, if we have 8 fingers in the front grid, this would mean that the inner finger 

total current is four times the total current in the outer finger. Therefore, the finger pitch can be 

modified accordingly in order to obtain a current-balanced configuration. In Figure 2.15 it is 

shown the voltage map in a solar cell with 8 current balanced fingers. If we compare it with the 

result for evenly spaced fingers shown in Figure 2.13, it can be observed a more homogenous 

distribution of voltage drop in the fingers and over the whole solar cell area. Of course, it is not 

completely homogenous because now the current is equal in all the fingers but their length is 

different. It can be observed also that now the active area regions with the higher voltage drop 

are at the corners, since it is there where the maximum distance to the nearest finger occurs.  

 

 

Figure 2.15. Surface voltage map of a dual 
junction solar cell with 3 µm wide current-balanced 
fingers, working at the MPP and 1000 X.  
 

 

Figure 2.14. Scheme of the division of the active 
area in regions contributing with current to each 
finger. 
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 Although we have achieved a more “balanced” front grid regarding its series 

resistance, it is evident that now there are points in the active area where the distance to the 

nearest finger is higher than before, and vice versa. Therefore, there will exists regions in the 

active area where the contribution to the series resistance of the top cell emitter will be higher, 

as evidenced in the voltage map in Figure 2.15. To analyze the influence of this effect on the 

overall performance of the solar cell, in Table 2.6 the I-V curve merit figures for the evenly 

spaced fingers and current balanced fingers configurations are summarized. Regarding the 

short circuit current, the value obtained with the current balanced fingers is lower due to the 

increased shadowing factor produced by the fact that now the fingers are longer (see Figure 

2.15). The increase in fill factor of 0.4% absolute means that the current balanced design has 

a lower net series resistance. The reduction of the short circuit current is not so high as to 

have a significant influence on the fill factor. This was checked with a simulation carried out 

adjusting the short circuit current in the current balanced design to have the same value that 

in the evenly spaced fingers design. At any rate, the weight of the short circuit current 

reduction on the conversion efficiency is higher, and, therefore, the efficiency is lower in the 

case of current balanced fingers. 

 
Table 2.6.  I-V curve merit figures of the evenly spaced and current balanced 
fingers configurations, for a front grid with 8 fingers 3 µm wide, and 1000 X. 

 Isc [mA]  Shadowing  
factor [%] Voc [V]  FF [%]  Eff [%]  

Evenly spaced 136.27 2.74 2.76 86.13 32.35 

Current balanced  135.34 3.44 2.76 86.51 32.26 

  

At this point, it is interesting to analyze if we could make the fingers narrower (ignoring 

the manufacturing technology-related constraints at I.E.S. – U.P.M) to reduce the shadowing 

factor and achieve an increased efficiency with the current-balanced front grid design. In 

Figure 2.16 the result of this study is shown for the cases without and with under-etch. It can 

be observed how as the finger width is decreased, the efficiency in the case of current 

balanced fingers surpasses the efficiency obtained in the case of evenly spaced fingers, and 

peaks at around 1 µm of finger width. The difference in the maximum efficiency achievable in 

both cases is around 0.2% absolute. This increased efficiency is due to the fact that the 

compensation of the lower short circuit current obtained with the current balanced fingers case 

with its higher fill factor is more effective as the finger width decreases. If we consider the 

under-etch in the simulations, the tendencies are similar but now the efficiency peak is shifted, 

similarly as in the case of evenly spaced fingers, to a finger width of around 1.5 µm. In this 

case, the difference in the maximum efficiency achievable with evenly spaced fingers and 

current balanced fingers is only around 0.1% absolute.  
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Figure 2.16. Efficiency and fill factor vs. finger width, for the current balanced design and 1000 X, for the 
cases without and with under-etch. The voltage maps at the MPP for the current balanced fingers case
and several representative finger widths are also shown. 
  

In summary, the current balanced fingers configuration is advantageous with respect to 

the constant pitch case, for the same number of fingers, if the technological process allows the 

manufacturing of front grids with a finger width below 2.5 µm. In the case of the technology 

available for the manufacturing of the devices presented in this Thesis, which limits the 

minimum width to around 3 µm, there is no benefit in using the current balanced fingers 

configuration. The question about the possibility of achieving a higher efficiency with the 

 

Table 2.7. I-V curve merit figures for the evenly spaced and current balanced 
fingers configurations, for different number of 3 µm-wide fingers 

 Isc [mA]  Shadowing  
factor [%] Voc [V]  FF [%]  Eff [%]  

Evenly spaced 7f 136.64 2.46 2.76 85.86 32.32 

Evenly spaced 8f 136.27 2.74 2.76 86.13 32.35 

Evenly spaced 9f 135.81 3.08 2.76 86.42 32.36 

Current balanced 6f  136.53 2.54 2.75 85.56 32.18 

Current balanced 7f  135.87 3.04 2.76 86.30 32.32 

Current balanced 8f  135.34 3.44 2.76 86.51 32.26 

Current balanced 9f  134.84 3.83 2.76 86.62 32.21 
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current balanced configuration for a different number of fingers is answered with the 

simulation shown data in Table 2.7. The maximum efficiency is achieved for a front grid 

configuration with 7 fingers, but it is still lower than the maximum efficiency achieved with the 

evenly spaced fingers configuration. Therefore, it can be concluded that the use of current 

balanced fingers does not offer any benefit to optimize the conversion efficiency of the solar 

cells being studied in this Thesis. Moreover, as will be commented in Chapter 3, the evenly 

spaced fingers configuration is advantageous when working with non uniform light profiles, 

when the concentrator optics acceptance angle is taken into account. 

2.3.2.2. Study of the influence of the bus width 

The optimization of the bus width is a task in which a compromise situation between 

different factors must be reached. Regarding the solar cell performance, the bus has to be 

sufficiently wide so that the current collection from the fingers and its transport to the 

connection wires is accomplished with the minimum voltage loss, i.e., the series resistance 

component introduced by the bus is minimum. On the other hand, the recombination current 

generated in the semiconductor under the bus must be minimized to elude its pernicious effect 

on the solar cell Voc. Regarding the technological constraints, the minimum bus width is 

defined by the wire-bonding technology used in our small-size concentrator solar cells: the 

narrower the bus, the more difficult (and expensive) the wire-bonding process is. Finally, from 

the economic point of view, the bus has to be as narrow as possible in order to save substrate 

area, which constitutes an important percentage of the solar cell final cost. For example, 

assuming a 4-inch wafer where 1 mm2 active area solar cells are to be manufactured with a 

separation of 150 µm between them (for the mesa trenches and cutting paths), the number of 

devices that can be obtained if we use 50 µm instead of 100 µm wide buses is reduced by 

625. If we assume an efficiency of 30% at 1000 X, this difference in the number of devices 

corresponds to a loss of 187.5 Wp per wafer [Rey-Stolle01], i.e., a reduction of 15% in the 

peak power produced by all the solar cells manufactured on that wafer. At any rate, in the bus 

optimization study presented here, only the performance of the solar cell will be taken into 

account in the search of the optimum bus width value, although considering technologically 

realistic values.  

In the previous sections, the bus width in the inverted square front grid design was 

fixed to 100 µm for all the simulations, since it is the usual value used at I.E.S. – U.P.M. as it 

allows a safe manual wire bonding process with the technology available. Now, we are going 

to analyze the influence of this parameter on the performance of the solar cell. This will allow 

us to determine how far from the optimum bus width we are, regarding the solar cell 

performance, and determine possible worthy modifications in the technology. In [Rey-Stolle01] 

a complete analytical study of the influence of the bus on the performance of a GaAs single 
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junction solar cell is carried out by calculating the resistive losses in the bus and wires, for 

various cases in which the position and number of wires, the bus width, etc., are modified. 

Then, the parameters obtained are introduced in lumped models in which the dark diode 

corresponding to the bus region is also included, and these models are used to study the 

influence of the parameters considered on the I-V curve merit figures of the GaAs solar cell. In 

the present work, the analysis for the GaInP/GaAs dual-junction solar cell is performed using 

quasi-3D distributed models with which no approximations concerning the current flow in the 

solar cell are needed. The input parameters for these models, regarding the metal properties 

and the recombination currents, are the same as in the studies presented before in this 

Chapter (see Table 2.4). As for the connection wires arrangement, they have been set to 8 

and positioned optimally on the bus, as summarized in Table 2.8., according to the 

optimization carried out for GaAs concentrator solar cells in [Rey-Stolle01] (see section 2.5.1.2 

for more details on this). In Figure 2.17 the simulation results are shown for a solar cell with 1 

mm2 active area, 8 fingers 3 µm-wide and the electrical parameters which can be found in 

Table 2.4.  

As could be expected, the wider the bus, the higher the Voc loss. Moreover, as the 

concentration increases, the influence of the bus width on the Voc also increases. This is due 

to the fact that at low concentrations the J02 perimeter recombination is dominating, while at 

medium and high concentrations, the space charge region J02 recombination, which depends 

more strongly on the bus area5, is the most influencing. The dependence of the Voc at 1000 X 

on the bus width is plotted in the inset of Figure 2.17a. Concerning the fill factor, it can be 

observed how, for high concentrations, it is higher as the bus width increases, due to the 

reduction in the contribution to the series resistance of the bus. Conversely, for low 

concentrations the influence of the recombination current on the fill factor makes that a higher 

Voc is obtained as the bus width decreases, despite the higher series resistance generated by 

narrower buses. The overall influence of the bus width on the solar cell conversion efficiency 

consists in a higher value for all the concentrations up to the point where the series resistance 

is dominating the concentration response (in this case, at around 3000 X the bus width 
                                                
5 If L is the side length of the active area and W the width of the bus then the perimeter depends on L as: P = 4·L + 
8·W ; while the bus area is: Abus = 4·W2 + 2·L·W 

Table 2.8. Properties of the wires used in the optimization  
of the bus width [Rey-Stolle01]. 

Number of wires Resistance per wire Position of wires 

8 0.125 Ω 
(Aluminum, 45 µm diameter) 
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influence becomes negligible). However, as can be observed in Figure 2.17, the efficiency 

variations for technologically and economically feasible bus widths (lower than 100 µm), is 

minor (0.15% absolute). Therefore, according to these simulations, it can be concluded that, 

for the particular solar cells studied (1 mm2 active area, 8 wires), a reduction of the bus width 

below 100 µm does not influence decisively the performance of the GaInP/GaAs dual-junction 

solar cell. Therefore, from the solar cell production point of view, the decision about which bus 

width must be used depends exclusively on the technological and economic constraints 

(which, of course, are coupled to one another), whereas at the research stages, the bus width 

will probably be chosen depending only on the technological resources available in the 

laboratory. 

 The dependence of the solar cell performance on the bus width is modulated by the 

solar cell active area size [Algora00a]. Although in this Thesis we are dealing mostly with 

1 mm2 devices for the reasons explained in the Introduction chapter, a qualitatively6 study of 

                                                
6 A quantitative study including all the electrical parameters, similarly to the study carried out for 1 mm2 solar cells, 
would imply first optimizing the front grid for different areas (in terms of series resistance) and then perform the bus 
study for that grid, which is a time consuming task and falls out of the purpose of this chapter. 

 

Figure 2.17. Voc, FF and efficiency vs. concentration, and dark I-V curves for different bus widths. In 
graph a), an inset with the evolution of the Voc with the bus width for a concentration of 1000 X is included. 
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the influence of the bus width for larger solar cell active areas was carried out. Regarding the 

series resistance and fill factor it is clear that the larger the active area, the higher the total 

current photogenerated in the device and the higher the current to be collected and 

transported to the wires by the bus. Therefore, it is evident that the series resistance 

contribution of the bus will be significant for a higher bus width as the active area is enlarged. 

If we neglect the perimeter influence, the Voc variation with the bus width is mostly driven by 

the bus area/active area ratio (Abus/Aactive). This can be demonstrated as follows. If we assume 

that at each junction one recombination current (J01 or J02) is dominating, and we use the one-

exponential model for the solar cell current, the Voc of the dual-junction solar cell for any 

regime is: 

, ,
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which can be derived into: 
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Since the recombination current densities and the ideality factors are defined by the 

semiconductor structure and, consequently, are constant, we can write: 
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(2.7) 

 
In these equations it is expressed the fact that, as the Aactive/Abus ratio increases, the 

Voc value tends to a maximum value logarithmically. This can be achieved by increasing the 

active area or reducing the bus area. Besides, as the active area increases, the dependence 

of the Voc on the bus area is weaker. 

These expressions can be written in terms of the bus width using: 
 

2 2
4· ·bus bus

bus
active active active

A W
W

A A A
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(2.8) 

  
The results of some simulations using the quasi-3D distributed models, regarding the 

effect on the Voc of the bus width, for different active area sizes and the solar cell parameters 
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of Table 2.4, are shown in Figure 2.18. As we increase the active area size, the series 

resistance for the same front grid (same number of fingers) increases dramatically to an extent 

that the Voc is affected severely. Therefore, these simulations were carried out using a number 

of fingers for the larger active areas such that the series resistance did not increase 

significantly.  

Firstly, it can be appreciated the logarithmic – like shape of the curves, as predicted by 

(2.7). Besides, as could be expected from (2.6), the Voc reaches a maximum value for a 

Abus/Aactive equal to 0, which would ideally occur for a bus width equal to 0 or an active area 

with an infinite size. As can be observed, when the Voc is plotted against the Abus/Aactive ratio, 

the curves are identical regardless of the active area size, which confirms the analytical result 

of (2.7). Conversely, the plot of the Voc against the bus width results in a different curve for 

each active area size, since, according to (2.7), the Voc sensitivity to the bus area is lower as 

the active area size increases. In other words, for a constant bus width, the Voc is higher as 

the active area is made larger, despite the fact that the bus area also increases. 

In the analytical study and the simulations presented above, the perimeter 

recombination influence has been neglected. The distributed nature of this phenomenon 

makes an accurate analytical treatment impossible without approximations. However, it is 

evident that if we take into account the perimeter recombination, the analytical expression in 

(2.6) will be no longer valid or accurate. In this case, the Voc will not only depend on the 

Abus/Aactive ratio, but also on the value of Aactive itself: as the active area size increases, the 

impact of the perimeter recombination on the Voc decreases, regardless of the bus width, 

since the device perimeter to area ratio decreases. This can be observed in Figure 2.19, 

where the simulation results for the same solar cells as above but including the perimeter 

recombination (with two example values for the J02per), are shown. Firstly, it can be observed 

the effect of the perimeter recombination, which causes a lower Voc for all the Abus/Aactive 

 

Figure 2.18. Voc vs. Abus/Aactive ratio (left) and vs. the bus width (right), for two active area sizes, 
obtained by means of simulations using quasi-3D models of the GaInP/GaAs dual-junction solar cell. 
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values and solar cell areas. This reduction in the Voc is lower for a higher active area size, 

when the perimeter recombination is less important. Moreover, the Voc vs. Abus/Aactive curves for 

two active area sizes are different, meaning that now the Voc not only depends on the 

Abus/Aactive ratio, as was expected. For low bus areas (low Abus/Aactive), the difference in Voc 

between both area sizes is minimum because the variation in the perimeter length is minimum 

for a constant Abus/Aactive ratio. As the bus area is increased, a variation in the active area, for a 

constant Abus/Aactive ratio produces a larger variation in the perimeter length and thus a larger 

variation in the influence of the perimeter recombination on the Voc.  

In summary, in this section it has been shown that for our 1 mm2 solar cell, the effect of 

bus width variations, in the range of economically and technologically feasible values in our 

laboratory (50-100 µm), on the GaInP/GaAs dual-junction solar cell efficiency at 1000 X is 

negligible. Therefore, the 100 µm bus width was chosen for the front grid of the GaInP/GaAs 

concentrator dual-junction solar cell being developed in this Thesis, since it allows an easier 

and safer manual wire-bonding process. Then, the analytical study and simulations using 

quasi-3D distributed models have shown that  the effect of the Voc is affected the same way by 

the Abus/Aactive ratio, regardless of the total area of the solar cell. However, this is not the case 

when the perimeter recombination is taken into account, due to the modification of the total 

perimeter length as Abus/Aactive is varied.  

2.4. J02 recombination current density components and influence on the 

performance of the GaInP/GaAs dual-junction solar cell 

In Chapter 1, two J02 recombination current density components were differentiated in 

the two exponential model: the current density due to the recombination in the junction space 

charge region throughout the solar cell area (J02scr, referred to as space charge region 

recombination current hereinafter) and the current density due to the recombination at the 

 

Figure 2.19. Voc vs. Abus/Aactive when the 
perimeter recombination is taken into 
account, obtained by means of simulations 
using quasi-3D models of the GaInP/GaAs 
dual-junction solar cell. The simulation result 
when the perimeter recombination is 
neglected is also plotted for comparison. 
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junction perimeter (J02per). The influence of the perimeter recombination cannot be neglected 

in the small 1 mm2 concentrator solar cells being studied in this Thesis. It is well known that 

the influence of the perimeter, through the J02 current density, decreases as the operating 

concentration increases in GaAs devices [Demoulin88]. However, in GaInP solar cells the J02 

component dominates up to higher currents than in GaAs, as shown in Chapter 1, and, 

therefore, its influence at high concentrations operation may not be negligible. This is also 

applicable to the GaInP/GaAs dual-junction solar cell. Consequently, a theoretical study of the 

influence of the J02 recombination on the performance of the dual-junction solar cell is 

interesting and is the aim of this section. The quasi-3D distributed models are again suited for 

this study, since a distinction between the J02scr, present all over the area of the device, and 

the J02per, present only at the edges of the device, is necessary.   

2.4.1.1. J02 recombination currents in the GaInP/GaAs dual-junction solar cell. 

In this section, a study of the values of J02 recombination currents in the GaInP/GaAs 

dual-junction solar cell is presented. First, a brief review of the analytical expressions most 

widely used for their estimation is presented. Then, these expressions and the data obtained 

for GaAs solar cells in the past [Galiana06] are used to estimate the J02 components in GaInP 

solar cells. 

Regarding the recombination in the active area space charge region, it can be 

modeled as [Henry78][Henry78a]: 

02,

/
· · · · ·
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(2.9) 

 

where ni is the intrinsic carrier concentration, Wscr is the width of the space charge region, C is 

a constant related to the effectiveness and concentration of deep levels in the space charge 

region and Vbi is the built-in potential. This expression represents an upper limit for this kind of 

recombination, as explained in [Hovel73b]. On the other hand, the modeling of the perimeter 

recombination has been treated in the past by several authors [Henry78][Dodd91] 

[Mazhari93][Belghachi06]. Although the physical mechanisms contributing to the perimeter 

recombination current were revisited and re-explained in each work, all the authors agree with 

the general expression for the perimeter recombination current derived firstly in [Henry78], 

which is:  
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where S0 is the surface recombination velocity at the perimeter, LS is the effective surface 

diffusion length7 and Lper is the perimeter length. Being directly related to the semiconductor 

surface properties, the values of S0 and LS depend on technological issues such as the way of 

growing the semiconductor structure (MOCVD, LPE, etc) [Díaz00a], the mesa etching process 

used, the deterioration or contamination of the perimeter surface, etc. Therefore, the values of 

S0 and LS are usually obtained experimentally. Concretely, the value of the product S0·LS is 

used as the characteristic parameter of the perimeter recombination and it can be obtained 

through I-V curve fitting procedures. 

For GaAs, the values of J02,scr have been already experimentally determined in single 

junction solar cells and diodes manufactured at I.E.S.- U.P.M. [Rey-Stolle01][Galiana06]. The 

perimeter recombination effect on GaAs single junction devices has been studied extensively 

in the past [DeMoulin88][Díaz00a-b][Rey-Stolle01]. In [DeMoulin88] it was detected that the 

perimeter recombination at 1 X operation was important for solar cell sizes up to 2x2 cm2 but 

had little effect when working under concentrated light. Furthermore, the dark current of small 

area solar cells (Perimeter to area ratio > 100 cm-1) was found to be almost entirely due to 

perimeter surface recombination current [Belghachi06]. Many of these authors pointed out the 

risks of using test devices with a small area since the perimeter effect makes the results not 

scalable to assess the quality of final larger devices.  The passivation of the perimeter surface 

using chemical treatments was proposed in order to reduce the recombination current 

[Stellwag90][Carpenter88] and showed important improvements in solar cells working at 1 X. 

Most of the studies mentioned addressed the application of the solar cells at 1 X. In our 

laboratory, the perimeter recombination of concentrator GaAs devices was measured 

[Díaz00b] and it was included in the calculation of the optimum solar cell area size 

[Algora00a], which leaded to the use of 1 mm2 solar cells. Besides, in [Díaz00b] it was found 

that the S0·L0 product was higher for circular than for square solar cells, which can be 

explained by the dependence of this product with the perimeter surface crystalline orientation, 

as detected in [Stellwag90]. The value of the S0·L0 product was found to be around 1-2 cm2/s 

for MOCVD grown samples and 3-4 cm2/s for LPE grown samples. The J02,per was in the order 

of 1·10-12 A/cm (expressed as current per perimeter length unit). 

Regarding the perimeter recombination in GaInP solar cells, there exist few 

publications in which it is treated. In [Reinhardt95] the effect of the P/A ratio on the 

recombination current of GaInP diodes is studied, but, as far as we know, it does not exist any 

publication in which the values of S0·L0 or J02,per are reported. Therefore we have to make an 

estimation so as to predict the order of magnitude of these values. For this, we have used 

(2.10) assuming that L0 is equal for GaInP and GaAs. The surface recombination velocity is 
                                                
7 In fact, Ls defined as an “effective” surface diffusion length is what makes possible to use the same general 
expression of the perimeter recombination current to model different physical mechanisms. 
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found in the literature to be around 2·106 cm/s for GaAs [Aspnes83] and 2-5·104 cm/s for 

GaInP [Pearton94]. Regarding the intrinsic carrier concentration, if we use the well known 

expression: 

21/ 2( · ) ·
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=  
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for GaInP lattice matched to GaAs with a band gap of 1.83-1.85 eV, ni is around three orders 

of magnitude lower than in GaAs. Consequently, the J02,per results to be four orders of 

magnitude lower in GaInP using this estimate, i.e., its value is in the order of 1·10-16 A/cm. 

 It is obvious that an experimental corroboration of this estimation of the perimeter 

recombination in the GaInP top cell is needed. This work is now ongoing in our group, i.e., its 

results could not be used in this Thesis. Only overall J02 current densities, extracted from 

experimental dark I-V curves (see chapters 5 and 7) could be used. In next section, the 

importance of the distinction between perimeter and space charge region J02 recombination 

currents, concerning the analysis of our GaInP/GaAs dual-junction solar cells with the quasi-

3D distributed models, is investigated. 

2.4.1.2. Space charge region J02 vs. perimeter J02  

In this section, we analyze the influence of each J02 component on the dark I-V curve 

and concentration response of the GaInP/GaAs dual-junction solar cell. For this, we are going 

to use the quasi-3D model to analyze the cases when the J02 is only due to the recombination 

in the space charge region and only due to the recombination at the perimeter. To make these 

two cases comparable, the total I02 in both cases must be equal, i.e., the J02per in A/cm 

multiplied by the perimeter length must be equal to the J02scr in A/cm2 multiplied by the solar 

cell area. In Table 2.9 the values taken as “average” in the simulations are shown. As will be 

seen in Chapter 5 and 7, these J02scr used are in the range of the experimental data obtained 

with the solar cells developed in this Thesis, and J02per is set to an equal value, as explained 

above. The parameters which affect the series resistance have been kept constant in order to 

reduce their influence on the comparison. The geometry of the solar cell is the same as in the 

previous sections (1 mm2 active area, 100 µm bus, 8 fingers). 

 
Table 2.9. Quasi-3D model parameters used in the study of the influence of the J02 components on the 

performance of the GaInP/GaAs dual-junction solar cell. 

 J01 

[A/cm 2] 
J02scr 

[A/cm 2] 
J02per  

[A/cm] / [A/cm 2] 
rv 

[ΩΩΩΩ·cm2] 
rsEMI 

[ΩΩΩΩ/����] 
rsBASE 
[ΩΩΩΩ/����] 

rp 
[ΩΩΩΩ·cm2] 

GaAs 
bottom cell 

5·10-19 1·10-11 3·10-13/1·10-11 1·10-5 500 220 1·106 

GaInP  
top cell 

1·10-27 1·10-14 3·10-16/1·10-14 1·10-5 500 220 1·106 
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Figure 2.20. Simulated dark I-V curves of a 1 mm2 GaInP/GaAs dual-junction solar cell, for different 
total I02 current values, and different distribution of this I02Total among the perimeter and space charge 
region. The typical I02Total corresponds to the data in Table 2.9, and the high and low I02Total are set to 
two orders of magnitude above and below the typical I02Total. 
 

Simulated dark I-V curves have been obtained and plotted in Figure 2.20 for three 

values of total I02: one corresponding to the data in Table 2.9, a second one where the total I02 

is two orders of magnitude higher and a third one where it is two orders of magnitude lower. 

These cases are labelled in Figure 2.20 as “typical I02total”, “high I02total” and “low I02total”, 

respectively. For each case, three simulations were performed, in which the total I02 was kept 

constant: first assigning the total I02 current equitatively to the space charge region and 

perimeter; second assigning the total I02  current only to the space charge region; and third, 

assigning the total I02 only to the perimeter. The aim is to observe the modifications in the dark 

I-V curve in these three cases, and determine if these modifications depend on the total I02 

current level. Firstly it can be observed the influence of the total I02 on the dark I-V curve, as 

described in Chapter 1. As for the issue of this section, the effect of the J02 recombination 

current density on the dark I-V curve is the same if the total I02 current is distributed over the 

whole active area (I02scr) or it is concentrated at the perimeter (I02per), independently of the 

value of I02Total used (note that there are 6 curves in the graph, but the three curves for each 

I02Total are superimposed and cannot be distinguished). The reason for this lies in the voltage 

distribution over the solar cell during a dark I-V curve measurement. The different voltages 

that could be present at the perimeter and at the rest of the solar cell area is what could make 

these two regions to contribute with a different I02, when J02per = J02scr, giving rise to 

modifications in the dark I-V curve. In the simulations presented in Figure 2.20, the voltage 

drop in the recombination diodes of the model was also recorded, and was observed to exhibit 

a maximum deviation throughout the whole solar cell area (including the perimeter) of less 

than 5 mV, at an external applied voltage of 2.5 V. Thus, the recombination current 

contribution of the perimeter and space charge region are similar and, consequently, 
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theireffect on the dark I-V curve is the same. Consequently, the proportion of J02 coming from 

the perimeter and space charge region cannot be worked out with a single dark I-V curve, i.e., 

only the global J02 current density can be obtained.  

A different situation is found when the solar cell is working under concentration. As 

shown in section 2.3, the voltage distribution over the solar cell area is irregular, even for an 

uniform light profile, due to the effect of the different series resistance “seen” from each point 

to the external contacts. This produces that some regions of the solar cell are contributing to 

the total I02 recombination current differently as the perimeter does. In order to assess the 

actual impact of this effect on the concentrator response of the solar cell, two sets of 

simulations were performed. In the first, the J02 recombination parameters of Table 2.9 were 

used; in the second, these values were increased by one order of magnitude. In each case, 

the total I02 current was distributed among the perimeter and the rest of the solar cell in the 

same three cases as in the dark I-V curve study. The solar cell simulated is, again, our 1 mm2 

active area design with inverted square front grid and 8 fingers. The simulation results are 

shown in Figure 2.21. 

In the case of the typical J02 parameters, slight variations in the FF and efficiency can 

be observed for the three cases analyzed, in the concentration range between 100 and 

2000 X, approximately. For concentrations below, the voltage irregularity over the solar cell is 

  
Figure 2.21. Simulated concentration response of a GaInP/GaAs dual-junction solar cell with the J02 
recombination parameters of Table 2.9 (left) and one order of magnitude higher (right). For each case, 
three different distributions of the I02Total among the perimeter and space charge region are simulated. 
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not enough to produce such a distribution of the I02 current among the perimeter and active 

area that the concentration response could be affected. For higher concentrations, the effect 

of the series resistance on the concentration response obscures any effect of the J02 

recombination. At 1000 X, the maximum deviation in the recombination diodes voltage 

throughout the whole solar cell area, obtained from the simulation data, is 152 mV, at the 

maximum power point. This is enough to produce a difference in the I02 recombination current 

at the perimeter and in the rest of the solar cell, such that its effect is noticeable in the 

concentration response of the FF and efficiency. At Voc, the voltage irregularity over the solar 

cell is lower (below 20 mV), due to the fact that no current is being drawn from the solar cell. 

Thus, the concentration response of the Voc is minimally affected by the distribution of the I02 

recombination currents. Nevertheless, at 1000 X, the FF and efficiency difference is 0.5% and 

0.1% absolute respectively, i.e., below 1% relative. 

 If the J02 parameters are increased this effect is heightened. According to the 

expressions in Table 1.2, the recombination current depends on the J02 pre-factor (usually 

referred to as “saturation current”) and the voltage (the ideality factor is fixed to 2). Therefore, 

if J02 is increased, the influence of the voltage irregularity over the solar cell, on the effect of 

the distribution of I02 current among the perimeter and active area, is amplified. In Figure 2.21 

(left) this is made apparent with a simulation in which the J02 parameters used are one order of 

magnitude higher than the typical values. As can be observed, the concentration response 

varies notably, between the cases of all the I02 recombination current being generated at the 

perimeter and at the rest of the solar cell area. This means that, if the J02 is high, it is important 

to know the proportion of I02 current that is generated at the perimeter and in the rest of solar 

cell area, if an accurate model is to be obtained. This effect depends also on the series 

resistance of the solar cell, since it modulates the voltage irregularity over the solar cell. 

 In summary, we have found that the dark I-V curve of our dual-junction solar cell is 

insensitive to the assignment of the I02 current to the perimeter or to the rest of the solar cell 

area, provided that the total I02 is constant. Conversely, noticeable differences in the 

concentration response are observed between these two cases, although for J02 values in the 

range of those found in practice in our solar cells, these differences are not significant. This 

result is important in the context of this Thesis, since it allows us to carry out the modelling 

and parameter extraction from experimental solar cell measurements without taking into 

account the perimeter recombination as a separate component of the I02 recombination 

current, without introducing an excessive error. Thus, the problem derived from the lack of 

data concerning the perimeter recombination, specially in the GaInP top cell, can be 

(provisionally) circumvented. The theoretical and experimental work on the characterization of 

the perimeter recombination current in the GaInP top cell and its application to the quasi-3D 

distributed models is now ongoing in our research group. 
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2.5. Analysis of the influence of post-growth technological imperfections on the 

performance of the GaInP/GaAs dual-junction solar cell 

The quasi-3D distributed models are useful not only for design purposes, but also for 

the prediction of the performance of the solar cell under different situations where the 

properties of the device cannot be modeled with a lumped approach. For example they can be 

used to predict the electrical properties of the solar cell when the characteristics of the 

manufactured device are not those expected, due to technological imperfections. Moreover, 

they can be used to analyze the effect of possible tolerances in the fabrication on the 

performance of the final devices to decide if implementing more accurate processes, with the 

subsequent increase in cost, is worthy or not. In this section two examples of this kind of 

studies are presented. 

2.5.1.1. Influence of defects in the front grid 

The front grid used in the concentrator solar cells dealt with in this Thesis, with an 

active area of 1 mm2, requires post-growth processing techniques quite close to those used in 

the microelectronic industry [Algora07]. This makes that the processes used in a research 

laboratory, where they are not as systematically controlled as in the industry, may not always 

be perfect. In our case, we have observed that some of the very narrow fingers used in the 

front grid are often broken in one way or another. It is interesting to analyze the impact of 

these defects on the performance of the solar cell in order to decide if they can be used or not 

during the development stages for testing purposes and relieve the time consuming device 

screening process. Moreover, although in the production stage these defects are expected to 

happen less frequently, the knowledge of their impact on the performance of the final device 

can help in saving the cost of the devices which could be wrongly rejected for example by an 

automatic inspection instrument.  

In Figure 2.22, different cases of damaged front grid (which have been found 

frequently during the post-processing at I.E.S. – U.P.M.) are studied by using voltage maps of 

the surface of the solar cell working at the maximum power point for a concentration of 

1000 X. The bus and the fingers are 100 µm and 3 µm wide, respectively, and the short circuit 

current density at 1 X is 14 mA/cm2. As can be observed, when a finger is broken at the 

ending (next to its connection to the bus) as in case b), all the current collected by that finger 

is forced to travel through all that finger length to the bus side connected to the other ending of 

the finger. However, the efficiency decrease is only 0.08% absolute when the broken finger is 

the longest one, which is the worst case. The fact that the finger width (3 µm) is higher than 

the optimum value (~2 µm), as seen in section 2.3.1.2, helps in this case allowing a higher 
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a)   FF = 86.21%, Eff. = 32.04%  b)   FF = 86.02%, Eff. = 31.96%  

  

c)   FF = 85.29%, Eff. = 31.67%  d)   FF = 85.77%, Eff. = 31.9%  

  

e) FF = 86.20%, Eff. = 32.04%  f)   FF = 85,64%, Eff. = 31.81%  

Figure 2.22. Surface voltage maps at the MPP, for different cases of damage in the front grid of the 
solar cells. The fill factor and efficiency at 1000 X for each case is also detailed. 
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current circulating through it without a severe fill factor drop. Of course, if the finger is broken 

at both its endings (case c) ), the current is forced to reach the next finger circulating through 

the top cell emitter layer, and the decrease in fill factor is more important. This case is 

equivalent to case d) were a section of the finger is missing. If a finger is to be broken, the 

optimum case is obviously when the rupture is situated at the beginning of the finger (the inner 

part of the solar cell), as in case e). In this case, the performance of the solar cell is not 

altered, since thanks to the symmetry of the front grid, this defect does not make the current 

circulate longer paths in the finger or in the top cell emitter layer. The last case studied, 

consisting in a whole row of fingers broken at the beginnings8, reveals that, despite the 

catastrophic appearance of this defect, its impact on the device performance is not higher 

than in other cases, and the absolute reduction in efficiency is 0.22%. 

In conclusion, the robustness of the inverted square front grid used in this Thesis 

against defects in the fingers has been made apparent. It has been shown that some defects 

in the front grid that are frequently found during the post-growth processing in the lab have not 

a significant impact on the performance of the solar cell so as to reject the solar cell devices 

with these defects, and they can be used for testing purposes. Moreover, some defects are 

even unimportant in the production stage, as when the finger is broken in a place far from the 

bus. 

 
2.5.1.2. Influence of defects in the wire bonding 

The most frequently found methods for the connection of the front contact of a 

concentrator solar cell to the external contacts are the tape-bonding [Roberts00] and wire-

bonding [Rey-Stolle99] techniques. While the tape bonding is appropriate for the traditional 

large size solar cells, it is not applicable for the case of the small concentrator solar cells. This 

is due to the difficulties caused by the fact that the bus is too narrow for the tape-bonding 

techniques to be used [Rey-Stolle01, Chapter 7]. In this case, the most convenient method is 

the wire-bonding technique, in agreement with the “LED like approach” proposed in our group 

[Algora07] as the way of taking advantage of the mature optoelectronic manufacturing 

technology of LED and lasers, for example, by applying it to the fabrication of concentrator 

solar cells. A complete revision of the fundaments and the different techniques of wire-

bonding available can be found in [Rey-Stolle03]. In this Thesis, we use the quasi-3D 

distributed models to analyze the influence of the wire bonding manufacturing defects on the 

performance of the solar cell working under concentrated light. Concretely, we have compared 

how the performance of the GaInP/GaAs dual-junction solar cell is affected when one or more 

                                                
8 This case has been found to be frequent during normal post-processing at I.E.S. – U.P.M. and it is attributed to 
different causes, being the inhomogeneities in the photorresist thickness obtained during the photolithography 
process and in the metal deposition the most important. 
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wires are broken or missing, for the cases of 4 wires and 8 wires. The solar cell simulated is 

the usual in this Thesis: 1 mm2 active area, front grid with 8 fingers and a bus 100 µm wide. 

The other parameters are those shown in Table 2.9. Regarding the series resistance added 

by the wires, it is mostly due to the properties and length of the wire [Rey-Stolle01, Chapter 7] 

while the resistance added by the wire-front grid contact is negligible in comparison. In our 

case, we use aluminium wires with a diameter of 45 µm. The usual lengths used result in an 

average resistance per wire of around 0.125 Ω . Of course, if shorter lengths or another 

materials such as gold would be used, the resistance per wire could be lower.  

In the previous sections, we have always used 8 wires placed at 1/3 of the active area 

side length from the active area edge, in the different analyses carried out. This is the 

optimum configuration for the 8-wires approach, which is traditionally used in the technological 

processing of concentrator solar cells at I.E.S. – U.P.M. While the use of 8 wires instead of 4 

is justified for the 1000 X operation of a GaAs single junction solar cell, which typically exhibits 

a Jsc around 26 mA/cm2, for the case of the GaInP/GaAs dual junction solar cell, with a typical 

Jsc around 14 mA/cm2, 4 wires could be used without affecting importantly the FF and 

efficiency. This is demonstrated in Figure 2.23, where the simulated concentration response of 

the FF and efficiency of the dual-junction solar cell being analyzed and described in last 

paragraph, for the cases of 4 and 8 wires, are shown. An efficiency difference at 1000 X below 

0.1% absolute is observed. Experimentally, 4-wire devices manufactured occasionally 

exhibited no substantial difference in their efficiency at 1000 X.  

From the point of view of the research, the use of 8 wires instead of 4 can be justified if 

we observe the following issues. On the one hand, the use of 8 wires increases the 

robustness of the test solar cell devices, which, having the wires exposed, can easily be 

damaged when handling the solar cell. Moreover, if due to the manual positioning of the chip 

and wires, the final length of the wires is higher than expected or they are not positioned 

  

Figure 2.23. Comparison of the simulated fill factor and efficiency vs. concentration of our 1 mm2 dual-
junction GaInP/GaAs solar cell with 4 and 8 connection wires. 
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optimally on the front grid bus, the use of 8 fingers instead of 4 alleviates the resulting series 

resistance increase. On the other hand, the damage observed in GaAs single junction solar 

cells due to the wire-bonding [Rey-Stolle01, Chapter 7], could represent a point against the 

use of 8 wires. However, this problem was not noticeable in the dual-junction solar cells 

manufactured in this Thesis, when the correct bonding parameters were chosen. Regarding 

the production stage, the use of 4 instead of 8 wires can imply a considerable cost and time 

saving in the packaging of the solar cell. Therefore, the use of 8 wires at the production stage 

of multijunction solar cells would only be justified if a higher yield could be achieved with it. In 

relation with this, we are going to examine the robustness of both configurations (4 and 8 

wires) against wire defects.  

The optimum position of the wires, regarding the total series resistance contribution of 

the bus and wires in the inverted square front grid, is depicted in Figure 2.24 

[Rey-Stolle01, Chapter 7]. For 4 wires, they must be connected in the middle of the bus at 

each side of the solar cell; for 8 wires, they must be connected at a distance of 1/3 of the 

active area side length from the active area edge. Once known the characteristics of the 

optimum wire-bonding, the impact of wire-bonding defects on the GaInP/GaAs dual-junction 

solar cell performance is analyzed. The wire-bonding defects studied consist in the absence of 

one or more wires, for the 4 and 8-wire configurations. In Table 2.10, the cases studied are 

shown and in Figure 2.25 the simulation results are depicted. 

 

 

Figure 2.24. Optimum position of the wires for a minimum bus-
wire series resistance, for the cases of 4 and 8 wires. 
 

 

Table 2.10. Wire-bonding defect cases studied, for the 4 and 8-wire configurations. 

 Case 1 Case 2 Case 3 Case 4 Case 5 

4 wires  

     

8 wires  
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As can be observed, cases 1, 2 and 3 can be considered geometrically equivalent for 

both 4 and 8-wire configurations. Case 2 and case 4, for 4 and 8 wires respectively, are 

equivalent in the sense that in both of them only one wire is missing. Case 3 in the 4-wire 

configuration, and case 5 in the 8-wire configuration, are equivalent concerning how many 

front grid bus sides do not have any wire connection. Case 5 for 4-wire configuration is an 

extreme situation in which only one wire is present. If we first pay attention to case 2 for 4 

wires and case 4 for 8 wires, in which only one wire is missing, it can be observed how the 

impact on the solar cell performance at high concentrations, and concretely at 1000 X, is 

higher in the case of 4 wires, as could be expected. However, the efficiency drop is negligible 

in both cases. This makes apparent the robustness of the inverted square front grid layout 

against this kind of manufacturing defects. If more than one wire is missing, the 4-wire 

approach is clearly disadvantageous. For example, if we compare case 3 for 4 and 8 wires, 

the fill factor drop for 4 wires is around 0.5% absolute at 1000 X, which translates into an 

efficiency drop of around 0.4% absolute. On the contrary, for 8 wires the fill factor and 

efficiency drop are negligible. From the simulation results it can be also deduced that the 

requirement for a negligible efficiency drop due to wire-bonding defects is to have one wire in 

at least 3 sides of the bus.  

In order to visually illustrate the effect of the wire-bonding defects on the series 

resistance and redistribution of current flows throughout the solar cell, the surface voltages at 

the maximum power point were also computed and recorded, for the 4-wire configuration. The 

  
Figure 2.25.  Simulation results of the GaInP/GaAs dual-junction solar cell concentration response for 
the different cases of wire-bonding defects analyzed. 
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resulting voltage maps are shown in Figure 2.26, in which the effect of the wire defects on the 

series resistance can be observed. Note the loss of symmetry in the voltage maps when 

defects in the wire bonding are introduced. For example, in case 2, in which one wire is 

removed, not only the current collected by the bus section without wire is forced to travel a 

longer path to the nearest wire, but the current distribution in the active area is also affected. 

In fact, since the current always follows the minimum resistance path possible, part of the 

photocurrent generated in the region near the bus section without wire “prefers” to travel a 

longer way through the emitter layer towards a finger connected to a bus section with a wire. A 

more evident situation is case 3, in which 2 wires are missing, or case 5 in which only one wire 

remains. 

In conclusion, the use of 4 or 8 wires in our 1 mm2 dual-junction GaInP/GaAs solar 

cells has been shown not to affect significantly its performance at 1000 X, if the wire bonding 

process is defect-free. The results presented here are, obviously, only valid for the solar cell 

size analyzed. If the solar cell size is increased, the current flowing through the bus and wires 

is higher and, possibly, a higher number of wires would be required. However, as can be seen 

in the simulations results, the fill factor and efficiency difference for the 4 and 8-wire 

approaches remain quite low for concentrations up to 2500 X. This means that, roughly, for an 

active area 2.5 times higher than in our 1 mm2 solar cells, their performance at 1000 X would 

not be significantly different if 4 or 8 wires are used. In a production environment, the use of 

the 4-wire configuration, which is obviously less costly than the 8-wire configuration, has been 

 

 

 

 

 

 

 

 

Figure 2.26. Surface voltage maps of the GaInP/GaAs dual-junction solar cell working at the maximum 
power point and 1000 X, for some of the wire defect cases simulated. 
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shown to be appropriate for the manufacturing of 1 mm2 GaInP/GaAs dual-junction solar cells 

with inverted square front grid aimed to work at 1000 X. Moreover, if gold wires would be used 

instead of aluminum ones, which have a higher resistivity, the use of 4 wires would be 

definitely advantageous for even higher concentrations. Besides, this configuration has been 

shown to be robust against wire-bonding defects affecting one wire. Of course, if defects in 

more than one wire are expected in a production environment, the 8-wire approach is 

compulsory. Concerning the context of this Thesis, the number of wires used in the 

manufacturing of the concentrator solar cells developed is always 8, in order to increase the 

robustness of the solar cell performance against tolerances in the manual positioning of the 

wires and against wire-bonding and device manipulation-related defects. 

2.6. Summary and conclusions 

In this chapter we have modeled and studied the extrinsic properties of the 

concentrator GaInP/GaAs dual-junction solar cell. A quasi-3D model based on distributed 

circuit units has been developed and used as a convenient method for modeling all the 

distributed electrical characteristics of the solar cell without introducing any approximation or 

assumption regarding geometrical or current paths issues. With the developed model, we 

have first tackled the optimization of the front grid based on the inverted square layout with 

constant finger pitch. This optimization has been carried out jointly with the top cell emitter 

properties so as to reach an optimized emitter sheet resistance, short circuit current and front 

grid layout. For that, first the dependence of the short circuit current and emitter sheet 

resistance with the emitter thickness and doping levels was calculated. Semi-empirical data 

and estimations for the minority carrier properties in GaInP were used. The short circuit 

current and emitter sheet resistance values obtained where then fed to the quasi-3D model 

and solar cells with different emitter properties and number of fingers were simulated, in order 

to find the optimum combination of these parameters. The results showed an optimum number 

of fingers of around 9-10 for the solar cell parameters used. However, the experimental results 

obtained at that moment, concerning the development of the GaInP/GaAs dual-junction solar 

cell (presented in Part II of this Thesis), decided us to use 8 fingers, in order to reduce the 

shadowing factor and increase the short circuit current in the solar cells manufactured. 

Consequently, all the theoretical analyses presented subsequently in this Thesis use this 

number of fingers. The finger width used was fixed to 3 µm, as imposed by the technological 

restrictions present at the I.E.S.-U.P.M. laboratory, although the simulations performed 

showed that it could be reduced to reach an optimum value (around 2 µm), even when the 

contact layer under-etch is considered.  

Some possible modifications in the front grid were then studied. First, the convenience 

of using a current balanced fingers configuration was analyzed. It was found that the increase 
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in shadowing factor obtained with this approach could not be compensated for by the higher 

fill factor, except if narrower fingers (below 3 µm wide) were used. Nevertheless, in next 

chapter this approach will be demonstrated not to be convenient for concentrator applications 

with non-uniform light profiles if the tracker misalignment is considered. Another modification 

studied was the possibility of varying the bus width and its impact on the electrical properties 

of the solar cell was analyzed. For the 1 mm2 solar cell, it was found that for technologically 

and economically feasible values (50 – 100 µm), the bus width does not have an important 

influence on the efficiency of the GaInP/GaAs dual-junction solar cell working at 1000 X or 

higher. Then, it was demonstrated analytically and by means of simulations using quasi-3D 

distributed models, how the Voc is affected only by the bus area to active area ratio 

(Abus/Aactive), independently of the total size of the solar cell, if the perimeter recombination is 

not taken into account. Otherwise, the variations in the total perimeter length with Abus/Aactive 

makes this affirmation no longer valid. 

The J02per and J02scr current density components were found to be interchangeable in 

the distributed models, when analyzing the dark I-V curve of the dual-junction solar cell. For 

the study of the concentration response, the voltage irregularity over the solar cell area makes 

the distinction between these two recombination current components necessary in order to 

obtain an accurate model. Nevertheless, the error introduced when concentrating all the I02 

current at the perimeter or in the rest of the solar cell area, is acceptable for the typical J02 

currents observed in practice. This will allow us to consider only one J02 current component in 

the analysis of the experimental results, presented in Chapters 5 and 6, meanwhile the 

experimental work aimed to characterize the perimeter recombination in the GaInP top cell, 

currently ongoing, progresses. 

Finally, the quasi-3D models have been used to analyze the impact of post-growth  

manufacturing defects on the performance of the concentrator solar cell device. It was found 

that many of the defects usually generated in the front grid during the post-growth processing 

at I.E.S. – U.P.M. do not affect importantly the performance of the solar cell. This denotes the 

robustness of the inverted square front grid layout. Moreover, these simulations suggest also 

that some of them can be neglected even during the screening process at the production 

stage. As for the wire-bonding defects, it was found that for the current level managed by the 

GaInP/GaAs dual-junction solar cell, the efficiency obtained at 1000 X with the 4 and 8-wire 

approaches is virtually identical. Moreover, in both cases, defects in which one wire is missing 

do not produce an important efficiency drop. If defects involving more wires are to be 

expected, then a 8-wire scheme should be chosen. 
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3.1. Introduction 

In the previous chapter, a quasi-3D model based on distributed circuit units has been 

developed and applied to the study of the electrical performance of the GaInP/GaAs dual 

junction solar cell for different values of parameters such as the emitter sheet resistance, the 

perimeter recombination, etc. Moreover, the front grid was also designed so as to achieve an 

optimized conversion efficiency. For the particular case of the solar cell working under 

illumination, the studies were performed assuming a uniform incident light intensity profile with 

different concentrations. While this assumption is applicable to solar cells destined to work 

under 1-sun applications or under a solar simulator (1 sun or concentration), it is not valid if we 

are dealing with solar cells aimed to work inside a concentrator. In a concentrator system, the 

irradiance distribution is not uniform over the solar cell, having typically a gaussian-like profile, 

with higher intensities at the center and lower at the borders of the solar cell. Moreover, the 

maximum irradiance can be significantly higher than the nominal (average) concentration level 

[Algora07]. Therefore, there will be areas of the solar cell where the photocurrent is over the 

nominal value for which the solar cell is designed. This can affect the fill factor and short circuit 

current, primarily, and cause an efficiency drop. 

In this Chapter we are going to deal with the study of the operation of the GaInP/GaAs 

dual-junction solar cell working under non-uniform light intensity profiles. Since in this case the 

light irradiance varies throughout the solar cell, the distributed nature of the solar cell 

operation is more evident than in the case of uniform light profiles. Therefore, the quasi-3D 

distributed models are particularly suited for its analysis, and will be used in the study 

presented herein. Some works have been reported in the past regarding the analysis of the 

performance of the solar cells under non-uniform irradiance using distributed models 

[LaRue81][Araki03][Nishioka03]. However, the treatment of the distributed effects is restricted 

to a particular region of the solar cell device and mostly focused on the series resistance 

components. In this Chapter, similarly as in Chapter 2, the equivalent distributed circuits of the 

whole solar cells under study are generated and simulated, by considering the different 

models of each region of the solar cell and without assuming any geometrical approximation.  

In this Chapter we will focus again on the 1 mm2 solar cell with inverted square front 

grid. The solar cell parameters used in the distributed model are those presented in Table 2.4. 

The Jsc of the top and bottom subcell is set to 14 mA/cm2, which is a typical value for high 

performance GaInP/GaAs dual-junction solar cells. The top cell emitter sheet resistance is set 

to 525 Ω/�, which corresponds to a doping level and thickness of this layer of 1·1018 cm-3 and 

180 nm, respectively, which are used typically in our GaInP top cells. As to the tunnel junction, 

it will be considered to be ideal and modeled as a resistor, similarly as in Chapter 2.  
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3.2. Effect of the non uniform irradiance profile on the performance of the 

GaInP/GaAs dual junction solar cell 

 
In this section a study of the effect of the irradiance profile on the performance of the 

GaInP/GaAs concentrator dual-junction solar cell with inverted square front grid is presented. 

In particular, we analyze how the irradiance profile affects the short circuit current, open circuit 

voltage, fill factor and efficiency of the solar cell when it is nominally designed to work under a 

uniform light profile. Only the effect of the non uniform distribution of light irradiances will be 

considered, i.e. other issues specific to the concentrator operation, for example, the cone of 

light produced by the concentrator optics, which depends strongly on the kind of concentrator 

optics used [Algora02], or the temperature gradients, will not be included in the study.  

In Chapter 2 the optimum number of fingers of the inverted square front grid for the 

operation of the GaInP/GaAs dual-junction solar cell under 1000 suns of uniform light was 

found to be 9-10. However, it was decided to use 8 fingers in the subsequent theoretical and 

experimental work, due to the problems found in trying to obtain the 14 mA/cm2 target short 

circuit current (see Chapter 7). The question that arises now is how this solar cell will perform 

under a non uniform light profile. Intuitively we can expect that since some regions of the solar 

cell will be illuminated with a higher light intensity than the nominal 1000 X, in these regions 

the ohmic losses will be higher. However, there will also exist regions with a lower illumination 

intensity than the nominal, which will exhibit lower ohmic loses. The overall result is what we 

will study with the quasi-3D distributed modeling approach. 

In Figure 3.1 the light intensity profiles used in this analysis are shown. The ADTIR 

profilecorresponds to the practical case of an aspheric+DTIR double stage optics [Anton08]. 

The rest of profiles have a gaussian shape where the peak concentration to average 

concentration ratio (Cmax/Cavg) is modified. For all the light profiles, the total power density is 

kept constant to 106 W/m2 (1000 X). It is important to note that, for a fair comparison with the 

 

Figure 3.1. Light intensity profiles used 
in the study of the effect of the non-
uniformity of the light on the 
performance of our 1 mm2 dual-junction 
solar cell. The total power density is 106 
W/m2 (1000 X) in all cases. 
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simulations with non-uniform light profiles, the uniform intensity profile light spot used in this 

study is circular and inscribed in the solar cell active area. Therefore, the total irradiance 

received by the solar cell is lower than in the simulations presented in Chapter 2, where the 

light spot was square and covering all the solar cell active area. Nevertheless, the efficiency 

calculations are always carried out using the total incident light power.  

Some of the illumination I-V curves obtained by simulation using these light intensity 

profiles to the GaInP/GaAs dual junction solar cell with inverted square front grid described 

before are shown in Figure 3.2. 

 

 

Figure 3.2. Simulated I-V curves of 
the GaInP/GaAs  dual-junction solar 
cell for the light intensity profiles 
shown in Figure 3.1. 
 

 

As could be expected, the fill factor obtained decreases as the Cmax/Cavg ratio 

increases. Variations in the Isc and Voc can also be observed. In order to make clearer the 

effect of the Cmax/Cavg ratio on the I-V curve standard parameters, they are calculated and 

plotted against Cmax/Cavg in Figure 3.3. It can be observed how the efficiency drop is less than 

0.4% absolute for the ADTIR profile, which corresponds roughly to a Cmax/Cavg around 2.7, as 

compared to the uniform light profile result. For a Cmax/Cavg of 4, the efficiency drop is still 

below 1% absolute. Such a weak influence of the irradiance non-uniformity on the solar cell 

performance is indicative of the suitability of the inverted square front grid for concentrator 

applications. In next sections, the dependence of the Isc, Voc and FF, with the illumination 

conditions, are discussed separately. 

3.2.1. Influence of the non uniform irradiance profile on the Isc 

The geometrical shadowing factor calculated as the ratio of metal and semiconductor 

areas in the active area of the solar cell is meaningless for non-uniform light intensity profiles. 

In fact, for the same front grid (and consequently, the same geometrical shadowing factor) and 

total light power density, the total photocurrent can vary if the light intensity distribution is 

different, depending on how much light is blocked by the fingers. Therefore, for non uniform 
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light intensity profiles, an effective shadowing factor must be used, which accounts for the 

particular light intensity profile being used. It can be calculated also geometrically, by taking 

into account the light profile, or as the ratio of short circuit currents obtained with that light 

intensity profile, for the solar cell with and without fingers. 

The variations in the Isc observed in Figure 3.3 are due to the different effective 

shadowing factor obtained for the different light profiles. For high aspect ratio profiles, most of 

the light is concentrated at the center of the solar cell, where there is no shadowing, since the 

front grid being studied has an even number of fingers (8, see Figure 3.1). Thus the effective 

shadowing factor decreases and the short circuit current increases. However, this result is 

reversed if the number of fingers is odd. In this case, the finger placed at the center of the 

active area produces a higher effective shadowing factor as the aspect ratio increases, and, 

therefore, the short circuit current decreases. In summary, with non uniform light profiles the 

effective shadowing factor and, consequently, the short circuit current, depend on the 

particular front grid layout and light intensity profile used. This must be taken into account 

when designing the front grid. 

 
Figure 3.3.  Simulated I-V curve standard parameters against the Cmax/Cavg ratio, for the GaInP/GaAs 
dual-junction solar cell with inverted square front grid and 8 fingers 3 µm wide. 
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3.2.2. Influence of the non uniform irradiance profile on the FF 

 Regarding the fill factor, the results presented in Figure 3.3 show that it decreases as 

the aspect ratio of the light profile increases. This is largely the consequence of the fact that, 

while the front grid is designed to optimize the efficiency for a uniform light intensity profile with 

a given irradiance, with the non uniform light intensity profile the irradiance is higher in some 

regions of the solar cell active area. The management of the photocurrent generated in these 

areas is not optimized and this produces an increased power loss during the collection of this 

current from the active area to the external contacts of the solar cell. In this process two main 

steps are involved: first the current transport through the top cell emitter until it reaches a 

finger (metal), and second, the transport of the current collected by the fingers to the external 

contacts. An ideal situation would correspond to the case where this current transport is 

carried out without any voltage drop, if the series resistance contribution of the top cell emitter 

and front grid was 0. Therefore the lower FF obtained when using non uniform irradiance 

profiles must be due to a higher “total” voltage drop generated during the collection of the 

photocurrent by the front grid.     

 

 

Figure 3.4. Simplified equivalent circuit of 
the current path between a point in the active 
area and the external contact, when the 
solar cell is at short circuit. 
 

 

To study this we can analyze the voltage at the surface of the solar cell (i.e., the top 

cell emitter and the metal1) working at short circuit. In this situation, the voltage at each 

surface point is determined, on the one hand, by the total resistance of the resistive path 

existing between that point and the external contact (including top cell emitter and metal, as 

shown schematically in Figure 3.4) and, on the other hand, by the total current traveling 

through that resistive path. The product of both gives the voltage at the surface point.  

                                                
1 Actually, the surface of the solar cell would correspond to the anti-reflecting coating, but we are referring here to 
the “electrical” surface, i.e., the topmost layers involved in the electrical behaviour of the solar cell (metal and top 
cell emitter). 
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The total current traveling through a resistive path depends on the light profile, while 

the total resistance of the resistive path depends on the position of the point in the solar cell 

area. The points in the solar cell area which “see” a higher contribution of the emitter to the 

resistive path to the external contact are those whose distance to the nearest finger (or to the 

bus in the outer part of the active area) is the longest. In principle, the highest distance from 

any point of the active area to a finger is half the finger pitch in our inverted square front grid. 

However, there exist also points where the distance to a finger is longer. These correspond to 

the points located halfway between the corners of the fingers. Besides, the center of the active 

area is the place were the distance to a finger is highest in the 8-finger front grid. The regions 

where the distance to the nearest finger is higher than half the finger pitch are detailed in red 

color in Figure 3.5. 

 

 

Figure 3.5. Inverted square front grid with 8 fingers in which 
the regions of the active area where the distance to the 
nearest finger is higher than half the finger pitch are 
indicated. 
 

 

 The contribution of the fingers to the resistance of the resistive paths being discussed 

is also of key importance. The role of the front grid fingers is to serve as, ideally, equipotential 

current extraction points, so that the current does not have to flow a long distance through the 

highly resistive top cell emitter. In practice, the fingers are not equipotential and they exhibit a 

voltage drop whose value depends on the metal sheet resistance, and the dimensions and 

position of each finger. In summary, the total resistance “seen” from each point in the active 

area to the external contacts not only depends on the distance to the nearest finger but also 

on which finger is the nearest and on which part of the finger is the nearest. For example, a 

point in the inner region of the active area where the distance to the nearest finger is the same 

as that for other point in the outer region of the active area, will “see” a higher resistance 

because the nearest finger is longer and its resistance contribution from that point is higher. 

The importance of the contribution of the fingers to this non-uniformity of the resistance 

seen from each point over the solar cell surface was made apparent in Figure 2.13 

(Chapter 2), where the voltage at the surface of a solar cell with the front grid used in this 

study and a uniform light profile, is represented by means of the false color plot on the left. 

The regions with the highest surface voltage correspond to the points marked in Figure 3.5 but 

modulated also by the resistance contribution of the fingers. To further clarify this point, the 
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surface voltage map of the same solar cell but making its metal sheet resistance and contact 

resistance artificially low, is also shown on the right of Figure 2.13. It can be seen how, without 

the contribution of the fingers, the points with the highest voltage correspond very closely to 

the points where the distance to the nearest finger is higher, which are indicated in Figure 3.5. 

Coming back to the issue of the performance of the GaInP/GaAs dual-junction solar 

cell working under a concentrator, the fill factor drop caused by the non uniform light intensity 

profiles is due to the fact that we are concentrating more light in the regions of the solar cell 

active area where the current paths to the external contacts are more resistive. In these 

regions, the longest fingers are collecting the highest currents (coming from the region where 

the maximum light intensity is impinging on the solar cell) and they are collecting it from the 

farthest position from the bus and the external contacts. To illustrate this, in Figure 3.6 the 

surface voltage maps obtained with three different light intensity profiles are shown. 3D mesh 

plots are also shown on the right in order to make easier the comparison of the surface 

voltage uniformity. It can be observed how in the case of a light profile with a high aspect ratio 

(ADTIR) the high irradiance in the center of the solar cell, together with the fact that this is the 

region in which the resistance “seen” between the active area surface and the external 

contacts is the highest, gives rise to the highest surface voltages. On the other hand, the 

surface voltage in the regions of the solar cell with the lower series resistance and light 

intensity is lower than in the case of the uniform light intensity profile. Therefore, with non-

uniform light profiles, we have regions in the solar cell where the power loss is higher than in 

the case of the uniform light profile, and other regions where the power loss is lower. 

However, on the whole the result is a fill factor value decreasing as the aspect ratio of the light 

profile increases, as shown in Figure 3.3. 

A quantitative analysis of the impact of the front grid fingers series resistance on the 

solar cell performance worsening with the non-uniform light profiles was also carried out. For 

this, the operation of the solar cell working under uniform and ADTIR light intensity profiles 

was simulated for typical (0.2 Ω/�) and very low (< 0.01 Ω/�) metal sheet resistance cases. 

In Table 3.1 the standard parameters of the I-V curves obtained are detailed. As could be 

expected, the reduction in the metal sheet resistance produces a higher fill factor increase in 

the case of the ADTIR light intensity profile, as compared to the uniform light intensity case. 

This higher FF, together with the increase of Voc (which will be explained in next section), 

gives rise to a higher efficiency. Moreover, it can be observed in the I-V curve standard 

parameters obtained that, whilst for the case of a typical value of metal sheet resistance, the 

fill factor is 0.82% absolute higher with the uniform light intensity profile than with the ADTIR 

profile, for the low metal sheet resistance case, the difference is only 0.35% absolute. This 

makes apparent the importance of the contribution of the metal series resistance to the effect 

of the non-uniform light profile on the performance of the solar cells being studied. 
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Figure 3.6. False color maps and 3D mesh plots of the voltage at the surface of the solar cell working 
at the short circuit point, for the three light profiles simulated (see Figure 3.1). The average 
concentration is 1000 X in the three cases. 
 

   
Table 3.1. Simulated I-V curve standard parameters obtained for the uniform (1000 X) and ADTIR 
light intensity profiles, for the cases of typical and low metal sheet resistances described in the text. 

 Isc [mA] Voc [V] Pm [W] FF [%] Eff [%] 

Uniform 106.813 2.7232 0.251 86.21 31.93 

Uniform low Rm 106.813 2.7288 0.252 86.45 32.08 

ADTIR 106.882 2.7159 0.248 85.39 31.56 

ADTIR low Rm 106.882 2.7253 0.251 86.10 31.93 
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In summary, the fill factor decrease produced by the non-uniform light profiles is 

directly related to the spatial distribution of resistances “seen” from the different points on the 

active area surface to the external contacts. In the case of the inverted square front grid 

studied, this distribution is not homogeneous. In fact, it depends on the distance to the nearest 

finger (through the contribution of the top cell emitter sheet resistance), the length of that 

finger and which part of that finger is the nearest. Briefly, as depicted in Figure 3.5, the 

regions with higher resistances to be crossed by the current in its way to the external contacts 

are situated at the inner part of the solar cell. Since in these regions is where the higher 

photocurrent generation is present with non-uniform light intensity profiles, the fill factor 

decrease is obvious. The weight of the metal sheet resistance on the non homogeneous 

distribution of the resistance is key in this effect, as shown by the simulations carried out with 

artificially low metal sheet resistance values. This suggests the possibility of reducing the 

voltage drop on the fingers as an effective solution to recover the efficiency of the solar cell 

with inverted square front grid working under non-uniform light profiles, as will be studied in 

section 3.3. 

3.2.3. Influence of the non uniform irradiance profile on the Voc 

In Figure 3.3 can be observed variations in the Voc of the solar cells illuminated with 

different light intensity profiles. Although they are only of several millivolts, they affect the final 

efficiency noticeably. Intuitively one can expect that the lower Voc achieved with the higher 

aspect ratio profiles is due to the fact that, since the solar cell can be considered the parallel 

connection of different regions with different incident light irradiances, the Voc will be the least 

of the Voc’s. This minimum Voc will be lower as the aspect ratio of the light intensity profile 

increases (for the same total incident light power). However, the explanation for the Voc 

measured under non uniform light intensity profiles is more complex and we will devote some 

time to analyze it.  

In [Dhariwal81] the reduction of Voc with non-uniform light profiles was explained as the 

consequence of the lateral current flows generated by the potential gradient caused by the 

non-uniform carrier generation. By using a solar cell in which a region was illuminated and the 

rest of the area was left in the dark, a mathematical expression for the voltage negative 

increment produced in a solar cell with a non-uniform light profile was derived. However, the 

model used was extremely simplistic. For example, the series resistance effect was not 

included, or the effect of the metal areas (specially of the bus) in a fully illuminated solar cell, 

was neither explained. Here we will first use a simple model to understand the reasons for a 

Voc reduction with non-uniform light profiles, and then we will use the quasi-3D model to 

analyze the Voc reduction in a practical solar cell. 



Extrinsic model of the GaInP/GaAs dual-junction solar cell: concentrator operation 

 115 

The mechanisms that make the Voc decrease as the aspect ratio of the light intensity 

profile increases can be understood if the solar cell is seen, in a simple approximation, as the 

parallel connection of different regions with a variable light intensity impinging them. In Figure 

3.7 a simplified equivalent circuit of a solar cell working at the open circuit voltage is depicted. 

The active area is modeled as three circuit units. The light profile can be defined in this circuit 

by setting the current generator value in each unit. The metal or dark area (front grid fingers 

and, most importantly, bus) is modeled as a circuit unit without current generator. The circuit 

units are connected through resistors emulating the series resistance “seen” by the current 

flowing longitudinally toward the external contacts.  

 

 

Figure 3.7. Simplified equivalent 
circuit used to explain the Voc 
decrease with non uniform light 
profiles. 
 

 
 Regardless of the light intensity distribution, no one of the different portions in which 

the solar cell may be divided into is operating at its open circuit voltage (measured with that 

portion isolated from the rest of the solar cell), i.e. its current is not 0. If we use the 

approximation of Figure 3.7 it is obvious that to have a 0 current in all the circuit units it is 

mandatory that the voltages at nodes 1, 2, 3 and “out” be equal. Besides, Vout must be 0 in 

order not to have a current flow in the metal. These two requirements are incompatible, since 

a 0 voltage applied to the circuit units means that they are short circuited, i.e., supplying their 

short circuit current (I1, I2 and I3). However, if the metal part did not exist ideally (impossible in 

practice) and all the currents were equal (I1 = I2 = I3 , i.e. for a uniform light intensity profile) all 

the units would be exactly at their open circuit voltage. On the other hand, if the light intensity 

profile is not uniform and, consequently, the currents (I1, I2 and I3) are not equal, then there 

are current flows between the different circuit units, and, consequently, they are not working at 

their open circuit voltage. To make this clearer, some data resulting from the simulation of the 

simplified circuit of Figure 3.7 is presented in Table 3.2. The voltages in the circuit are 

calculated for different combination of photocurrents (emulating different light intensity profiles) 

and for the cases: a) circuit units are isolated (independent); b) circuit units connected; and c) 

circuit units connected but without the metal unit. The properties of the recombination diodes 

used in the calculation correspond to a GaInP top cell, but are not relevant for our comparison 

purposes. 

The data obtained illustrate the role of the metal unit and the non uniformity of the light 

profile on the voltage distribution. For the uniform light profile case, the voltage at each unit is 
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lower than would correspond to its short circuit current, due to the current flows existent 

between units, caused by the dark current originated in the metal unit. However, if the metal 

unit is removed, these current flows disappear and then each unit is at its Voc, as predicted 

above. For the non-uniform light profiles, the current flow between units depends also on the 

current sink produced by the metal unit and on the light profile used. In this case, if the metal 

unit is removed, the rest of units are still at a different voltage than their Voc, due to the current 

flows between units caused by the non-uniform light profile. Without the metal unit, though, 

these voltages are higher than if the metal unit was present. 

Another important effect observed in the data of Table 3.2 is that the Voc obtained in 

the connected circuit units case with non uniform light intensity profiles is always higher than 

the minimum Voc obtained for the same light intensity profile and separate circuit units. This 

appears to be in conflict with the argument that in a parallel connection the output voltage 

must be the least of the voltages. The explanation of this lies in the fact that the current 

transfer between units makes those with the lower irradiance work beyond their Voc (i.e. with a 

negative current), as can be observed in the data of Table 3.2. To put it in a nutshell, when the 

solar cell is being illuminated with a non uniform light intensity profile, the current flows 

between the different regions of the solar cell smoothes the voltage differences caused by the 

photocurrent gradient and makes the Voc of the solar cell be higher than predicted using the 

Table 3.2. Voltages of the simplified equivalent circuit of Figure 3.7 for different combinations of 
currents in the solar cell regions. Three cases are simulated: each unit is isolated from the rest 
(“independent”), all the units are connected, and all the units are connected but removing the metal 
unit. 

I1 I2 I3 Configuration V1 V2 V3 Vout 

Independent 1.674 1.674 1.674 - 

Connected 1.672 1.671 1.665 1.653 14 14 14 
Connected 

without metal 1.674 1.674 1.674 1.674 

Independent 1.693 1.665 1.640 - 

Connected 1 .684 1.667 1.653 1.644 28 10 4 
Connected 

without metal 1.685 1.671 1.661 1.661 

Independent 1.698 1.651 1.632 - 

Connected 1.687 1.665 1.651 1.642 34 6 3 
Connected 

without metal 1.688 1.668 1.658 1.658 

Independent 1.698 1.651 1.632 - 
34 6 3 

Connected 1.682 1.666 1.658 1.652 

Lower Rs Connected 
without metal 1.684 1.670 1.666 1.666 
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region of the solar cell with the lowest irradiance. The presence of the metal region causes an 

additional Voc reduction. Besides, the influence of the light intensity profile on the Voc is 

modulated by the value of the series resistance components, as shown in Table 3.2. The 

lower the series resistance, the higher the current flow and the higher the increment of voltage 

in the regions with the lowest irradiance. Moreover, with a low series resistance, the voltage 

drop produced by the current traveling toward the metal region is lower and thus the Voc is 

higher.  

Obviously, a practical solar cell is more complex that the simplified circuit of Figure 3.7. 

For example, as seen is the previous section, the series resistance seen from each point of 

the solar cell is different depending on the exact position in the active area and the internal 

current flows and voltage distribution existing when the solar cell is open-circuited are affected 

consequently. Moreover, the values of series resistance are much higher in practice than the 

ones used in Figure 3.7, which where made artificially low in order to intensify and illustrate 

more clearly the phenomena being analyzed. Using quasi-3D distributed models the influence 

of the light intensity profile on the Voc of a solar cell can be analyzed. In Figure 3.8 the false 

color plots of the voltage at the surface of the 1 mm2 concentrator dual-junction solar cell 

being studied in this Chapter, working at Voc, for uniform and ADTIR light intensity profiles, are 

shown. On the right-hand side, the cross section including the Voc at each point (calculated 

assuming that each point is isolated from the rest of the solar cell), the Voc of the whole solar 

cell and the actual voltage at each point are also shown. In addition, the voltage at each point 

for the artificial cases where a very low series resistance is present (by decreasing the top cell 

emitter sheet resistance and the metal sheet resistance) or a very narrow bus is used, are 

also plot, in order to clarify the role of the series resistance and dark current coming from the 

metal area in the Voc study presented in the following. 

The results obtained are coherent with the explanation given using the simplified 

equivalent circuit of Figure 3.7. For the uniform light intensity profile it can be seen how the 

voltages at each point are below the open circuit voltage that we would have at each point 

separately (blue curve). This means that no region of the solar cell active area is working at its 

open circuit voltage, due to the current flows existing between them, as explained before. The 

importance of the role played by the bus in the Voc is made apparent by the curve representing 

the voltage at the different points of the solar cell, when the bus is made artificially narrow. As 

predicted with the simplified circuit of Figure 3.7, with uniform light and no dark areas the 

voltages at all the points of the active area are equal to the Voc at each isolated point. Note 

that in the case of the real solar cell with narrow bus being studied, the voltage is not exactly 

the Voc at each isolated point because there are still dark areas drawing current (the fingers). 

Of course, the Voc of the whole solar cell is higher with a narrow bus, in agreement with the 

results presented in Chapter 2. Finally, the smoothing effect of a lower series resistance can 
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also be observed. With an artificially low series resistance, the internal current circulation 

between the different regions of the solar cell is not restricted by the series resistance and all 

these regions contribute similarly to the current drawn by the metal area, giving rise to an 

almost constant voltage throughout the solar cell. Obviously, the Voc obtained in the solar cell 

is higher than in the case of a typical series resistance, but still lower than in the case of a 

narrow bus. 

Regarding the solar cell illuminated with the ADTIR light intensity profile, the voltages 

at each point are again below the open circuit voltages at each isolated point calculated for  

each irradiance level (dashed blue line). With the simplified model of Figure 3.7 we predicted 

that at some regions where the light intensity is low, the voltage at each point would be higher 

than the Voc of these points in the isolated case. In the results of the solar cell being studied 

(thick, continuous line) this happens in the region close to the bus. However, as said above, 

this effect depends on the value of the series resistance components, as made apparent with 

the simulation performed with a low series resistance components also shown in Figure 3.8. 

Finally, the effect of using a narrow bus is also studied and an equivalent results to the case of 

uniform light can be observed (dotted black line). 

 
 

 
 

Figure 3.8. False color plots of the voltage at the surface of the solar cell working at the open circuit 
voltage, for uniform and ADTIR light intensity profiles. The cross sections including the Voc at each 
(isolated) point, the Voc of the solar cell device and the actual voltage at each point are also shown. 
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To sum up, the value of the Voc of a solar cell depends on the series resistance 

components throughout the whole device, the dark areas (metal) size and the light intensity 

profile aspect ratio. For uniform light profiles and the solar cell working at Voc, the metal area 

(mainly the bus) current sink generates compensating current flows between regions in the 

solar cell active area which makes them work at a lower voltage than their Voc (obtained if they 

were isolated from the rest of the solar cell) and, ultimately, results in a lower Voc of the whole 

solar cell device. The magnitude of these current flows and the voltage distribution throughout 

the solar cell active area depends also on the series resistance components. For non-uniform 

light intensity profiles, the effect of the voltage gradient created by the non-uniform 

photocurrent is added up to the effect of the bus, in the generation of the current flows in the 

active area and, ultimately, in the solar cell Voc. The areas with the lowest photogenerated 

current work beyond their Voc due to the sink current flow coming from the areas with the 

higher photogeneration. This explains why the Voc of the whole solar cell is higher than the Voc 

which would correspond to the regions with the lowest light intensity.    

3.3. Analysis of modifications in the inverted square front grid for concentrator 

operation 

In last section the effect of the non-uniform light intensity profile produced by the 

concentrator optics on the performance of the solar cell with an inverted square front grid was 

studied. The reduction in fill factor was found to be caused primarily by the fact that, for typical 

light intensity profiles, the higher light intensity impinges the solar cell in the regions with the 

higher resistive paths to the external contacts. Therefore, the fill factor drop can be lessened if 

these resistive paths are redesigned. Although one would be tempted to use a design where 

the lower resistances were situated where the higher light intensities are present, this solution 

has been demonstrated to be disadvantageous if the system acceptance angle is taken into 

account [García08], as will be explained in section 3.3.2. Therefore, the idea of using a 

distribution of resistive paths ad-hoc for the light intensity profile produced by the optics when 

the system is perfectly aligned, is not appropriate. Instead, an homogeneous distribution of 

resistive paths (with the lowest possible solar cell overall series resistance) is preferable.  

In order to achieve an increased homogeneity in the distribution of series resistances 

over the solar cell area, the front grid characteristics must be redesigned. Any modification in 

the solar cell semiconductor structure (for example the top cell emitter) can produce a lower 

overall series resistance (as demonstrated in Chapter 2), but would not introduce any variation 

in the homogeneity of the series resistance, due to the planar nature of the semiconductor 

structure. Therefore, the new design must be focused on the modification of the front grid. 

Concretely, we are going to analyze how the performance of the solar cell working under a 
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non-uniform light profile can be improved by changing the number of fingers and/or their pitch, 

in the inverted square front grid.    

In this designing process, it must be born in mind that the ultimate objective is to 

achieve the highest conversion efficiency by increasing the fill factor and keeping the short 

circuit current as high as possible. Furthermore, the homogeneity of series resistance is also a 

priority, for practical applications in which the acceptance angle of the concentrator is taken 

into account. In the following, two front grid modifications aimed to accomplish these two 

requirements are analyzed, using quasi-3D distributed models.  

3.3.1. Increased number of fingers with constant pitch 

A front grid with a higher number of fingers with constant pitch is obviously beneficial 

for the fill factor. Moreover, the series resistance homogeneity over the solar cell is improved 

since the distance from any point in the active area to the nearest finger is shorter. This can 

be observed in the surface voltage maps of the solar cells working at short circuit, obtained for 

different number of fingers and an ADTIR illumination profile, shown in Figure 3.9. However, 

the improvement in fill factor and series resistance homogeneity is achieved at the cost of an 

increased shadowing factor as the number of fingers is made higher with the consequent 

 

  

  
Figure 3.9. Surface voltage maps of the dual-junction solar cell with inverted square front grid and 
different number of constant-pitch fingers, working at short circuit under the ADTIR light intensity 
profile. 
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Table 3.3. Simulated I-V curve standard parameters of the dual-junction solar cell with inverted square 
front grid and constant pitch, for different number of 3 µm wide fingers, and the ADTIR light intensity 
profile. 

Case Isc [mA] Voc [V] Pm [W] FF [%] Eff [%] 

Uniform, 8 fingers 106.813 2.7232 0.251 86.21 31.93 

ADTIR, 8 fingers 106.983 2.7160 0.2481 85.39 31.59 

ADTIR, 9 fingers 106.557 2.7193 0.2491 85.98 31.72 

ADTIR, 10 fingers 106.337 2.7210 0.2490 86.05 31.70 

ADTIR, 11 fingers 105.917 2.7228 0.2487 86.25 31.67 

ADTIR, 12 fingers 105.686 2.7239 0.2484 86.29 31.63 

 

reduction in the short circuit current, as studied in Chapter 2 for the uniform light intensity 

profile case. In Table 3.3 the illumination I-V curve parameters obtained with the ADTIR light 

intensity profile and different number of fingers are shown. As can be observed, the maximum 

efficiency achievable by increasing the number of fingers is only 0.13% absolute higher than 

with 8 fingers. Despite the FF obtained with the ADTIR light intensity profile can be made as 

high as in the case of uniform light intensity by increasing the number of fingers from 8 to 11, 

the Jsc drop due to the higher shadowing factor makes that the maximum efficiency increase 

commented is achieved with 9 fingers. In next section, the variable pitch configurations with 

non-uniform light intensity profiles are explored in order to analyze if a higher efficiency 

recovery can be attained. 

3.3.2. Variable pitch configurations 

The aim of the variable pitch configuration approach consists in reducing the series 

resistance inhomogeneity by alleviating the high voltage drop in the longest fingers. For that, 

the density of fingers in the inner part or the solar cell must be higher than in the outer part. 

The use of current balanced fingers, i.e. a finger pitch set which produces the same total 

current being transported by each fingers, was demonstrated in Chapter 2 not to be beneficial 

with respect to the constant pitch approach, with the uniform light profile and 3 µm wide 

fingers. Moreover, in the current balanced configuration the distribution of series resistance 

seen from each point of the solar cell to the external contact is not homogeneous. This is so 

because, although all the fingers are carrying the same current, the inner fingers are longer 

than the outer ones, and, consequently, the total voltage drop is different from finger to finger. 

This difference in voltage drop in the fingers depending on their length can be further 

alleviated if the finger pitch set of the current balanced design is modified taking into account 

this fact. This can be observed in Figure 3.10 where the surface voltage maps of a solar cell 

with constant finger pitch front grid and a pitch set that makes the series resistance be more 

homogeneous, are shown.   
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Figure 3.10. Surface voltage maps of a dual-junction solar cell with constant finger pitch front grid 
(left) and a finger pitch set that improves the series resistance homogeneity (right), for a 1000 X 
uniform light intensity profile and the solar cell working at short circuit. 

 

 The improved homogeneity in the series resistance is evident in the color maps. A 

better homogeneity than increasing the number of fingers can be achieved without increasing 

the number of fingers. Note that, however, a completely homogeneous series resistance 

cannot be achieved with the inverted square front grid for two reasons. On the one hand, the 

existence of regions in the active area in which the distance to the nearest finger is higher 

than half the finger pitch, gives rise to areas where the voltage drop in the emitter reaches 

peak values, as explained in last sections. On the other hand, with the inverted square front 

grid configuration it is unavoidable that, regardless of the current carried by each finger, there 

will be always a voltage drop in them which makes that the voltage at each point of the finger 

is different. This could be alleviated if a variable finger width would be used, by making the 

longest fingers wider.  

In Table 3.4 the I-V curve standard parameters obtained by simulation of the 

GaInP/GaAs solar cell with inverted square front grid and variable finger configurations, for the 

ADTIR light intensity profile (see Figure 3.1) are shown. Firstly, it can be observed that the 

configuration with 8 fingers and variable pitch gives rise to an important drop of the Isc with 

respect to the other two cases. This is due both to an increased shadowing factor and to the 

fact that the higher light intensity is impinging in the solar cell area with a higher density of 

fingers. Secondly, the improved homogeneity in the series resistance gives rise to an 

important increase of the Voc in the case of variable finger pitch, coherently with the results 

shown in section 3.2.3. An important fill factor increase, which was the purpose of the variable 

finger pitch configuration, is also observed. As compared to the case of increased number of 

fingers with constant pitch, the fill factor increase obtained with the variable pitch and 

homogeneous series resistance configuration is almost three relative higher. Note that, not 

being expected initially, the Voc relative increase is similar to the FF relative increase, in the 

case of variable finger pitch. On the whole, the Isc drop is compensated for by the Voc and FF 
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Table 3.4. I-V curve standard parameters of the dual-junction solar cell with inverted square front grid 
and different finger configurations, for an ADTIR light intensity profile. 

Finger configuration Isc [mA] Voc [V] Pm [W] FF [%] Eff [%] 

8,  constant pitch 106.983 2.7160 0.2480 85.39 31.59 

9,  constant pitch 106.557  
(-0.3%) 

2.7193 
(+0.1%) 

0.2491 
(+0.4%) 

85.98 
(+0.7%) 

31.72 
(+0.4%) 

8,  variable pitch  
Rs homogeneous 

105.203 
(-1.7%) 

2.7613 
(+1.7%) 

0.2528 
(+1.9%) 

87.02 
(+1.9%) 

32.18 
(+1.9%) 

 

increase, and a 1.9% relative higher efficiency is achieved with the variable pitch configuration 

and homogeneous series resistance, as compared to the 0.4% increase obtained with the 

increased number of fingers and constant pitch. Moreover, the efficiency obtained is 0.25% 

absolute higher than for the case of uniform light intensity distribution. 

With the variable finger pitch configuration designed, an homogenous series resistance 

was aimed for the resistive paths connecting the different points over the solar cell and the 

external contacts. It must be noted that a better performance than that obtained with this 

configuration, shown in Table 3.4, could be achieved if a finger pitch set adapted to the light 

intensity profile was used. This would consist in achieving a non-uniform distribution of 

resistive paths over the solar cells, in which the lower resistances are found in the areas with 

the highest light irradiance. However, the convenience of such an optimized finger 

configuration is doubtful when the concentrator system acceptance angle is taken into 

account, as commented in the introduction of this section. As soon as the light profile 

impinging the solar cell is modified due to an slight misalignment of the concentrator system, 

the performance of the front grid is no longer optimum, as shown in [García08]. With an 

homogeneous series resistance approach, the effect of the concentrator system misalignment 

on the performance of the solar cell is reduced. This is so because, although the distribution of 

photocurrent over the solar cell varies with the concentrator system misalignment, all the 

resistive paths, through which this photocurrent is transported to the external contact, have 

the same resistance and, therefore, the power losses are constant for any situation.  

In conclusion, we have demonstrated that the performance of the solar cell under non-

uniform light profiles can be improved if an homogeneous series resistance is achieved 

throughout the active area of the solar cell. The analysis of the approach consisting in 

designing a variable finger pitch configuration for this purpose, has shown that a remarkable 

Voc and FF increase can be obtained, which counterbalances the higher shadowing factor and 

produces as a result an significant recovery of the conversion efficiency. Moreover, with an 

homogeneous series resistance, the effect of the concentrator system acceptance angle on 

the performance of the solar cell through the day is minimized. 
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3.4. Summary and conclusions 

In this chapter, the influence of non-uniform light intensity profiles on the Isc, Voc, FF 

and conversion efficiency of a dual-junction solar cell with an inverted square front grid has 

been studied by means of the quasi-3D distributed models presented in Chapter 2. First, it has 

been shown that the influence of the non uniformity of the light on the solar cell conversion 

efficiency is reduced. A drop below 1% absolute is obtained for an aspect ratio of the 

Gaussian light profile as high as 4 and an average concentration of 1000 X, due primarily to a 

reduction in the fill factor and also in the Voc. Regarding the Isc, its variation with the light 

intensity profile impinging the solar cell is due to the different effective shadowing factor, 

defined as the metal area to semiconductor area ratio, weighted by the light irradiance profile. 

The inhomogeneity of the resistive paths throughout the solar cell active area with constant 

pitch fingers inverted square front grid is one of the causes of the fill factor drop as the light 

intensity profile aspect ratio increases. This inhomogeneity is caused primarily by the fingers 

layout, with which the longest fingers carry the highest currents, making that the areas with the 

higher resistive paths to the external contacts are the ones situated in the inner part of the 

solar cell active area. Since the higher light intensities are generally in the center of the non-

uniform light profiles, the fill factor drop is evident. On the other hand, the influence of the light 

intensity profile on the Voc has also been analyzed. The current sink by the bus area with the 

device working at open circuit, produces a lower Voc than would be expected for the irradiance 

used. Besides, the actual value of the Voc depends on the voltage distribution throughout the 

solar cell active area, which, in turn, depends on the irradiance profile, the current sink by the 

metal area and the value of the series resistance components in the solar cell. Finally, some 

modifications of the front grid have been proposed so as to improve the performance of the 

solar cell under non-uniform light profiles. The achievement of an homogeneous distribution of 

resistances of the resistive paths over the active area, by means of variable finger pitch 

configurations, has been demonstrated to be an appropriate way to obtain a remarkable 

conversion efficiency improvement and to minimize the effect of the concentrator system 

misalignment on the performance of the solar cell throughout the day. 

The simulation results presented in this chapter must be taken as guidelines for the 

optimization of the performance of the dual-junction solar cell working under a concentrator. 

However, the experimental device development presented in Part II of this Thesis is focused 

on the performance of the solar cell device under uniform light profiles. A more thorough 

modeling and development of the solar cell for concentrator applications, including tunnel 

junction effects and the design of new front grid layouts, is committed to future works. 
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4.1. Introduction 

In this chapter an introduction to the fabrication technology and characterization 

methods employed at I.E.S.-U.P.M. for the development of the GaInP/GaAs concentrator 

dual-junction solar cell is presented. By fabrication technology of the GaInP/GaAs dual-

junction solar cell we mean all the technological processes necessary to transform a GaAs 

wafer into a final solar cell device. These comprise the epitaxial growth of the semiconductor 

structure, its post-processing to define the metal contacts, the encapsulation of the device and 

the anti-reflecting coating deposition. The details of some relevant technological issues which 

came up during the development of this Thesis are also explained, in order to provide the 

information necessary to understand the next chapters, where the experimental development 

of the GaInP/GaAs dual-junction device and its components is presented. An effort is devoted 

not to duplicate the information which can be found in the literature, and only the concepts 

necessary to understand the experimental work presented in this Thesis are treated. Since the 

semiconductor structure post-processing and anti-reflecting coating deposition routines used 

are almost identical to those used for the processing of GaAs single-junction solar cells [Rey-

Stolle01][Galiana06], they are explained only briefly. 

First, the MOVPE technology at I.E.S. - U.P.M. is briefly described, focusing on the 

issues concerning the AIX200/4 reactor system used for the epitaxy experiments carried out in 

this Thesis. Then, the material characterization (in-situ and ex-situ) and device 

characterization methods used during the development of the dual-junction device are 

outlined. A special emphasis is put on the in-situ reflectivity (R) and reflectance anisotrop 

spectroscopy (RAS) characterization techniques introduced at I.E.S. – U.P.M. and on the 

device characterization issues which are particular to the characterization of multijunction 

solar cells, as compared to single-junction solar cells.   

4.2. MOVPE technology at I.E.S. – U.P.M.  

As explained in the Introduction Chapter, the epitaxial growth technology mostly 

employed for the fabrication of multijunction solar cell semiconductor structures is the metal-

organic vapour-phase epitaxy (MOVPE). Correspondingly, in the development of the 

GaInP/GaAs dual-junction solar cells carried out in this Thesis, the MOVPE technology is 

used. All the semiconductor layers of the solar cell are deposited epitaxially and the dopants 

are introduced simultaneously in order to define the polarity (n or p) of each layer. In a 

multijunction solar cell, a number of different materials are required to be grown in the same 

structure, with doping levels in a range several orders of magnitude. For example, in our 

particular case of the lattice-matched GaInP/GaAs dual-junction solar cell, the materials, 

doping levels and layer properties are summarized in Table 4.1. As can be observed, the 
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Table 4.1. Summary of the materials, dopants and characteristics of the semiconductor layers which 
compose the structure of the GaInP/GaAs dual-junction solar cells developed in this Thesis. 

Material Dopant Thickness 
range [nm] 

Doping level 
range [cm -3] 

Composition 
range Layers 

n-GaAs Si, Te 15-200 5·1017 – 5·1019 - 

· Contact 
· Bottom cell 
emitter 
· Tunnel junction 

p-GaAs Zn, C 15-3500 5·1016 – 1·1020 - · Bottom cell base 
· Buffer 

n-AlxGa1-xAs Te, Si 15-100 ∼ 1·1018 x = 0.4-0.8 
· Bottom cell 
window 
· Tunnel junction 

p- AlxGa1-xAs C 15-150 1·1018-1·1020 x = 0.4-0.8 · Bottom cell BSF 
· Tunnel junction 

n-GaxIn1-xP Te, Si 50-200 5·1017-5·1018 
Nominally lattice 

matched to GaAs, 
x = 0.52 

· Top cell emitter 
· Bottom cell 
window 
· Tunnel junction 

p- GaxIn1-xP Zn 350-900 5·1016-2·1017 
Nominally lattice 

matched to GaAs, 
x=0.52 

· Top cell base 
· Bottom cell BSF 

p-(AlyGa1-y)xIn1-xP Zn 45-100 5·1017- 1·1018 

Nominally lattice 
matched to GaAs 

y = 1 – 0.2 
x = 0.52 

· Top cell BSF 

n-(AlyGa1-y)xIn1-xP Te, Si 15-50 ∼ 5·1017 

Nominally lattice 
matched to GaAs 

y = 1 
x = 0.53 

· Top cell window 

 

range of different materials, doping levels, compositions, thicknesses, etc is wide, which 

makes the epitaxy of this kind of device structures challenging. 

The fact that a large number of different materials with different dopants and doping 

levels must be grown lattice matched to GaAs, makes necessary a tight control of the 

switching routines between materials to obtain heterostructures with sharp interfaces. 

Moreover, cross-diffusion, segregation and memory effects of constituents and/or dopants 

have to be minimized. As for the semiconductor layer properties, the growth rates, doping 

levels and compositions (lattice matching) have to be controlled by means of calibration 

routines. For the particular case of the solar cell development, excellent minority carrier 

properties in the material are aimed. Thus, the influence of all these growth parameters on the 

electronic quality of the material grown in our reactor must be determined and taken into 

account. The treatment of all these issues in the context of the GaInP/GaAs dual-junction 

solar cell development will be presented in next chapters. 
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4.2.1. Brief description of the MOVPE system available at I.E.S. – U.P.M. 

The dual-junction solar cell development presented in this Thesis has been carried out 

in a research, low-pressure, horizontal reactor from AIXTRON. The functional scheme of the 

current reactor system is shown in Figure 4.1. Two kinds of precursor sources are used: gas 

sources, which are stored in high pressure bottles, and liquid (or emulsion of a solid, as in the 

case of the TMIn) sources, which are placed in bubblers. The MO, hydride and dopant gases 

are injected into the main lines, after being conveniently dosified in the gas mixing cabinet. 

The main lines flow into the reaction chamber. This chamber is composed of an outer quartz 

ampoule and an removable inner quartz piece called liner. The liner geometry is a key aspect 

in the achievement of the adequate flow distribution. Moreover, it prevents the deposition of 

material in the outer ampoule during the epitaxial processes. The liner is regularly cleaned by 

chemical etching, after removing it from the reaction chamber. Inside the liner, the substrate is 

placed on a rotating disc (the satellite) which is inserted in a recess of a graphite block called 

susceptor. The temperature, pressure and substrate rotation speed are controlled tightly as 

they are key for the epitaxy process. The heating of the susceptor is achieved by means of IR 

 
Figure 4.1. Functional scheme of the MOVPE reactor system available at I.E.S. – U.P.M. 
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lamps conveniently dimensioned to reach temperatures over 800 ºC, while a rotary pump and 

throttle valve are used to attain the desired pressure in the reaction chamber. Both 

temperature and pressure are stabilized via closed loop feedback controllers. The gas 

exhaust of the reactor is connected to a gas neutralizer (scrubber), which decomposes or 

absorbs the remaining toxic gases (AsH3 and PH3). A detailed description of each part of the 

reactor system can be found in [Galiana06]. 

The first reactor system (AIX200), which was installed in 2002, had a capacity of one 

2-inch wafer per run. In 2005 the reactor was upgraded by increasing its capacity to three 

2-inch wafers or one 4-inch wafer per run (AIX200/4), and by installing additional input filters 

and moisture sensors for the carrier and hydride gases. Moreover, an in-situ monitoring tool 

EpiRAS was installed, which made possible the recording of the reflectance (R) and 

reflectance anisotropy spectra (RAS) of the wafer during the epitaxy. In 2008, the reactor was 

again upgraded and new metalorganic sources were added. The list of precursors available 

now is summarized in Table 4.2. Besides, the exhaust gases wet neutralizer (scrubber) was 

replaced with a dry one. This did not imply any added capacity to the system, regarding the 

semiconductor growth itself, but increased considerably the uptime of the system, which 

before was being significantly affected by the frequent breakdowns of the wet scrubber. 

Moreover, at the same time a X-Ray difractometer was also installed in-house, which reduced 

also considerably the semiconductor layers characterization feed-back time (before we had 

access to an external difractometer only one or two days a week), and allowed a tighter 

control over the lattice matching of the ternary and quaternary materials being developed for 

their application in the GaInP/GaAs dual-junction solar cell. 

The increased capacity of the AIX200/4 reactor was intended to be used for the 

production of small batches of wafers in a pilot production line. The batches carried out 

demonstrated the high reproducibility and stability of the system. However, the added capacity 

was achieved at the expense of a decreased reactor efficiency in the 1x2” mode, which is the 

configuration used for the research and development experiments. In this configuration, the 

AIX200/4 system has a reactor efficiency for GaAs growth at 675 ºC of 3.4%, as compared to 

5.6% in the AIX200 reactor1. In the 3x2” and 1x4” configurations, the reactor efficiency is, 

obviously higher: 10.1% and 13.53%, respectively. In this Thesis we are presenting only the 

dual-junction device development experiments which were performed in the 1x2” wafer 

configuration.  

                                                
1 The reactor efficiency is defined in this case as the proportion of moles of Ga deposited on the 
wafer(s) to the moles of TMGa used. It must be noted that the reactor efficiency depends on the layout 
and geometry of the reactor chamber, but also on the reactor pressure and total carrier gas flow. In our 
case, the values used are those which produce a reasonable uniformity in the reactor. Concretely:  
P = 50 mbar, FT = 6 slpm for the AIX200 system, and FT = 14 slpm and P = 100 mbar for the AIX200/4 
system. 
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Table 4.2. Current precursors installed in the AIX200/4 reactor system used at I.E.S. – U.P.M. 
Element 
(III – V) 

Chemical 
formula 

Chemical name and 
abbreviation 

Element 
(dopant) 

Chemical 
formula 

Chemical name and 
abbreviation 

Ga (CH3)3Ga Trimethylgallium 
(TMGa) 

Si (C4H9)2SiH2 Ditertiarybutylsilane 
(DTBSi) 

Al (CH3)3Al Trimethylaluminium 
(TMAl) 

Te (C2H5)2Te Diethyltelluride (DETe) 

In (CH3)3In Trimethylindium 
(TMIn) 

Zn (CH3)2Zn Dimethylzinc (DMZn) 

As AsH3 Arsine (AsH3) C CBr4 Carbontetrabromide 
(CBr4) 

P PH3 Phospine (PH3)    

 

4.2.2. Basic concepts about material growth and dopant incorporation in MOVPE 

The thermodynamics involved in the MOCVD growth have been studied extensively 

and many publications on the subject can be found in the literature. Here a brief summary is 

presented in order to be able to understand the reasoning set out in following chapters. The 

reader is referred to reference works such as [Stringfellow99] for a complete treatment of the 

theory behind MOVPE epitaxy.  

For the study of the thermodynamics of the VPE epitaxial growth the boundary-layer 

model is commonly employed. Briefly, in this model a boundary layer is assumed to be 

present on top of the growing surface, in which the material transport is produced only by 

diffusion. The schematic representation of the processes occurring within this layer, for an 

horizontal reactor, is shown in Figure 4.2. 

 

 
Figure 4.2. Schematization of the processes occurring during VPE epitaxy. 

 
Originated by the thermophoresis effect, the boundary layer thickness depends on the 

gas flow velocity and the substrate rotation speed, among other parameters. The molecules 

that reach the boundary layer diffuse towards the heated substrate (the so-called mass-

transport), and undergo different transformations, such as thermal decomposition or chemical 

reactions with other molecules. The constituents that reach the vapor-solid interface and are 

adsorbed on the surface can then be incorporated into the growing material (through reaction 

kinetics) or be desorbed, depending on the volatility of the element at the growth conditions 

being used. If the surface reaction kinetics is much more rapid than the diffusion kinetics, then 
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the epitaxy process is operating in the mass-transport limited regime. Otherwise, the epitaxy 

process is operating in the surface kinetics limited regime. The mass-transport limited regime 

is mostly preferred to work in because thus the growth process is independent (or the 

dependence is minimum) of the substrate temperature, which is more difficult to control 

accurately than the source gases flows. In Figure 4.3 the GaAs growth efficiency vs. growth 

temperature of the AIX200/4 reactor in its 1x2” wafer configuration, obtained in this Thesis, is 

shown. The temperature range where the dependence of the growth efficiency on the growth 

temperature is minimum, defines the mass-transport limited regime. In this case it ranges from 

around 600 ºC to 750 ºC, which is the highest reactor temperature explored. It must be noted 

that we have observed that, in our reactor, the wafer temperature can be as much as 20 ºC 

lower than the reactor temperature2, so the lower limit for the mass transport limited regime 

can be actually situated between 580-600 ºC. 

 

 

Figure 4.3. Experimentally determined 
GaAs growth efficiency vs. growth 
temperature in our AIX200/4 reactor, for 
the 1x2” wafer configuration and the 
growth conditions indicated in the graph.  
 

 
In the mass-transport limited regime, parameters such as the growth rate, dopant 

concentration or alloy composition are linearly dependent on the diffusion fluxes existent in the 

boundary layer. As to the dopants, their volatility also influences the concentration in the solid 

grown. For a non-volatile dopant, its vapour pressure is low and, therefore, almost no re-

evaporation of the atoms that reach the solid surface occurs during growth. Therefore, the 

density of dopant atoms incorporated into the growing material depends on the rate at which 

they reach the growth surface and on the bulk material growth rate i.e., it is a mass transport 

limited process. Conversely, a volatile dopant has a high vapour pressure, which causes that it 

re-evaporates almost completely and the concentration in the solid depends on the distribution 

coefficient.  

                                                
2 The amplitude of the difference between the reactor temperature and wafer temperature depends on 
the reactor temperature itself. The actual wafer temperature is not used in the GE vs. Tg graph because 
it is not known for all the reactor temperatures explored. 
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Table 4.3. Expressions for the growth rate, solid composition and dopant solid concentration, applicable 
in the mass-transport limited regime [Stringfellow99]. 
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k = kIII , where kIII α pV* if the dopant resides in 
the group III sublattice. 
k = kV , where kIII α 1/pV* if the dopant resides in 
the group V sublattice 

 

Assuming that the gas phase is in equilibrium with the solid, expressions for the growth 

rate, alloy composition and dopant concentration can be derived [Stringfellow99]. A summary 

of these is presented in Table 4.3. As can be observed, the diffusion coefficients are 

simplistically assumed to be equal for all the precursors taking part in each expression, an 

approximation which allows to reach expressions which depend only on the partial pressures. 

On the other hand, these expressions only model the mass-transport process but do not take 

into account other phenomena such as the possible parasitic reactions in the gas-phase or the 

kinetic processes on the growing surface. The importance of all these phenomena on the 

epitaxy process can be detected if a deviation of the experimental results from the tendencies 

established by the expressions of Table 4.3 is observed. 

4.2.3. Uniformity study of the AIX200/4 reactor 

 The upgrade of the reactor system from the AIX200 to the AIX200/4 machine implied 

modifications in the dimensions of the reactor chamber and in the heater configuration, among 

others. On the one hand, the section and volume of the liner (the quartz part inside which the 
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susceptor and wafer are placed) are larger in the higher capacity AIX200/4 machine, as can 

be observed in Figure 4.4. On the other hand, the heater block was also upsized by adding an 

extra IR lamp plus parabolic strip reflector, as shown in Figure 4.4. Apart from the calibrations 

in the gas flows and lamps power for the achievement of the desired growth rates, 

compositions, etc, an important issue that had to be tackled was the uniformity of the 

semiconductor layer growth. Regarding the hydrodynamics, as the liner section is bigger than 

before, a higher total reactor chamber input gas flow (the sum of all the gas flows coming from 

the metalorganic, dopant and hydride lines) is necessary so as to have an homogeneous 

laminar gas flow, which is a basic requirement to attain a uniform epitaxy process 

[Stringfellow99]. Besides, the redimensioning of the heater affects the temperature distribution 

over the growth surface, thus affecting the epitaxy process uniformity (specially when working 

out of the transport limited regime, or with dopants with a high distribution coefficient). 

Therefore, a modification of the heating power distribution in the IR lamps was necessary in 

order to compensate for this effect. This can be achieved by modifying the so-called power 

profile of the heater, which sets the power distribution on the IR lamps in groups of two, from 

the inner to the outer part of the heater block. For example, a power profile of 

100%/100%/50% means that the two outer lamps are working at half the power than the rest 

of the lamps. Unfortunately, a model for the relation between the total flow and heater lamp 

power profiles and growth uniformity was not available to us. In fact, the reactor manufacturer 

itself could only give us some guidelines based on their experience on other similar reactors. 

Therefore, the uniformity optimization of the new reactor AIX200/4 had to be totally empirical. 

  

 

 

 
Figure 4.4. Liner and heater schematics of the AIX200 and AIX200/4 reactors. 
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There exist different ways to empirically study the uniformity of an epitaxial process. 

One of them consists in measuring the photoluminescence map of the wafer on which an ad-

hoc semiconductor structure has been grown. For example, by measuring the center 

wavelength of the PL spectra, the compositional uniformity achieved can be studied as in 

[Vanhollebeke98]. Unfortunately, this easy way of studying the uniformity is not agilely 

applicable in our lab since we do not have a PL mapper available in-house. Instead, we used 

another well-known procedure consisting in growing a DBR (Distributed Bragg Reflector) on 

the wafer and then measuring its reflectance [Paduano95]. A distributed Bragg reflector (DBR) 

is a structure composed of multiple layers of two alternating materials with varying refractive 

index, or by periodic variation of some characteristic (such as thickness), resulting in a 

periodic variation of the effective refractive index. Each layer boundary causes a partial 

reflection of the light, due to the refractive index difference. For light waves whose wavelength 

is close to four times the optical thickness of the layers (i.e. λ = 4·n·h, being n the layer 

refractive index and h the thickness of the layer), constructive interferences are produced 

giving rise to a high reflectivity at certain light wavelengths (see Figure 4.5).  

 

 

Figure 4.5. Distributed Bragg Reflector (DBR) 
structure. 
 

 
 One easy way to check the epitaxy thickness uniformity using a DBR consists in using 

high n and low-n layer thicknesses so that the reflectivity of the structure is highest at a 

wavelength within the visible range. Thus, the lack of thickness uniformity can be detected 

with the naked eye. In Figure 4.6 some examples of DBRs of this kind, grown at 

I.E.S. - U.P.M., are shown. In each one, the layer thickness is different, giving rise to a 

different wavelength reflected more intensely by the DBR structure. A clear lack of uniformity 

can be seen in the DBR designed to reflect the wavelengths around 600 nm (green). This 

wavelength is particularly appropriate for these studies, since it is there where the photopic 

response of the human eye is highest and, therefore, where the highest sensitivity to light 

intensity variations is achieved.  
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Figure 4.6. DBR structures grown on GaAs 
wafers. The thickness of the layers composing 
each DBR structure are chosen so that the 
reflectivity is enhanced at different photon 
wavelengths inside the visible range.  
 

 

 The study of the uniformity by a visual inspection of the DBRs grown can only produce 

relative and qualitative conclusions. Moreover, the reflectivity of the DBRs can be extremely 

sensitive to the layers thickness so that an evident lack of uniformity detected with the naked 

eye can correspond to a negligible variation in the layer thicknesses. In an attempt to obtain 

quantitative results, the uniformity study of the AIX200/4 reactor was carried out using a 

reflectivity mapper available in-house, which has the capability of measuring the normal 

incidence reflectivity map of a sample wafer at four wavelengths (659, 848, 955 and 978 nm, 

depending on the laser used). The DBR structures grown consist in 10 pairs of GaAs/AlAs 

structures with a nominal thickness of 185 nm each. These materials were chosen because of 

the easiness of growing an structure consisting of binary materials without problems of lattice 

mistmatch, since the GaAs and AlAs are almost lattice matched. Moreover, the refractive 

index contrast achieved is high enough for our purpose. In Figure 4.7 the wafer maps 

obtained are shown for DBRs grown with different I-R lamps power profiles and total gas flows 

in the reactor. The reflectivity of a GaAs wafer without any structure grown on top is also 

shown for comparison. In these maps not only the color contrast obtained is important, but 

also the range of reflectivities measured, which are shown in the color bar under each wafer 

map. Besides, the reflectivity at the borders of the color maps must not be taken into account, 

since they correspond to the borders of the wafer or even to the sample holder of the 

reflectivity mapper.  

From these color maps, a quantitative measurement of the reflectivity at each point of 

the wafer can be extracted. The improvement in the reflectivity homogeneity as we change the 

heater power profile from 100%/100%/100% to 100%/100%/50%, and the total flow from 8 to 

14 slpm (standard liter per minute) is apparent. The undulated behaviour of the reflectivity with 

the position inside the wafer, in particular for 978 nm, must not be interpreted as a non 

monotonic evolution of the DBR layers thickness from the center to the borders of the wafer. 

The actual explanation can be worked out if we analyze the spectral reflectivity of one of the 

DBRs studied. In the left hand side of Figure 4.8 the spectral reflectivity of an AlAs/GaAs DBR 
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Growth conditions λλλλmeas = 659 nm λλλλmeas = 848 nm λλλλmeas = 978 nm 

GaAs  
Wafer  

   

Sample 

DBR 701 

I-R lamps power 
profile: 

100%/100%/100% 

Total gas flow: 

FT = 8 slpm    

Sample 

DBR 702 

I-R lamps power 
profile: 

100%/100%/50% 

Total gas flow: 

FT = 8 slpm    

Sample 

DBR 710 

I-R lamps power 
profile: 

100%/100%/50% 

Total gas flow: 

FT = 14 slpm 
   

Figure 4.7. Reflectance maps of AlAs/GaAs DBR structures grown with different lamp power profiles 
and total gas flows, for the epitaxy uniformity study. 
 

with 185 nm thick layers, calculated using the Transfer Matrix Method [Born80][Centurioni05] 

(following the same approach as in previous Thesis developed in our research group [Rey-

Stolle01, Chapter 4]) is shown. The measurement of the DBR-710 is also plotted in the same 

graph. The differences in the amplitude around 800 nm are due to an imperfect calibration of 

the measurement instrument at these wavelengths, where the monochromator grating used is 

changed. In this measurement it can be seen how all the laser wavelengths used by the 

reflectivity mapper except the 659 nm fall in a region where the reflectivity has an undulated 
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shape. In these regions, a monotonic variation in the AlAs and GaAs layers thickness can 

produce a non monotonic (i.e. an undulated) variation in the reflectivity. This can be clearly 

seen on the right hand side of Figure 4.8, where the dependence of the reflectivity with the 

AlAs and GaAs layers thicknesses is shown. To put it in a nutshell, the wavy appearance of 

some of the DBR reflectivity maps of Figure 4.7 must not be attributed to an oscillating 

thickness of the deposited layers. 

To estimate how the reflectivity homogeneity and the semiconductor layers thickness 

homogeneity are related we focused on the case of the 659 nm wavelength, for which a wider 

range of thicknesses around the nominal 185 nm produce a monotonic variation of the 

reflectivity. The result is shown in Figure 4.9. Using a cross section of the reflectivity maps and 

discarding the reflectivity values at the borders, we can know the relation between the 

reflectivity homogeneity and the thickness homogeneity. It can be seen how, if we take into 

account only the reflectivity values from -20 mm to 20 mm, the range of reflectivities measured 

Figure 4.8. Experimental and calculated spectral reflectance of the DBR-710 (left), and calculated 
dependence of its reflectivity at 978 nm upon the AlAs and GaAs layers thickness. 

 
Figure 4.9. Cross section of the reflectivity maps measured at 659 nm (left), and calculated 
dependence of the reflectivity on the DBR layers thicknesses (right).   
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by the mapper is from around 35% to 43% in the case of the DBR-701, and from 42% to 44% 

in the case of the DBR-710. These variations in the reflectivity correspond to a thickness 

variation of around 2.5% and 1% respectively.  

 The uniformity of 1% in the growth thickness (i.e. in the growth rate,) achieved  with the 

new growth conditions, is in the range of the uniformities published in the literature for an 

horizontal MOVPE reactor [Stringfellow99]. Consequently, the total flow and power profile 

used to attain this uniformity were considered to be appropriate to be used in our reactor. 

However, it must be noted that there may exist room for further improvement of the 

temperature uniformity. In fact, the observable improvement in the uniformity when the power 

profile was changed from 100%/100%/100% to 100%/100%/50% was due to the fact that the 

temperature gradient was so large through the wafer, that it affected the growth rate even at a 

growth temperature of 675 ºC, in which the epitaxy process is in the mass transport limited 

regime. With the new power profile the temperature gradient was kept below any value that 

could affect the growth rate significantly for the growth temperature used during the growth of 

the DBRs, but that could affect other parameters such as the dopant incorporation (for 

dopants with a high distribution coefficient such as DETe) or the growth rate uniformity in the 

surface kinetics limited regime (for example during the growth of a tunnel junction at 550 ºC, 

as will be seen in chapter 6). At any rate, during the development of the dual-junction solar 

cell no problem related to the epitaxy process uniformity was detected. For example, when 

examining the external quantum efficiency of devices fabricated with semiconductor chips 

taken from different positions in the wafer, the photoresponses obtained where most times 

identical. As for the growth of tunnel junctions at 550 ºC (i.e. in the border between the 

kinetics-controlled and mass transport-controlled regimes, as seen in section 4.2.2.), 

variations in the peak current of the devices situated at different points of the wafer were 

observed, which were attributed to a dependence of the carbon incorporation with the 

temperature. However, these variations did not affect significantly the performance of the 

tunnel junction devices as long as its application in the GaInP/GaAs concentrator dual-junction 

solar cell is concerned, as will be shown in Chapter 6. 

 In conclusion, the procedure followed to improve the uniformity of our reactor after its 

upgrade to a higher capacity version gave rise to a uniformity in the growth rate across the 

wafer of 1%, which is the value expected for an horizontal MOVPE reactor. The feasible 

remaining temperature gradient in the wafer, to which the growth rate is not sensitive, could 

possibly be reduced by using other methods such as PL mapping. However, its influence on 

the growth and properties of the GaInP/GaAs dual-junction solar cells developed in this Thesis 

has been found not to be significant. 
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4.3. Manufacturing of the concentrator GaInP/GaAs dual-junction solar cells 

Once the semiconductor structure has been grown, a subsequent technological 

processing is necessary in order to make the solar cell or tunnel junction device electrically 

accessible, i.e., it is necessary to form the ohmic metal contacts on it. Roughly, two kinds of 

technological processing are applied in our laboratory, depending on the purpose of the solar 

cell device fabricated. On the one hand, the so-called “fast solar cell processing”, which is 

carried out when the device is destined for standard external quantum efficiency 

measurements. In this technological processing, the electrical contact is achieved by 

depositing Ni by electrolysis. The areas in which the metal must be deposited are defined by 

hand, using a photorresist to cover the rest of the solar cell area. The quality of this contact is 

low, but enough for standard EQE measurements, in which the current through the device is 

low and the voltage drop in the contact is relatively unimportant. This processing is particularly 

advantageous for a fast characterization feedback, since the time required for the processing 

is reduced (about half an hour). On the other hand there is the technological processing of 

final concentrator solar cells and tunnel junction devices. In this case, optoelectronic 

techniques are used: the front grid is defined using photolithography and lift-off techniques, 

the metal and anti-reflection coatings are deposited by thermal evaporation, etc. The 

technology used is based on the AuGe/Ni/Au and AuZn/Au metal systems for the front grid 

and back contact, respectively. The anti-reflection coatings used are MgF2/ZnS double layer 

stacks. This technology is well established at I.E.S. – U.P.M. and complete descriptions of it, 

On wafer  

    
1) Initial semiconductor 

structure 
2) Front grid  

(AuGe/Ni/Au metal) 
3) Back contact 
(AuZn/Au metal) 

4) Mesa definition & etch  
(wet etching) 

     On individual solar cell devices, after mechanical cut 

    
5) Contact layer 

removal (wet etching) 

6) Encapsulation:  
heat spreader + 

wirebonding 

7) Anti-reflection coating 
layer deposition Final device 

    
Figure 4.10. GaInP/GaAs dual-junction solar cell manufacturing steps followed at I.E.S. – U.P.M.  
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in the context of GaAs single-junction solar cells fabrication, can be found in [Rey-

Stolle01][Galiana06]. In Figure 4.10 a summary of the main steps of the manufacturing 

process used is shown. 

Regarding the GaInP/GaAs dual-junction solar cell, a few particularities with respect to 

the processing of GaAs single-junction devices have to be taken into account: 

1) The short circuit current of the GaInP/GaAs dual-junction solar cell is about 50% 

lower than in the case of the GaAs single-junction solar cell. Besides, the properties 

of the top cell emitter are different. Therefore, the front grid density used must also 

be different. The front grid finger density calculation was presented in Chapter 2 of 

this Thesis. New photolithographic masks were designed and manufactured in 

order to manufacture solar cells with the new front grid design, as will be shown in 

Chapter 7. 

2) The chemical mesa etching process for the GaInP and GaInP/GaAs solar cell 

devices requires a different set of etch steps than in the GaAs single-junction 

device. The etching of the GaInP top cell can be problematic since the surface of 

the GaInP material can be easily passivated if the wrong etching process is applied. 

HCl-based etchants are used.     

3) The anti-reflection coating used for the GaInP and the GaInP/GaAs solar cells is 

also based on the MgF2/ZnS system. However, the optical properties of the 

semiconductor stack of the GaAs single-junction devices is different to that of the 

GaInP/GaAs dual-junction solar cell. This makes that the optimum thicknesses of 

the layers composing the ARC, which minimize the reflectivity of the semiconductor 

stack plus ARC, is different and must be recalculated. Moreover, in the dual-

junction device, the requirement of current matching must be taken into account 

when designing the anti-reflection coating. This will be studied in Chapter 7. 

 
Apart from comments on occasional post-processing complications found during the 

development of the GaInP/GaAs dual-junction solar cell, no more time is devoted in this 

document to deal with the manufacturing technique used, since, as commented above, it is 

treated in depth in previous Thesis carried out in our group. 

4.4. Characterization methods 

The experimental development of the GaInP/GaAs dual-junction solar cell requires a 

continuous feed-back from material and device characterization results. The interpretation of 

the data obtained, together with the predictions elaborated by means of theoretical and semi-

empirical models, allows to determine the modifications necessary in the epitaxy growth and 

device processing routines in order to progress in the development of the solar cell. Numerous 
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material and device characterization techniques are employed. In this section, a brief 

summary of these is presented, putting the emphasis on those used during the development 

of the GaInP/GaAs dual-junction solar cell being treated in this Thesis. The details necessary 

for the understanding of the GaInP/GaAs dual-junction solar cell development procedures 

presented in next chapters are also pointed out. 

4.4.1. Semiconductor material characterization 

The development of any semiconductor device requires that the materials which 

compose its semiconductor structure are previously studied, in order to determine the growth 

conditions and growth routines necessary to obtain the desired characteristics of the material. 

In the multijunction solar cell research carried out at I.E.S. – U.P.M. the characterization of 

many of the properties of the different semiconductor materials used is carried out mostly by 

analyzing the devices made with these materials. The information extracted is more realistic 

from the point of view of their final application, since the possible adverse effect of the 

integration of the material into a semiconductor structure is taken into account. Examples of 

this are the external quantum efficiency, electroluminescence and dark I-V curve 

measurements performed on solar cell devices in order to assess the minority carrier 

properties, band gap, interface recombination, etc, of the semiconductor materials and 

structures used. However, it is obvious that experimental work focused on each particular 

material is necessary to be carried out in order to, for example, determine the initial doping or 

lattice matching calibration curves, or to analyze the structural or morphological properties of 

the material, before being used in a solar cell semiconductor structure. In this section, a 

summary of the characterization techniques used for this purpose is presented. 

4.4.1.1. In-situ material characterization 

By in-situ material characterization we mean the techniques that allow to extract 

information about the characteristics of the sample during the MOVPE epitaxial process. As 

compared to other epitaxy techniques such as MBE, the in-situ characterization of MOVPE 

growth was kept undeveloped for a long time. This was due to the fact that the vacuum-based 

techniques available for MBE (LEED and RHEED), cannot be applied in MOVPE. However, 

the requirement of increasingly high quality material growth by MOVPE stimulated the 

development, or adaptation from MBE, of in-situ observation techniques adequate for this 

growth technique in the 90s, by X-Ray diffraction, special constructions of scanning 

microscopes and, mostly, optical techniques. A review of the in-situ characterization 

techniques for MOVPE, including the advantages and drawbacks of each one, can be found in 

[Stringfellow99] and [Richter02]. In Table 4.4 a summary of the most representative 

techniques is presented. All these techniques, except the electron-diffraction methods (LEED 
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and RHEED) which require ultra-high vacuum (UHV) to operate, can be applied to MOVPE. 

The most  commonly used are the lineal optical probe techniques. The local scanning probes 

are difficult to implement for in-situ measurements at normal MOVPE growth temperatures. 

Moreover, the scan rates required to have real-time measurements are excessively high at 

usual growth conditions. However, some interesting results have been presented recently on 

experiments performed with in-situ STM [Rähmer06][Pristovsek07][Kremzow08]. The X-Ray 

diffraction probe techniques are applicable to MOVPE since X-Ray interaction with the gas 

environment present is weak. However, the X-Ray source intensity needed is high and difficult 

to reconcile with the delicate environment imposed by the MOVPE technology. This makes the 

number of experiments presented about this measurement technique scarce [Kisker96]. Non-

linear optical processes can be detected with SHG and SFG techniques, which are based on 

the annihilation of two photons of frequencies ω1 and ω2 while other photon with energy ω3 is 

generated by the interaction with a non-linear material [McGilp95]. These techniques are, 

however, rarely used in the MOVPE field. 

The linear optical probe techniques are by far the most used for in-situ monitoring of 

MOVPE processes. Among their advantages are the low interaction with the growth process, 

the possibility of extracting chemical information from the spectral analysis, the high time 

resolution achievable and the easiness of implementation, as compared with other techniques 

[Richter02]. For the analysis of the surface processes, the disadvantage of the optical probe 

techniques lies in the high penetration depth of the light. However, techniques such as 

ellipsometry, infrared spectroscopy or Raman scattering have been developed to a point that 

the small surface signals can be distinguished from the large bulk signals, by using differential 

Table 4.4. Summary of the most representative in-situ epitaxy characterization techniques. 

Probe type Technique name Acronym References 

Atomic Force Microscopy AFM Local scanning 
probes Scanning Tunneling Microscopy STM 

[Rähmer06][Pristovsek07] 
[Kremzow08] 

Low-Energy Electron Diffraction LEED 

Reflection High Energy Electron 
Diffraction 

RHEED 
[Foxon94] 

Diffraction 
probes 

Grazing incidence X-Ray 
scattering 

GIXS [Kisker92][Kisker96] 

Reflectance R [Zorn02][Haberland02] 

Spectroscopic Ellipsometry SE [Aspnes93][Zettler97][Richter02] 

Reflectance Anisotropy 
Spectroscopy 

RAS [Zettler97] 

Linear optical 
probes 

Light Scattering LS [Speiser03] 

Second Harmonic Generation SHG [McGilp95] Non-linear 
optical probes Sum-Frequency Generation SFG [McGilp95] 
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techniques. In high-symmetry materials (cubic, isotropic), the degree of symmetry of the 

growth surface can be measured by RAS [Zettler97]. In this technique, the signal comes 

almost exclusively from the surface, being the contribution from the bulk marginal, provided 

that the material symmetry is high. Simple reflectance measurements are also widely 

employed. With this technique, parameters as the growth rate, surface roughness, material 

composition or doping level can be measured in-situ [Haberland02]. 

 As explained in last section, in 2006, the AIX200 system available as I.E.S. – U.P.M. 

was upgraded to the AIX200/4 system. At the same time, an in-situ monitoring tool EpiRAS 

2000 from LayTec was also installed. This instrument has the capability of performing real-

time measurements of time resolved or spectroscopic reflectance and RAS signals coming 

from the growing sample. Moreover, the measurements can be performed in the multi-wafer 

mode of the AIX200/4 system, although at the expense of a lower time resolution. A complete 

description of the system can be found in [Laytec08]. We are going to devote some time to 

explain the reflectance and RAS measurement basics, in the context of the EpiRAS 2000 

instrument used to monitor the growth of III-V solar cells. A complete review of these 

techniques can be found in [Haberland02b]. 

The setup for both reflectivity and RAS measurements is the same. The reflectance 

signal is acquired during the RAS measurement, by extracting the DC component. This setup 

is schematically shown in Figure 4.11. The light coming from a Xenon lamp is linearly 

polarized and focused on the sample at a near-normal incidence angle. The incident light 

beam must traverse the reactor viewport, made of strain-free quartz, and the small hole 

practiced on top of the liner. The wobbling present in the reflected light (which produces a 

cone-shaped figure) due to unwanted tilts in the rotating sample, is compensated by an anti-

wobble mirror. As the reflectance of the sample is slightly different for the two axes of 

polarization of the impinging light, the reflected light is elliptically polarized. A photo-elastic 

modulator (PEM) analyzes the polarization status of the reflected light and the analyzer 

converts the phase modulation generated by the PEM into an intensity modulation. Then, the 

light beam is detected by a silicon photo-diode placed behind a monochromator. The 

demodulation of the signal is made using a lock-in amplifier. More details on the work 

principles of the polarizer, PEM and analyzer can be found in [Zettler97]. 

The RAS technique detects the surface anisotropy of the sample, by measuring the 

difference between the optical reflectance of light polarized along the two main perpendicular-

axes in the surface as a function of photon energy. In principle a cubic crystal semiconductor 

layer is symmetric in the bulk and, therefore, the RAS signal comes only from anisotropies in 

the surface, caused by the particular surface reconstruction, i.e., the arrangement of the 

atoms compared to those in the bulk, during the growth. However, it is possible that the RAS 

signal can be affected by anisotropies in the bulk, for example due to ordering in GaInP 
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[Zorn99][Krahmer07], or due to layer interfaces within the penetration depth of the light used. 

Therefore, the signal can only be interpreted as purely coming from the surface when a 

completely homogeneous and absorbing layer is being measured. In general, to gain correct 

information about the growth surface from the RAS, it is important that the measurement 

always includes spectral ranges where the layers being analyzed are absorbing. Another 

cause of anisotropies which affects the RAS signal is the doping concentration, through the 

electro-optical effect (LEO). Although the exact physics mechanisms behind are not 

completely understood, the effect lies in the band-bending caused by the doping in the surface 

region, which produces an electric field that superimposes to the local fields between the 

atoms and, consequently, modifies the surface configuration [Haberland02b]. Using empirical 

calibrations, the doping level of the material can be known in-situ using RAS. Very interesting 

calibrations of this kind for AlGaInP have been published [Pristovsek01][Krahmer08]. 

For the (001) surface of a zincblende crystal, the two main perpendicular axes are the 

[110] and [-110]. The RAS is defined as the difference in the reflectance between the two 

crystal main axes normalized to the total reflected signal (Figure 4.12). For the particular case 

 

 
Figure 4.11. Schematic setup of the EpiRAS 2000 instrument (left). The actual incidence and 
reflection angles are below 5º, but are shown higher here for clarity of the drawing. On the right, the 
instrument installed at I.E.S. – U.P.M. is shown. 
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of the MOVPE systems with rotating wafers (as is our case), the RAS signal is modulated with 

the second harmonic of the rotation frequency. This is so because the 0 and 180º angles are 

equivalent directions for the polarization. In our case, since the system is not able to know the 

exact position of the wafer at each instant, the RAS measurement provided is absolute. Other 

effects as the viewport window strain, the reflected beam wobble or the electronic damping, 

influence also the RAS signal acquired by the system, and are managed by the software 

algorithms used, in order to extract the correct RAS value. For details, the reader is referred to 

works such as [Haberland02b], where an in-detail treatment of the RAS measurement is 

presented. In Figure 4.12, the appearance of the RAS measurements carried out on GaAs 

surfaces with different reconstructions, is shown. 
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Figure 4.12. RAS measurement of GaAs surfaces with different reconstructions [Zettler97]. 
 
The exploitation of the RAS measurement is most frequently based on empirical 

procedures. On the one hand, the surface reconstruction of the growing layer can be known 

using RAS by comparing the spectrum obtained with the data present in the literature. The 

assignment of a RAS spectra to a particular surface reconstruction is made by comparison 

with the spectra obtained with other techniques, such as RHEED in MBE [Kamiya92] or GIXS 

in MOVPE [Kisker92][Kisker96]. On the other hand, empirical calibrations can be used, for 

example, to measure the doping level in the semiconductor being grown, as explained above, 

or the anomalies in a growth process can be detected by comparison with other runs. 

As explained above, the reflectance measurements are obtained simultaneously to the 

RAS measurement, by extracting the DC part of the signal. The reflectance is defined as the 

ratio between the reflected light intensity and the incident intensity, at each photon 

wavelength. The incident and reflected light intensity are affected by external parameters, 
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such as the viewport window coating3 or the gas phase absorbance. Therefore, a normalized 

reflectance is generally used for the analysis of the data obtained. To calculate it, the 

reflectance of the layer being studied is divided by a reference reflectance, which is, generally, 

the one coming from the substrate prior to the epitaxial growth. Therefore, a reference 

reflectance is taken at the beginning of each epitaxy run and thus, the influence of the set-up 

on the data is eliminated.   

The reflectance measurements allow the determination of parameters such as the 

growth rate, composition and surface roughness of the layer, by analyzing the transient or 

spectroscopic data obtained. The reflectance of a semiconductor depends on its optical 

properties, n and k, which depend on the wavelength of the incoming light. In Figure 4.13 the 

spectroscopic reflectance of a GaAs wafer at two temperatures is shown as an example. By 

analyzing the spectral reflectance of a multilayer structure, the thicknesses of each layer can 

be calculated, provided that the optical data of each layer is known (similarly as done for the 

DBRs in section 4.2.3). However, this kind of analysis can be easily performed also ex-situ, so 

the spectral reflectance is not generally used to the in-situ calculation of the thickness of the 

layers. Moreover, in the spectral reflectance measurements the time resolution is reduced, 

due to the fact that the data acquisition is interrupted during the change of the monochromator 

center wavelength. Therefore, for thickness and composition analysis, reflectance transients 

are normally preferred.  

If layers with different optical properties are grown sequentially, Fabry-Perot 

oscillations appear in the reflectance transient, due to the constructive and destructive 

interferences occurring in the surface. As the layer thickness increases, the magnitude of 

these interferences varies, giving rise to the oscillations in the reflectance measurements, 

whose period is directly related to the growth rate. As the layer is grown thicker, the absorption 

in it increases, and the intensity of the light taking part in the interferences decreases, 

producing an attenuation in the oscillations, until a constant reflectance value, corresponding 

to the layer being growth, is reached. By analyzing the whole reflectance transient, the growth 

rate and material composition can be determined by multi-parameter fit procedures 

[Haberland02b]. Advanced modelling to obtain the properties of the uppermost layer without 

the necessity of knowing the properties of the underlying layers have been developed (the 

virtual layer approach) [Aspnes93]. For the transient data acquired to be suitable for the fitting 

procedures, it is important to choose a light wavelength such that a well defined reflectance 

transient is obtained, i.e. a sufficient number of oscillations and a moderate amplitude 

damping rate. For this, a photon energy just above the band gap of the material must be 

                                                
3 Although the viewport is supposed to be purged, a progressive coating of the window is observed, 
which absorbs part of the incident an reflected light coming from the EpiRAS optical head and from the 
sample, respectively. 
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chosen. In Figure 4.13 a transient reflectance measurement taken during the growth of a 

GaInP solar cell is shown. Each region of the transient graph (labelled as A, B, C, D and E) 

corresponds to one layer of the solar cell. As can be observed, once a new material layer is 

started, the Fabry-Pérot oscillations appear. Due to the similar optical parameters of the 

AlGaInP (with 10-20% Al) material used in the BSF layer and the GaInP of the active layers, 

the reflectance seems not to be affected at the material at the AlGaInP-GaInP transition. The 

influence of the light wavelength chosen on the amplitude damping is apparent: since the 

absorption of the GaAs material used in the CAP layer is higher than the absorption of the 

GaInP material, the oscillations amplitude damping is faster in the GaAs layer. 

Concerning the surface or layer interface roughness, it can be also analyzed using the 

reflectance measurement. In general, the roughness (or the degradation of the surface for any 

reason) causes a lowering of the reflected light intensity. By using extended layer models4, the 

value of the surface roughness can be calculated [Aspnes90][Haberland03]. The 

measurement of the surface or interface roughness is crucial in the development of the multi-

junction solar cells. For example, as will be seen in next chapters, the harsh growth conditions 

necessary for the growth of the tunnel junction can generate such an important surface 

roughness that the performance of the GaInP cell grown on top is completely deteriorated. 

This effect can be studied by examining the reflectance signal obtained in-situ. 

Finally, regarding the experimental work performed at I.E.S. – U.P.M. in the context of 

this Thesis, it must be noted that since the installation of the EpiRAS 2000 instrument, RAS 

and reflectivity measurements are taken routinely during each epitaxy process. The RAS 

                                                
4 Usually, the surface roughness is modelled as a layer of the same material, in which a certain percent 
of voids is included.  

  
Figure 4.13. In-situ spectroscopic (left) and transient (right) reflectance measurement examples. The 
spectroscopic measurement is obtained with a GaAs wafer prior layer deposition at room temperature 
and during the heating up, at 400 ºC. The transient reflectance is taken during the growth of a GaInP 
solar cell, whose structure is detailed in the inset. 
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measurements quality has been most times low due to various problems related to the 

maximum rotation speed achievable in the reactor and the signal-to-noise ratio obtained in the 

RAS signal (due to light intensity losses in the system). Therefore, only the reflectance 

measurements have been used routinely in the materials and device semiconductor structure 

development of this Thesis. Thorough studies of the RAS technique, in the context of the III-V 

solar cell development are currently being performed and will be presented in future Thesis.         

4.4.1.2. Ex-situ material characterization 

The ex-situ material characterization techniques employed for the development of the 

GaInP/GaAs dual-junction device presented in this Thesis are common in the semiconductor 

device research community and well known. A summary of these techniques and their 

application is presented in Table 4.5.  

Not all these characterization techniques are available at I.E.S. – U.P.M. This 

somehow modulated the frequency of use of their use in this Thesis. This is the case of SIMS, 

SPL, TRPL and AFM. HRXRD measurements (which are performed routinely) were also done 

externally (at IMM-CSIC of Madrid) until a diffractometer was installed in-house in 2007. 

However, it must be noted that, as commented in the introduction of this section, the 

investigations and development presented in this Thesis are mostly device-oriented. This 

means that the material quality is frequently studied by analyzing the performance of the solar 

Table 4.5. Ex-situ material characterization techniques employed for the development of the dual-
junction GaInP/GaAs solar cell. 

Technique name Acronym Characteristics Material properties 
analyzed 

High Resolution X-Ray 
diffraction 

HRXRD Contactless, non 
destructive 

Structural properties 

Hall – Van der Pauw - Non destructive 
Electrical doping level, 

majority carrier 
mobility, resistivity 

Electrochemical 
Capacitance-Voltage 

profiling 
ECV 

Destructive, time 
consuming 

Electrical doping level 

Scanning Electron 
Microscopy 

SEM 
Contactless, non 

destructive 

Morphology, cross 
sections for layer 

thickness 

Secondary Ion Mass 
Spectrocopy 

SIMS Contactless, destructive Atomic composition 

Spectroscopic 
Photoluminescence 

SPL Contactless, 
non destructive 

Electronic structure 

Time-Resolved 
Photoluminescence 

TRPL Contactless, 
non destructive 

Minority carrier lifetime 

Atomic Force Microscopy AFM 
Contactless, 

non destructive, time 
consuming 

Surface morphology 
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cell devices fabricated with it. For example, the external quantum efficiency (EQE) 

measurements are used to compare the quality of the material obtained using different growth 

conditions, or the band gap of the GaInP used for the top cell is checked measuring the 

spectral electroluminescence of the devices fabricated. The device characterization 

techniques used in this Thesis are explained in next section, by emphasizing on the issues 

particular to the measurement of multi-junction solar cells.  

4.4.2. Solar cell device characterization 

In this group are included the characterization of the tunnel junction devices and the 

single-junction or dual-junction solar cells. Of course, some of the methods used for the 

characterization of the materials grown by MOVPE can be also applied to the analysis of 

complete tunnel junction or solar cell devices. For example, the HRXRD can be used to 

measure the lattice mismatch of the GaInP top cell of a dual-junction solar cell, or a SIMS 

measurement can be obtained to study the diffusion or segregation of elements in a tunnel 

junction device. However, in this section we will only deal with the characterization methods 

that measure the performance of the device as a whole. Among them are the dark or 

illumination I-V curves, the external quantum efficiency and the concentration response 

measurements. 

4.4.2.1. Dark and illumination I-V curves 

The equipment available at I.E.S. – U.P.M. for I-V curve tracing consists in a solar 

simulator based on a 1000 W Xenon lamp, a stabilized Oriel power supply, and a temperature 

controlled chuck. A probe station is also available for the measurement of devices on-wafer. 

The measurement instrument is a high precision HP4142B curve tracer. All the measurements 

are performed using the four-point probe method, to minimize the influence of the wiring and 

connections.  

The dark I-V curve measurement procedure of tunnel junctions and solar cells is the 

same used as for other semiconductor devices: the voltage or current applied to the device 

terminal is swept and the current or voltage is measured. The issues described in the literature 

about the influence of the internal and external resistances of the tunnel junction on its I-V 

curve [Guter06], were found not to be problematic for the measurements carried out and 

presented in this Thesis, thanks to the use of the setup described above and appropriate 

metal contacts. For the interpretation and understanding of the results of the dark I-V curves 

the reader is referred to Chapters 1 and 2 of this Thesis. In next chapters, a number of this 

kind of measurements performed on the devices developed will be presented and explained. 

The measurement of illumination I-V curves of the dual-junction solar cell is more 

complex than in the case of single-junction devices. This complexity lies in the use of a solar 
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simulator for the measurement, whose spectral power density is different from that of the 

reference spectrum for which the measurement is intended to be done. In Figure 4.14 the 

spectral power density of the AM1.5D low-AOD reference solar spectrum and the solar 

simulator used at I.E.S. – U.P.M. are compared. For a single-junction device the differences in 

the spectral power density of the solar simulator vs. reference spectrum can be corrected 

using a reference cell, so that the photocurrent generation in the device under test is the same 

as if it was being illuminated with the reference spectrum. However, when measuring a multi-

junction solar cell, the light spectrum used must be capable of producing the same 

photocurrent as the reference spectrum in both subcells at the same time. Otherwise, the 

difference in the current ratio between subcells (the current matching) obtained with the solar 

simulator spectrum gives rise to a non-realistic I-V curve measured. The short circuit current at 

each subcell can be obtained by using low pass and high pass filters so that the subcell being 

measured is limiting the current of the dual-junction solar cell. However, the fill factor and open 

circuit voltage cannot be accurately determined unless the appropriate spectrum impinging the 

solar cell is used. The measurement of 1-sun I-V curves of multijunction solar cells is being 

optimized currently at I.E.S. –U.P.M., by the acquisition of a new solar simulator, with an 

increased control over the light spectrum. In the particular case of the concentrator 

GaInP/GaAs dual-junction solar cell development being presented here, the 1-sun illumination 

curves, taken with the old solar simulator mentioned above, are used only for a preliminary 

solar cell performance assessment. More accurate measurements of the open circuit voltage 

and fill factor for different concentrations are obtained using the flash lamp method, described 

in section 4.4.2.3. The dark I-V curves can also be used to determine the Isc-Voc curve, for the 

current range where the series resistance effect is negligible.   

 A particular case of the illumination I-V curve measurements is the Light Beam Induced 

Current (LBIC) technique. A light beam is used to scan the solar cell surface and record the 

 

Figure 4.14. Spectral power density of 
the AM1.5D low-AOD reference 
spectrum and of the spectrum obtained 
with the solar simulator used at I.E.S.- 
U.P.M. Both are normalized to a total 
power density of 1000 W/m2. 
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short circuit current induced at each point. The current maps obtained are analyzed to detect 

irregularities in the photogeneration, due to defects produced during the semiconductor 

structure epitaxy or during the device processing. This technique is frequently used, for 

example, in the multicrystalline silicon solar cells field [Marek84][Acciarri02]. In our case, it 

was used to analyze the first GaInP single-junction solar cells grown, in order to clarify the 

reasons for the extremely low external quantum efficiency and 1-sun short circuit current 

found, as will be explained in Chapter 5.  

4.4.2.2. External quantum efficiency measurement 

The quantum efficiency is a measure of the ratio of the number of carriers collected by 

the solar cell to the number of photons of a given energy impinging it. If only the photons 

absorbed in the semiconductor structure are taken into account, then we are dealing with the 

internal quantum efficiency (IQE). Otherwise, if we also consider the reflected and transmitted 

photons, then the external quantum efficiency (EQE) is obtained. The usual procedure for 

measuring the external quantum efficiency consists in shining the solar cell with a 

monochromatic light and measuring its short circuit current for each wavelength of the light. 

Thus we obtain the so-called spectral response, in units of charge of generated carriers per 

energy of the incident monochromatic light for each wavelength. With the spectral response 

we can then calculate the quantum efficiency. In the case of a monolithic multijunction device 

in which all the junctions are series connected, the measurement of the EQE of each subcell 

is performed by light biasing the rest of the junctions so that the one being measured is 

limiting the current through the multijunction device [Virshup85][Burdick86][Bücher91]. In 

addition, an external voltage must be applied so that the junction being measured is at 0 volts 

(i.e. it is at short circuit). Normally this voltage corresponds approximately to the sum of the 

Vocs of the other junctions. In Figure 4.15 the configuration scheme for the EQE measurement 

of the top cell in a dual-junction device is depicted. As can be observed in the I-V curve, the 

bottom cell is forced to operate at its Voc due to the much higher photocurrent generated in it 

 

 

Figure 4.15. Scheme of the dual-junction 
solar cell light and voltage polarization used 
for the measurement of the top cell EQE. 
 



Chapter 4 

 152 

with the bias light than in the top cell with the monochromated light. In the case of the 

GaInP/GaAs dual-junction solar cells, the voltage bias is not necessary if the current of the 

subcell is constant for voltages around 0 V (short circuit). In this case, the subcell being 

measured is polarized at a negative voltage equal to the Voc of the other subcell, but the 

current measured will be the same as if it was polarized at 0 V. In fact, the dependence of the 

external quantum efficiency with the voltage bias applied has been found to be a symptom of 

a problem in the solar cell device [Espinet08], for example a low parallel resistance, a 

defective tunnel junction or a low reverse breakdown voltage. 

The external quantum efficiency measurements are taken in our research group using 

a monochromator-based system with a 1000 W Xe-lamp, as the primary light source, and a 

light-beam chopper. The spectral range of the system is from 300 nm to 2000 nm. The system 

has a monitor cell to assess the real-time fluctuations of the lamp. Both the monitor cell and 

the test cell are connected to two independent lock-in amplifiers, which make possible the 

simultaneous measurement of both the monitor cell and reference/test cell. This set-up allows 

the minimization of the measurement errors resulting from lamp fluctuations, very significant in 

Xe-lamps for certain spectral ranges. Moreover, a reference GaAs solar cell is always 

measured at the beginning of each session to correct the drift of the Xe-lamp over time. The 

chuck for the test cell is temperature controlled by a Peltier element. The additional elements 

necessary for the measurement of multijunction devices are the sources of bias light for each 

junction, which in our case are 808 nm and 632.8 nm lasers, and a DC power supply to apply 

a voltage bias. 

 The measurement method most frequently used at I.E.S. – U.P.M. requires that the 

whole monochromatic spot is inscribed in the active area of the solar cell. Thus, it is not 

necessary to know the exact area of the device to calculate the spectral response. The optical 

path of the SR equipment after the monochromator is designed so that the monochromatic 

light spot destined to the solar cell under test can be made as tiny as wanted for the 

measurement of the small area solar cells developed in our group. In Figure 4.16 an scheme 

of this optical path is depicted. As can be seen, as the optical setup is imaging, a positioner is 

needed to focus the beam on the solar cell devices.  In this scheme, a problematic point is the 

beam splitter used to direct part of the monochromatic light to the monitor cell. Since the beam 

splitter has a thickness different than 0, the problem of ghost reflections appears. The 

mechanism that produces this phenomenon is schematized in Figure 4.17. The reflections 

produced in the air-glass interfaces of the beam splitter, give rise to the appearance of 

additional spots of a lower intensity than the main one. To the naked eye, the resultant light 

spot appears like a “double spot”, since the third and so on reflections are so weak that they 

cannot be distinguished. 
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Figure 4.16. Scheme of the original optical path of the SR equipment available at I.E.S. – U.P.M.  
  

This double spot is not problematic for the monitor cells used, since they are large 

enough and all the light impinges inside its active area. However, if the solar cell under test is 

small, part of the light of the double spot can fall out of the active area, producing a 

measurement error. Moreover, the chromatic aberration introduced by the beam splitter 

produces that the quantity of light deviated towards the secondary spot varies with the light 

wavelength. This makes that the error introduced by the double-spot effect on the EQE 

measurements depends on the wavelength. 

There exist several ways to overcome the problem of the double-spot. One solution 

consists in using a pellicle beamsplitter, whose thickness is in the order of the microns. This 

makes that the ghost reflections are so close one another that the double-spot does not 

appear. Unfortunately, pellicle beamsplitters are extremely delicate, sensitive to dust and 

spray, and expensive, which makes them an unappealing choice. Instead, the solution found 

for our set-up consists in using a different optical path for the light destined to the monitor cell 

and device under test. The scheme of this configuration is shown in Figure 4.18. As can be 

 
 

Figure 4.17. Scheme of the ghost reflections produced in the beam splitter, and the resultant main and 
secondary light spots directed to the monitor cell and to the cell under test. On the right, a photograph of 
the actual main and secondary spot observed in our SR measurement system. 
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observed, a diaphragm with two holes is used so that two light beams are generated. Thus, 

the beam splitter is not necessary and the double spot is not generated. 

The quantum efficiency measurement can be also performed using additional light 

sources to emulate the operation of the solar cell under concentration [Stryi-Hipp93]. This 

way, we can measure the EQE at the actual light injection level at which the solar cell will 

operate in practice. For some solar cells, it has been found that the EQE is improved at certain 

wavelength ranges as the light injection is increased, due to passivation of defects. This effect 

can give rise to misleading approximations during the characterization of the solar cell, for 

example, when the Jsc calculated using the EQE is considered a linear function of the light 

concentration and its value at 1 sun is used to predict the Jsc at high concentrations, an usual 

practice when measuring the I-V curves using the flash-lamp method [Anton01]. 

 Regarding the concentration EQE measurement procedure, the easiest way to achieve 

a high injection level is to use a laser bias. For a single junction solar cell, the laser power is 

chosen to reach the desired injection level and the measurement is performed taking care of 

the signal-to-noise ratio, since now the AC signal generated by the monochromatic light is 

superimposed on a high amplitude DC signal generated by the laser bias. The use of a high 

pass filter in the preamplifier together with the lock-in detection allows these measurements. 

However, for a multijunction device the procedure is more complicated if a high injection level 

is wanted. To reach the injection level equivalent to a concentration operation in the subcell 

being measured, a laser of the appropriate wavelength is used. The other subcell must be 

biased so that its photocurrent is higher and is not limiting the total current in the device. This 

can lead to the necessity of high power lasers. Moreover, the number of different lasers 

necessary to operate at the same time increases, which makes complicated the focusing of 

the light beams on the solar cell device under test.  

 

Figure 4.18. Scheme of the optical path designed to eliminate the double-spot in the SR equipment 
used. 
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The set up used for the concentration EQE measurements in our laboratory allows only 

to reach concentrations below 100 X, due to laser power limitations. At any rate, the 

measurements of the GaInP/GaAs dual-junction devices carried out in this Thesis showed a 

dependence of the EQE with the light injection level only for solar cells whose quality is low, 

for example due to an inaccurate lattice matching of the top cell [García06]. Consequently, no 

more attention is paid to this issue in this document. Currently, the measurement setup used 

is being updated in order to reach higher concentrations and to allow the measurement of 

triple junction solar cells. Further studies on the concentration EQE measurements of 

multijunction solar cells will be presented in future works. 

4.4.2.3. Concentration response measurement 

The CPV solar simulator designed and implemented at I.E.S.-U.P.M. by the Integration 

of Systems and Instruments group is based on the multi-flash method [Keogh97][Anton01]. 

This measurement method has demonstrated to be the best choice for the measurement of 

individual solar cells. Moreover, thanks to the development of the appropriate collimating 

optics (among other issues), it is now also possible to measure CPV modules indoors using 

the flash-lamp method [Domínguez08]. 

The equipment consists of a flash lamp with a power source, a data adquisition system 

and a polarization load for the solar cell under test. For the measurement, the solar cell is 

polarized at a given voltage, then a flash pulse is triggered and the current of the solar cell is 

measured at different points of the pulse decay, which correspond to different irradiance 

levels. This process is repeated for different bias voltages. As a result, the whole 

concentration I-V curves are obtained. For a single-junction solar cell, the exact irradiance 

level corresponding to each point in the flash pulse decay is measured with a reference cell of 

the same technology. For a multijunction solar cell, the control of the irradiance level is more 

complicated. As explained in last chapters, the performance of a multijunction solar cell is very 

sensitive to the spectrum, since it determines the current matching between subcells. 

Therefore, the solar simulator must provide a similar current matching as that obtained under 

the desired reference solar spectrum, at all the measurement concentrations. For a Xenon 

lamp (typically used in flash simulators), the spectrum obtained depends on the triggering 

voltage and the exact time position in the pulse decay [Kiehl04][Domínguez08]. Therefore, for 

the different concentrations at which the current of the solar cell is measured during the pulse 

decay, the current matching varies. Component cells (or isotype cells)5, can be used to 

measure the spectral splitting between subcells. In Figure 4.19 a measurement of the 

                                                
5 An isotype cell has the same spectral response as the corresponding subcell of the multijunction solar 
cell. This is achieved by growing an optically equivalent semiconductor structure but where there is only 
one active junction. 
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equivalent concentration seen by a GaInP (top cell) and GaAs (bottom cell) isotype cells 

during a flash pulse, is shown. 

 As can be observed, the spectral share varies with time. However, there exists a 

region where the current matching between component cells is achieved. If the component 

subcells are current matched for the reference solar spectrum (as is usually the case), this 

means that this is the concentration at which the I-V curve measurement will be most 

accurate. This concentration at which the current ratio is 1 can be modified by changing the 

flash lamp triggering voltage [Domínguez08]. However, the usual procedure consists in 

keeping the triggering voltage constant and measuring only at the concentrations around the 

current matching point at each flash pulse. The measurement at other concentrations is 

carried out by modifying the distance from the lamp to the solar cell under test. Thus, the 

irradiance on the solar cell is adjusted without affecting the current matching point in the flash 

pulse decay. 

 In brief, the procedure to measure the concentration response of a dual-junction solar 

cell, as a particular case of the multijunction solar cell, consists in, first, calculate or measure 

the short circuit current of the top and bottom cell for the reference solar spectrum, so that the 

current matching in the dual-junction device can be known. With this value of current 

matching, the flash lamp equipment is configured to measure at a given point of the flash 

pulse decay in which the calculated current matching is achieved. This is checked using 

component (“isotype”) cells. This process is repeated for different distances between the solar 

cell under test and the flash lamp, so that the desired concentration range is covered. As can 

be deduced, this measurement technique is much more tedious and time consuming than the 

technique used with single-junction solar cells. Other method, being implemented currently at 

I.E.S. – U.P.M., consists in the acquisition of the complete I-V curve in a single flash pulse for 

each concentration. The measurement takes place during the irradiance plateau exhibited by 

 

Figure 4.19. Evolution in time of the 
light concentration “seen” by each 
component subcell of a GaInP/GaAs 
dual-junction solar cell, during the flash 
pulse. 
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the flash pulse, easing the process. Of course, many other issues relevant for the indoors 

measurement of the concentration response of a multi-junction solar cell not discussed here 

are present, being the spatial distribution of the irradiances and spectra achieved with the 

flash light source one of the most important. Intensive efforts are currently being devoted to 

develop and optimize these measurement procedures.  

4.5. Summary 

In this chapter, the technological context in which the experimental work carried out in 

this Thesis was developed, has been detailed. The characteristics and capabilities of our 

MOVPE installation are explained, and a brief introduction to the physical processes 

governing the epitaxial growth of semiconductor materials is presented. The uniformity study 

performed on our upgraded reactor revealed the importance of the fluid dynamics and heater 

configuration on the growth uniformity achieved, and motivated the modification of the I-R 

lamps power profile and total carrier gas flux for our processes. A summary of the post-

processing steps followed for the manufacturing of concentrator solar cells is provided. Finally, 

the characterization techniques used for the analysis of the materials and devices fabricated 

are reviewed, and the particularities of the measurement of multijunction solar cells are 

pointed out.   
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5.1. Introduction 

A GaInP solar cell as a single-junction device features conversion efficiencies much 

below the efficiency achievable with a solar cell made with lower band-gap III-V materials such 

as GaAs, for any terrestrial solar spectrum. The higher bandgap of GaInP gives rise to a lower 

short circuit current that is not compensated for by the higher open circuit voltage obtained, as 

compared to lower bandgap solar cells. Therefore, it makes no sense to speak of a GaInP 

solar cell as a standalone device aimed for power generation applications. However, as 

studied theoretically in Chapter 1, if this GaInP solar cell is connected in series with a GaAs 

solar cell in a convenient two terminal configuration, an increased conversion efficiency with 

respect to the GaAs single-junction solar cell, is achieved. This is possible thanks to the higher 

Voc obtained in the dual-junction device, which is capable of counterbalancing its lower Jsc. In 

this Chapter, we address the technological development of the GaInP single-junction solar cell 

destined to be inserted in the GaInP/GaAs dual-junction concentrator solar cell to achieve 

high conversion efficiencies at high concentrations. 

Put in simple words, we are looking for a GaInP-based device which produces the 

maximum possible Jsc and Voc under the AM1.5D low-AOD solar spectrum, with the minimum 

light absorption and series resistance. To achieve this, the requirements are: to optimize the 

photocarrier collection by means of the appropriate minority carrier properties (bulk and 

surface recombination); to have a semiconductor structure “optically thin”, which can be 

achieved by growing disordered GaInP material and adjusting its total thickness; and, finally, 

to reduce the series resistance affecting both the vertical current flow through the 

semiconductor heterostructure and the horizontal current flow at the emitter, from the 

photogeneration points in the active area of the solar cell, to the front-metal contacts. The 

technological issues and trade-offs arising from these requirements are studied in this Chapter 

in detail. First, the MOVPE growth of the phospide materials needed is addressed. Then, 

these materials are used to develop the GaInP solar cell semiconductor structure. Finally, the 

state-of-the-art GaInP solar cell developed at I.E.S. – U.P.M. and used in the highest 

efficiency GaInP/GaAs dual-junction solar cells developed in this Thesis is analyzed. 

5.2. MOVPE growth of phospides for GaInP top cell application 

5.2.1. GaInP lattice matched to GaAs 

The GaInP material is used for the photoactive layers (emitter and base) of the GaInP 

solar cell. The MOVPE growth of this material was already developed in our group for its 

application in the window and BSF layers of the GaAs single-junction solar cell [Galiana06]. 

Therefore, the reader is referred to that Thesis for the analysis of the MOVPE growth 
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mechanisms involved. However, since the GaInP window and BSF layers are used for the 

confinement of minority carriers in the GaAs solar cell, issues such as ordering, majority 

carrier mobility or minority carrier properties are not as important in that solar cell as in the 

case of the GaInP solar cell, and were not dealt with before. Moreover, the lattice matching 

requirements are also more restrictive in the application of this Thesis, due to the thicker 

layers grown. In this section, all these issues are treated.  

5.2.1.1. Growth rate and growth efficiency of GaInP 

In the mass transport limited regime and for a V/III ratio >> 1, the growth rate (GR) of 

GaInP is proportional to the total flow of group-III elements, being the proportionality constant 

the growth efficiency (GE).  

 
· ( )GaInP GaInP III GaInP TMGa TMInGR GE f GE f f= = +  (5.1) 

  

 However, in this expression we are assuming that the relation between the atoms in 

the growing surface and the precursor partial pressure or flow is equal for the Ga and In 

elements, which has been observed not to be the case. This is due to the different volatility, 

vapour depletion, diffusion coefficients through the boundary layer, etc of these elements and 

their precursor molecules. Concretely, this ratio is lower for In than for Ga, due to a higher 

volatility and vapour depletion of In [Stringfellow99]. Therefore, in (5.1) a weighting parameter 

should multiply fTMIn to account for this effect and make the expression valid for any flow of 

TMGa and TMIn. Otherwise, the same variation (in percentage terms) in the TMGa or TMIn 

flow would yield the same variation in the growth rate, which is not correct. However the value 

of this parameter may not be known in most situations. An alternative approach consists in 

expressing the growth rate of GaInP as a function of the growth efficiency of the GaP and InP 

binaries: 

 
· ·GaInP GaP TMGa InP TMInGR GE f GE f= +  (5.2) 

 
 This solution can be directly applied for lattice matched to GaAs materials such as 

AlGaAs, where GaAs and AlAs layers can be easily grown on GaAs substrates to determine 

the growth efficiencies of GaAs and AlAs. For GaInP, this is not possible due to the high lattice 

constant mismatch between GaAs, GaP and InP. However, GaInP layers with a low lattice 

mismatch and different TMGa and/or TMIn flows can be grown in order to determine the 

growth efficiencies of GaP and InP. 

In our case, the TMIn flow used for the growth of the phosphides in the GaInP top cell 

is almost always kept constant (see section 5.3.1). Therefore, we most often calculate the 



Chapter 5 

 162 

growth efficiency as the slope of the growth rate vs. group-III total flow curve, for a constant 

flow of TMIn. This implies that the range of TMGa flows must be such that the GaInP is grown 

lattice matched. Of course, the growth efficiency obtained is only useful to be used in an 

expression such as (5.1) for a TMIn flow equal to the ones used in the experiments. The 

GaInP growth efficiency obtained using this approach, for the standard growth conditions used 

in this Thesis (AIX200/4 reactor, P = 100 mbar, FT = 14 slpm, Tg = 675 ºC) is 240 µm/mol, for a 

TMIn flow of 9.349·10-5 mol/min. The higher value of 550 µm/mol obtained for the AIX200 

reactor [Galiana06] (P = 50 mbar, FT = 6 slpm, Tg = 675 ºC) is due primarily to the lower total 

carrier gas flow used in that case. 

On the other hand, although the dependence of the growth efficiency of GaInP on 

parameters such as the dopant type and concentration used was not studied, it can be 

expected that it may exist as in the case of GaAs [Galiana06]. At any rate, the growth rate 

calibrations are always performed growing GaInP test layers with their nominal doping level so 

that the actual growth rate of each layer can be known.   

5.2.1.2. Composition and lattice matching of GaInP 

As a particular case of the expressions presented in table 4.3, the solid composition of 

GaInP can be calculated, in the mass-transport limited regime, using the input partial pressure 

of the precursor gases: 

 

·

s TMGa
Ga

TMGa In TMIn

p
x

p k p
=

+  

where: 

/

/

s s

InP In Ga
In

GaP TMIn TMGa

GE x x
k

GE p p
= =

 

p � partial pressure in the gas phase 

xs � solid composition 

kIn � Indium distribution coefficient 

(5.3)  

 

where a distribution coefficient has been included to account for the differences between the 

group-III elements vapour phase and solid concentration ratios. This difference is increased if 

depletion or reevaporation of elements from the growing surface occurs, for example when the 

growth temperature is high.  

In Figure 5.1 some experimental results obtained in this Thesis are shown. In this 

graph, the solid composition ratio of the group-III elements (calculated as described later) is 

plotted against their partial pressure, for undoped, Si-doped and Zn-doped GaInP, grown at 

the standard growth conditions of the AIX200/4 system (see data in the graph). The doping 

levels of the Si-doped and Zn-doped GaInP samples correspond to the nominal values used 

in the emitter (1·1018 cm-3) and base (1·1017 cm-3) of the GaInP top cell, respectively. From 

these plots, the In distribution coefficient (kIn) can be calculated as the inverse of the slope of 
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the best linear fit of the data. As can be observed, the kIn obtained for the undoped GaInP 

layers is 0.59, whilst the value obtained for the Si-doped and Zn-doped layers was slightly 

lower. These values are in accordance with the ones obtained with the AIX200 reactor 

(P = 50 mbar, FT = 6 slpm) and the same GaAs substrates ((100) 2º� (111)A plane) 

[Galiana06]. However, with the AIX200 reactor the introduction of dopants was found to 

increase the value of kIn (i.e. the In concentration in the solid is higher for the same pGa/pIn), 

while with the AIX200/4 reactor the behaviour is opposite. Although the exact reason for this is 

not known, the higher pressure used with the AIX200/4 reactor can be in the origin of the 

differences found, since it may favour the presence of parasitic reactions in the gas phase 

between the dopant and group-III precursors, as already observed when using DEZn 

[Olson87]. On the other hand, the calibration routines with undoped and doped GaInP were 

performed in time periods separated by several months, raising the idea of a possible 

connection between a hypothetical drift with time in the TMIn bubbler vapour pressure and the 

differences obtained in the calibration curves of the undoped and doped GaInP. However, the 

lattice matching calibration curves obtained with undoped and doped AlInP in the same 

periods of time resulted to be virtually identical (see section 5.2.2.2). Therefore, the TMIn 

bubbler drifts cannot be behind the issue. 

To analyze the impact of the dopant effect on the GaInP lattice matching, we can 

calculate the lattice mismatch obtained if, for example, a Si-doped GaInP layer is grown using 

the lattice matching data obtained using undoped GaInP test layers. Using the data in Figure 

5.1 and the expressions in Table 5.1 (see next page) the calculation yields a 2% variation in 

the composition of the GaInP, which yields a lattice mistmatch of 5.8·10-4 and a peak 

separation in the HRXRD rocking curve of 77 arcsec (Ga-rich). This lattice mismatch is within 

the tolerable range for the usual GaInP layer thicknesses in a GaInP/GaAs dual-junction solar 

 

 pDopant 
[mbar] 

N  
[cm -3] kIn 

Undoped - - 0.59 
Si-doped 1.66·10-4 ∼ 1·1018 0.56 
Zn-doped 3.22·10-5 ∼ 1·1017 0.56  

Figure 5.1. Solid composition ratio vs. partial pressure ratio of the group-III elements, for undoped, 
Si-doped and Zn-doped GaInP. The distribution coefficients for In, calculated as the inverse of the 
slope of the best linear fit of the data, are summarized in the table on the right. 
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cell. However, if a more accurate lattice matching calibration is to be attained, then doped 

GaInP layers must be used, with the dopant and doping level of the final application. 

Concerning the effect of tellurium on the composition of GaInP, no studies have been 

performed by us with the AIX200/4 reactor, since tellurium was replaced with silicon to dope 

GaInP as soon as the DTBSi2 source was available in the updated AIX200/4 system. This was 

decided after the studies realized with the AIX200 reactor, in which tellurium was found to 

interfere in the growth of GaInP, modifying significantly the composition of the material. 

Moreover, “inertia” (reluctance of the material to become Te-doped) and memory effects were 

also observed [García07]. The study of these phenomena carried out during the development 

of this Thesis, though interesting, have not been included in this memory since tellurium is 

used only in the very first versions of the GaInP solar cells developed in the AIX200 reactor. 

The reader is, though, referred to [García07] for the details on this issue.  

 In Figure 5.1 an additional experimental point is presented for a GaInP layer grown at 

600 ºC, which evidences that, as the growth temperature is decreased, the GaInP layer is 

grown increasingly indium-rich if the III-precursors total partial pressure ratio is kept constant. 

This tendency is due to the fact that TMIn is the most volatile of the group-III elements used 

for the growth of V/III compounds. Moreover, as the temperature increases, a depletion of 

group-III precursors is produced in the vapour, and this depletion is more pronounced in the 

case of TMIn [Stringfellow99]. It must be noted that both TMGa and TMIn are completely 

decomposed at 600 ºC [Stringfellow99], so the pyrolisis of the precursors is not influencing the 

tendencies observed.  

The composition of GaInP is usually calculated applying Vegard’s law to the lattice 

constant of the material, which is measured by means of HRXRD. This method was applied 

for the data shown in Figure 5.1. Being a well-known method, we only present here the 

equations involved, in Table 5.1. 

Table 5.1. Expressions used to calculate the lattice mismatch and the solid composition of GaInP 

LATTICE MISMATCH 

- totally relaxed material: 

67.459·10 ·GaInP GaAs

GaAs

a a

a
θ−− = − ∆

 

- strained material: 

6 1
7.459·10 · ·

1

GaInP GaAs GaInP

GaAs GaInP

a a

a v

νθ−  − += − ∆  −   

SOLID COMPOSITION 

1s GaInP GaP
Ga

InP GaP

a a
x

a a

−= −
−  

a � lattice constant of the material 
   aGaAs(300K) = 0.56533 nm 
   aGaP(300K) = 0.54505 nm 
   aInP(300K) = 0.58697 nm 
 
νννν � poisson ratio of the material 
   νGaP(300K) = 0.306276 
   νInP(300K) = 0.356870 
   νGaInP(300K) = νGaP·xGa+νInP·(1-xGa) 
 
∆∆∆∆θθθθ = HRXRD rocking curve peak splitting in 
arcsec 



Development of the GaInP single-junction solar cell 

 165 

From the equations in Table 5.1 it can be deduced that for the calculation of the GaInP 

material composition from the HRXRD measurement it must be known whether it is relaxed or 

not. In fact, the HRXRD peak separation increases for the same GaInP composition if the 

relaxation degree is increased. This may give rise to underestimated or overestimated 

calculations of the composition of the GaInP material. The relaxation of the material lattice is 

produced when the thickness of the GaInP grown lattice mismatched to GaAs is such that the 

accumulated mechanical energy in the strained material is enough to produce the plastic 

deformation of the lattice through the introduction of dislocations. The GaInP thickness at 

which this occurs is known as critical thickness1, and depends on the lattice mismatch and the 

mechanical properties of GaInP. Since the presence of structural defects is generally 

synonymous of poor minority carrier properties in the material and, consequently, of a 

deficient performance of the solar cell, the critical thickness of the GaInP grown should be 

preferred to be higher than the thickness of the layers, through the appropriate lattice 

matching. This requirement is more restrictive as the GaInP layer thickness is increased. For a 

GaInP solar cell, whose thickness is around 1 µm, the critical lattice mismatch is less than 

2·10-4, which means a rocking curve peak splitting of |∆θ| < 50 arc secs. However, if we take 

into account that, due to the difference in the thermal expansion coefficients between GaInP 

and GaAs, the lattice matching is different at room temperature than at growth temperature, 

and that it is better to growth the structure lattice matched at the growth temperature, the 

tolerance in lattice mismatch becomes -250 < ∆θ < 150 arcsec [Olson03]. Moreover, 

compressively strained GaInP is more stable than tensile strained GaInP, which means that 

the lattice mismatch is preferred to be negative (indium-rich) than positive (gallium-rich). In our 

case, this was corroborated by the fact that GaInP top cells with a large negative mismatch 

had better EQE responses than other top cell with a similar but positive mismatch. 

Unfortunately, the preferable In-rich compositions regarding the lattice matching, give rise to a 

GaInP material with a lower bandgap, which, as explained in Chapter 1, is not convenient in 

terms of maximum efficiency achievable in the GaInP/GaAs dual-junction solar cell. 

 The lattice matching control carried out for the development of the GaInP top cell in 

this Thesis consisted in the growth of GaInP test layers before the growth of complete solar 

cells, in order to determine the lattice matching calibration curves. However, given the fact that 

we use a TMIn source which exhibits, sporadically, vapour pressure drifts with time and 

instabilities, and our Epison III instrument showed a doubtful accuracy in closed loop mode 

(probably because it is damaged), the lattice matching control was sometimes a difficult task 

which required frequent recalibrations and control runs. During the growth of complete GaInP 

                                                
1 A more formal thermodynamical definition: “the critical thickness is the balance between the coherent 
energy created by strain, the relief of this strain energy by the introduction of dislocations, and the self-
energy of dislocations” [Olson03].   
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top cells, the lattice matching was checked on the solar cells themselves and was readjusted, 

always preferring the In-rich compositions if a perfect lattice matching was not possible. The 

measurement of the lattice matching on the GaInP top cells was useful both for controlling the 

drifts in the TMIn bubbler from run to run, and to ascertain the actual lattice matching in the 

GaInP top cell, which may be different to that obtained with the previous calibration runs, 

usually consisting of thinner GaInP layers [Wie89]. 

5.2.1.3. Doping of GaInP 

The dopants used for GaInP in this Thesis are zinc for p-type doping and tellurium and, 

mostly, silicon for n-type doping. All these dopants were used before for the development of 

the GaInP window and BSF layers of the GaAs single-junction solar cell. An explanation on 

the experimental procedures to obtain the doping calibration curves along with an analysis of 

the results can be found in [Galiana06]. In Table 5.2 a summary of the characteristics of these 

dopants, and expressions for the dopant solid concentration dependence on the precursor 

gases partial pressures (derived from the general expressions presented in Table 4.3) are 

shown. 

 
Table 5.2. Characteristics of the dopants used with the GaInP material in this Thesis, 

and expressions for the solid concentration in the mass-transport limited regime. 

Dopant 
element 

Dopant 
type 

Sublattice the dopant  
incorporates into 

Dopant solid 
concentration 

Zinc Volatile Group-III 3·
s

Zn PH Znx p p∝
 

Tellurium Volatile Group-V 
3

s DETe
Te

PH

p
x

p
∝

 

Silicon Non-volatile Group-III 
s DTBSi
Si

TMGa TMIn

p
x

p +

∝
 

 

As for the doping of GaInP with zinc, a dependence of the hole concentration on the 

growth rate, not contemplated in the expressions of Table 5.2, was observed. Concretely, the 

dopant incorporation increases as the growth rate increases. The classic explanation for this 

consists in a higher number of volatile dopant atoms “trapped” by the growing material before 

they reevaporate from the surface. However, this mechanism would imply a very low Zn 

incorporation ratio at low growth rates, which is not observed in practice. In [Kurtz92], a model 

involving the GaInP growing surface characteristics is developed so as to explain the 

dependence of zinc incorporation in GaInP with the growth rate, V/III ratio and substrate 

orientation. Briefly, this model computes the number of sites in the growing surface in which 

the Zn atom can form instantaneously three bonds with the underlying atoms, as a function of 

the group-III and group-V partial pressures, and the step structure. Since the Zn atoms are 
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held the most tightly in these sites, they can be assumed to be contributing mostly to the 

incorporation of Zn and, consequently, a relation between the growth conditions and the Zn 

incorporation rate was established.  

5.2.1.4. Hall mobility of GaInP 

The measurement of the Hall mobility is useful to assess the majority carrier transport 

properties of the semiconductor material growth. Besides, it can be used together with the 

value of the majority carrier concentration to calculate the resistivity or sheet resistance of the 

different semiconductor layers of a solar cell. With these values, the design of the solar cell 

semiconductor structure and front grid, for example, can be performed by means of a model 

such as the one presented in Chapter 2. 

In this Thesis the GaInP Hall mobility measurements performed were primarily directed 

to check if the data and mobility models available in the literature concerning the Hall mobility 

dependence on the carrier concentration could be used for the GaInP material grown in our 

laboratory. For this, the mobility of some Te-doped and Zn-doped GaInP layers was measured 

and compared to the data taken from [Shitara94] and [Ikeda89]. The results are plotted in 

Figure 5.2. 

   

 

Figure 5.2. Electron and hole Hall mobility of Te-doped and Zn-doped GaInP samples grown in this 
Thesis, compared to the data available in the literature. 

 
 As can be deduced from the plots, the mobility measured in our GaInP material is in 

the range of the mobilities measured by other authors. This result was used to decide that the 

data available in the literature for a more extended range of carrier concentrations could be 

used in our models, as already done in Chapter 2. 

5.2.1.5. Minority carrier properties of bulk GaInP 

The minority carrier properties of the photoactive layers determine the performance of 

a solar cell device, as made apparent in Part I of this Thesis. The minority carrier lifetime is the 
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most widely varying parameter depending on the material, growth method, etc, much more 

than the minority carrier mobility [Ahrenkiel93]. This makes that the diffusion length is 

controlled basically by the minority carrier lifetime. Consequently, the quest for a material 

quality adequate to obtain high efficiency solar cell devices must be focused primarily on the 

achievement of high minority carrier lifetimes. However, little information can be found in the 

literature about experiments in which the minority carrier properties of GaInP are studied and 

correlated to different doping levels or growth conditions. In [Ahrenkiel93] lifetimes ranging 

from 40 to 409 ns are reported for undoped GaInP with AlInP confinement layers. In 

[Karam99] the recombination lifetime of Zn-doped GaInP (to 9·1016 cm-3) with 25% Al AlGaInP 

cladding layers, grown on Ge substrates, is studied. An interface recombination velocity (S) in 

the order of 105 cm/s and a lower limit for the bulk recombination lifetime of 2 ns are 

measured. In [Takamoto94b] the minority carrier lifetime in the base layer of a GaInP solar cell 

is assessed by analyzing the dependence of the Jsc and Voc on the base layer thickness and 

growth conditions. A value of the electron lifetime of over 10 ns is reported for the optimum 

growth conditions. In other works from the same group, values of 5 ns and 6000 cm/s are 

reported for the minority carrier lifetime in the base layer (doped to 1.5·1017 cm-3) and for the 

AlInP-passivated emitter surface recombination velocity, respectively [Kurita95].  

 In conclusion, the minority carrier lifetime is strongly dependent on the doping level and 

growth conditions. For Zn-doped GaInP the minority carrier lifetime appears to be in the range 

of 1 to 10 ns. In this Thesis, the GaInP growth temperature and V/III ratio, and the base layer 

doping level have been kept constant throughout the development stages of the GaInP top 

cell, as will be seen in section 5.3. This means that the lattice matching and the presence of 

dislocations is the only source of possible variations in the minority carrier properties of the 

base layer. As for the emitter layer, the influence of the doping level on the minority carrier 

properties was studied, in an attempt to optimize the response of the solar cell in the short 

wavelength photons range. The recombination in the emitter-window and base-BSF interfaces 

was also investigated in order to minimize them. In all these studies, which are presented in 

sections 5.3 and 5.4, the EQE and dark I-V curves of the GaInP solar cell devices grown are 

used to assess the minority carrier properties achieved in each semiconductor structure 

design.   

5.2.1.6. Ordering in GaInP: origin and influence of the growth conditions 

During the early stages of development of GaInP growth by MOVPE, its band gap was 

found to be lower than the value obtained with LPE for the lattice matched to GaAs 

composition (1.9 eV), with reductions above 100 meV. It was also observed that it depended 

on the growth conditions. This reduction of the band gap in GaInP was first correlated to the 

ordering phenomena by Gomyo and coworkers [Gomyo87]. The ordering is caused by the 
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spontaneous arrangement of the cation atoms in a CuPt structure, which consists of {111} 

monolayers of Ga and In. A completely ordered GaInP material would be equivalent to a 

supperlattice of GaP and InP planes. The typical situation, however, is to have partially 

ordered GaInP, in which ordered and disordered regions (domains) coexist.  

The ordering phenomenon is today widely accepted to be driven by the 

thermodynamics at the reconstructed growth surface. The phosphorous [-1-10] dimers at the 

surface thermodynamically stabilize the arrangement of group-III atoms in the CuPt structure. 

Although this structure is unstable in the bulk, for the usual growth temperatures used the 

diffusion of atoms is negligible and the ordered structure is kept in the bulk. On the other 

hand, surface kinetics also play a role in the ordering process. For example [110] steps and 

the formation of bilayer steps are known to assist the ordering process [Murata96] 

[Chun96][Lee98]. Besides, a high growth rate, is known to reduce the ordering, since the Ga 

and In atoms have less time to exchange positions to produce the CuPt structure. 

The introduction of dopants has been also found to reduce the ordering in GaInP. 

Dopants such as Zn, Mg, Se, Si and Te have been investigated and it has been found that 

their use reduce the ordering for dopant concentrations above 1·1018 cm-3. The origin of this 

effect is sometimes an alteration of the growth surface kinetic processes. For example, 

tellurium has been found to increase the step velocity during growth, leading to a reduction in 

GaInP ordering. Other dopants such as zinc or silicon have been found to increase the 

diffusion coefficients of the group-III elements in the bulk, due to a change in the Fermi level 

and an increase in the charged point defects density [Lee99b]. The higher diffusion 

coefficients favour the re-positioning of Ga and In in a more stable configuration, i.e. in an 

disordered state.  

Connected with the possibility of modulating kinetically the ordering in GaInP is the use 

of the so called “surfactant” elements. A surfactant is an element that accumulates at the 

growth surface, and that is capable of modifying the surface processes even when being 

present in trace concentrations. As commented above the introduction of Te during GaInP 

growth reduces the ordering due to an increased step velocity induced by Te. The introduction 

of Bi has a similar effect, but, in addition, it has also been found to decrease the [-110] P 

dimer concentration, similarly as with As and Sb [Jun02].    

In-situ characterization techniques such as SPA or RAS, have proven to be decisive in 

the understanding of the origin of ordering. For example, in [Zorn99] an unambiguous 

correlation between the ordering degree and the growth surface structure is found by means 

of in-situ RAS and RHEED measurements. The surface P dimer configuration is concluded to 

be behind the ordering, which occurs when the growth conditions generate (2x1)-like surfaces. 

In [Murata95], a Surface Photoabsorption (SPA) study is presented in which a direct 

correlation between the concentration of [-1-10] P dimers and the degree of order is shown. 
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As for the ex-situ characterization of the ordering, usually low temperature PL and PLE is 

performed to estimate the band gap of the material, and HRXRD measurements are used to 

correct this band gap for GaInP composition variations, if necessary. Then it can be compared 

to the band gap of completely disordered GaInP and the degree of ordering (S) can be 

calculated. Besides, X-Ray diffraction has also been shown to be a convenient method of 

characterizing the ordering in GaInP, providing even quantitative measures of the degree or 

ordering [Forrest98]. Structural characterization methods such as TEM, AFM, STM, etc, are 

used to observe, for example, the surface structure or the arrangement and dimensions of the 

ordered/disordered domains.  

 As commented above, the generation of ordering in GaInP and its degree depends on 

the growth surface structure which, in turn, depends on the substrate orientation and growth 

conditions. Consequently, a practical relation can be found between ordering, growth 

conditions and substrate orientation. A number of works have been published in which this 

relation has tried to be established empirically. It has been found to be intricate, the value of 

each growth parameter modifying how ordering is affected by the rest of growth parameters. 

Fortunately, for the typical growth parameters used for the growth of GaInP for solar cell 

applications, some general trends can be identified: 

1) The ordering degree decreases with the substrate misorientation angle. The lowest 

order is obtained with misorientations towards the (111)A plane and misorientation 

angles above 6º [Olson03]. 

2) The degree of ordering is maximum for a growth temperature which depends on the 

growth rate. For higher or lower growth temperatures, the ordering decreases 

[Kurtz90b][Su95]. For a growth rate around 2 µm/hr, the growth temperature for which 

the ordering is maximum is around 620 ºC. 

3) The growth rate influences the ordering in GaInP but its effect is strongly modulated by 

the growth temperature. This gives rise to a growth rate-growth temperature-ordering 

map where the ordering can increase, decrease or be independent of the growth rate. 

For a growth temperature of 675 ºC, the ordering increases as the growth rate 

increases up to 6 µm/hr, according to [Kurtz90b]. For higher growth rates the ordering 

decreases. However, in [Cao91] the ordering is shown to decrease monotonically up to 

growth rates of 12 µm/hr, for a growth temperature of 680 ºC. The differences can be 

due to the different V/III ratios used (65 and 150, respectively), or to the substrate 

misorientation direction, which is not specified in [Kurtz90b]. These results make 

apparent the intricate relation between growth parameters, substrate misorientation 

and ordering in GaInP. 

4) The phosphorous precursor partial pressure also influences the ordering, since it 

determines the concentration of P dimers on the growth surface, which are involved in 
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the ordering, as explained before. Moreover, it has also been found to modify the 

surface structure at high values of the phosphorous precursor flow, from monolayer 

step to bilayer steps, which is also connected with a higher ordering in GaInP 

[Murata96]. In [Kurtz94] it is found that, using PH3, for substrate misorientation angles 

up to 6º the ordering is minimum at a V/III ratio above or under which the ordering 

increases. Other works in which TBP is used, show a monotonic increase of ordering 

with the V/III ratio, for exactly oriented substrates [Murata96b]. Besides, the difference 

in ordering achieved with PH3 as compared to TBP depends on the growth 

temperature, being at 670 ºC virtually identical [Hsu98]. 

In our case, a set of experiments were carried out in the frame of this Thesis in order to 

study experimentally the influence of the growth conditions and substrate misorientation on 

the ordering in GaInP. The experiments were performed at the Central Technology Laboratory 

of the University of Marburg (Germany), using an AIX200 reactor and TBP as phosphorous 

precursor. The substrates used had (100) orientation with miscuts 2º�(110), 2º�(111)A and 

6º�(111)B. The ordering was quantified as the absolute difference between the bandgap of 

the samples and the bandgap of completely disordered GaInP, which has been reported to be 

1.91 eV at 300 K [Delong95]. The band gap of the GaInP samples was measured using RT-

PL and correcting the results for composition variations, measured by HRXRD. The results of 

the whole set of experiments can be found in [Garcia08b]. In Figure 5.3 two representative 

examples are shown.  

The most important conclusion that can be extracted from these results, concerning 

the development of the GaInP solar cell, is the lowest ordering achieved with the 2º�(111)A 

substrates, which are the ones used in this Thesis. The substrates with a 6º miscut exhibit the 

highest ordering, in agreement with the results published in the literature [Olson03]. This has 

∆Eg = | Eg completely disordered GaInP- Eg,measured | 

  
Figure 5.3. Absolute variation of the bandgap in GaInP due to ordering, for different growth 
temperatures, V/III ratios and GaAs substrate misorientations.  
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to be taken into account when growing the GaInP top cell on Ge substrates (with a typical 6º 

misorientation) for triple junction solar cells (ongoing now in our laboratory). As for the 

dependencies of the ordering with the V/III ratio and growth temperature, our results show 

similar trends as in other works: ordering increasing with the V/III ratio and growth 

temperatures between 620 and 675 ºC. The absolute values of ordering measured exhibit 

differences since the other growth parameters used are not exactly the same. 

Concerning the growth conditions used for the GaInP top cell, and according to 

[Kurtz90b], for a growth temperature of 675 ºC, a growth rate of 2 µm/hr and PH3 as 

phosphorous precursor, which are the standard growth conditions used in this Thesis to grow 

GaInP (see section 5.3.1), the band gap of GaInP should be around 1.86 eV. This value is 

about 20-30 meV above the value measured by PL, EL and EQE in our GaInP samples and 

solar cell devices, most probably due to the different V/III ratio used (63 in [Kurtz90b] and 120 

in this Thesis). As to the implications of GaInP ordering on the development of the 

GaInP/GaAs dual-junction solar cell in this Thesis, the reduction in the GaInP band gap from 

1.91 to around 1.83-1.84 eV due to ordering, implies an important drop in the maximum 

theoretical efficiency achievable in the GaInP/GaAs dual-junction solar cell, as explained in 

Chapter 1. Unfortunately, the growth conditions that produce a highly disordered GaInP 

material are detrimental for the minority carrier properties or surface morphology of the 

material, which are crucial for the attainment of high solar cell efficiencies. Therefore other 

approaches must be used, such as the use of highly misoriented substrates or the addition of 

surfactant elements such as antimony [Olson06]. However, none of these approaches have 

been explored in this Thesis, and the dual-junction solar cell development has been carried 

out using partially ordered GaInP. Hence the disordering of GaInP is one of the potential 

sources of improvement of our dual-junction solar cells, as will be explained in Chapter 7. 

5.2.2. AlGaInP lattice matched to GaAs 

AlGaInP lattice matched to GaAs ((AlyGa1-y)0.52In0.48P) is a material of a huge interest 

for light emitting devices in the visible photon wavelength range. The direct bandgap range 

that can be covered by varying the aluminium content from y = 0 (GaInP) to 1 (AlInP) is from 

1.91 to 2.29 eV, for completely disordered materials. AlxIn1-xP is a direct semiconductor for 

x < 0.44, and it has the maximum direct gap of any non-nitride III-V semiconductor (2.4 eV for 

x = 0.44 at 300 K). For the lattice matched to GaAs composition (x = 0.53), for which AlInP is 

an indirect material, the (indirect) bandgap of disordered AlInP is 2.29 eV, at 300 K. As for 

(AlyGa1-y)0.52In0.48P, it becomes indirect at a composition of y = 0.56, with the well-known 

implications regarding the optical properties and applications of this material. 

In the III-V multijunction solar cells context, the AlGaInP material is used in the GaInP 

top cell to form diffusion barriers for the minority carriers photogenerated in the emitter (with a 
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window layer) and in the base (with a Back Surface Field (BSF) layer). These barriers impede 

the recombination of the minority carrier in the front and back surface of the solar cell, 

respectively, which allows the achievement of higher Jsc and Voc in the GaInP solar cell 

devices, as shown in section 5.3. The Al(Ga)InP material is specially suitable for this purpose 

thanks to the high bandgap achievable, which allows the formation of the necessary barriers 

in the conduction and/or valence band for the minority carrier diffusion blocking purpose.  

The quality of the barrier material grown must be sufficient so as to have a low 

interface recombination velocity, in order to minimize the minority carrier recombination in the 

GaInP/Al(Ga)InP interface itself. This implies that an accurate lattice matching and good 

surface morphologies must be achieved. On the other hand, a doping level in the order of 

1·1018 cm-3 is required in both the window and BSF layers in order to optimize the majority 

carrier transport through these interfaces. 

 In the GaInP top cell developed in this Thesis, the lattice matched to GaAs 

(AlyGa1-y)0.52In0.48P with the highest bandgap, i.e. Al0.53In0.47P, is used for the window layer in 

order to minimize its light absorption. For the BSF layer, (AlyGa1-y)0.52In0.48P with an Al 

composition of 15-20% is used, so as to obtain the appropriate energy barrier for electrons 

without hindering the hole transport. In the following, the studies carried out concerning the 

lattice matching, doping level and morphology of these materials, are presented. 

5.2.2.1. Growth rate and growth efficiency of AlGaInP 

Similarly as in the case of GaInP, the growth rate of AlGaInP in the mass transport-

limited regime and a V/III ratio >> 1 is proportional to the total flow of group-III elements, being 

the proportionality constant the growth efficiency (GE): 

 
· ( )AlGaInP AlGaInP III AlGaInP TMGa TMAl TMInGR GE f GE f f f= = + +  (5.4) 

 
 As in the case of GaInP, this expression would be valid for any combination of group-III 

precursor flows if the relation between the atoms in the growing surface and the precursor 

partial pressure or flow was equal for the Ga, Al and In elements. This has been found not to 

be the case in practice, due to the different volatility, vapour depletion, diffusion coefficients 

through the boundary layer, etc of these elements and their precursor molecules 

[Stringfellow99]. Following a similar approach as for GaInP growth rate study, in Figure 5.4 the 

growth rate is plotted against the total group-III flow. In this case the only precursor flow varied 

is fTMAl. The growth efficiencies are calculated as the slope of the best linear fit of the data. As 

can be observed, the growth efficiencies obtained for AlInP are very similar to the values 

obtained for GaInP and AlGaInP with 10-20% aluminium (they could be considered virtually 

identical if we take into account the effect of the error in the growth rate on the calculation of 
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the growth efficiency). Regarding the effect of the dopants on the growth rate and growth 

efficiency, the results on Figure 5.4 appear to show that silicon reduces the growth efficiency 

of AlInP, while the effect of zinc in AlGaInP is the opposite. However, no definitive conclusions 

can be drawn from the data of Figure 5.4, in which the errors in the growth rate measurements 

give rise to errors in the growth efficiency calculation higher than the variations observed due 

to the doping of the materials. At any rate, for the growth rate calibrations carried out in this 

Thesis, doped materials are grown, so that the influence of the dopants on the growth rate is 

taken into account. 

5.2.2.2. Composition and lattice matching of AlInP 

The analysis of the composition and lattice matching of AlInP follows the same theory 

and procedures used for GaInP. In Table 5.3 a summary of the expressions applicable for the 

analysis of composition and lattice matching of AlInP is provided. 

Table 5.3. Expressions used to calculate the relation between the solid composition and the precursor 
partial pressures, the lattice mismatch and the solid composition of AlInP 

/
, :

· /

s s
s TMAl In Al
Al In

TMAl In TMIn TMIn TMAl

p x x
x where k

p k p p p
= =

+  

p � partial pressure in the gas phase 
xs � solid composition 
kIn � In distribution coefficient 

6 1
7.459·10 · ·

1

AlInP GaAs AlInP

GaAs AlInP

a a

a v

νθ−  − += − ∆  −   

1s AlInP AlP
Al

InP AlP

a a
x

a a

−= −
−  

a � lattice constant of the material 
   aGaAs(300K) = 0.56532 nm 
   aAlP(300K) = 0.54672 nm 
   aInP(300K) = 0.58697 nm 
νννν � poisson ratio of the material 
   νAlP(300K) = 0.321429 
   νInP(300K) = 0.356870 
   νAlInP(300K) = νAlP·xAl+νInP·(1-xAl) 

∆∆∆∆θθθθ = HRXRD rocking curve peak splitting in 
arcsec 

  
Figure 5.4. Growth rate vs. total group-III flow of AlInP (left) and AlGaInP (Al content of 0.1-0.2) (right) 
lattice matched to GaAs. In both cases only the flow of TMAl is varied. The cases of undoped and 
doped material are shown. The growth efficiency, calculated as the slope of the best linear fit of the 
data, is also detailed. 
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 The composition of AlxIn1-xP lattice matched to GaAs, which can be calculated using 

the expressions in Table 5.3, is x = 0.532. In Figure 5.5 the calibration curves for the 

composition of the undoped and doped AlInP test layers grown in this Thesis are shown. The 

In distribution coefficients, calculated as the inverse of the slope of the best linear fit of the 

data are shown in the table on the right. The doping levels chosen for the doped AlInP 

samples, shown in the same table, are in the range of the doping levels used in the AlInP 

layers of the GaInP top cell. 

 The In distribution coefficient obtained is around 0.47, a lower value than in GaInP, 

which was found to have a distribution coefficient of around 0.59, as seen in section 5.2.1.2. 

Note that the dimeric nature of TMAl is taken into account when calculating its molar flow and 

partial pressure. This means that the incorporation efficiency of Al from TMAl is higher than 

the incorporation efficiency of Ga from TMGa, at the growth temperature chosen (675 ºC). The 

reasons for this can be differences in the constant of diffusion of the precursor molecules 

through the boundary layer, volatility or even parasitic reactions in the gas phase. On the 

other hand, in the results of Figure 5.5 it can be observed also that the effect of the dopants 

on the lattice matching calibration curves can be considered negligible and within the 

measurement error. This is in contrast with the GaInP results obtained with the AIX200 reactor 

[Galiana06] and with the AIX200/4 reactor (see section 5.2.1.2 of this chapter), which showed 

a clear influence of the dopants. Though interesting, the studies and experiments necessary 

to clarify the reasons for these results fall out of the scope of this Thesis. At any rate, although 

the effect of the dopants appears to be negligible for the lattice matching calibration of AlInP, 

the test layers used in this Thesis for these calibrations were always doped with the dopant 

and nominal doping level needed for their application in the final device. 

 pDopant 
[mbar] 

N  
[cm -3] kIn 

Undoped - - 0.47 

Undoped  
600 ºC 

- - 0.48 

Si-doped 1.66·10-4 ≈ 1·1018 0.47 

Zn-doped 6.10·10-3 ≈ 5·1017 - 
 

Figure 5.5. Solid composition ratio vs. partial pressure ratio of the group-III elements, for undoped, 
Si-doped and Zn-doped AlInP. The distribution coefficients, calculated as the inverse of the slope of 
the best linear fit of the data, are summarized in the table on the right. The dimeric nature of TMAl is 
taken into account. 
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 Finally, in Figure 5.5 it can be observed that the calibration points for AlInP grown at a 

lower temperature (600 ºC) show lower xAl/xIn ratios for the same pTMAl/pTMIn ratios, similarly as 

in GaInP, due to a lower reevaporation of In atoms and/or a lower TMIn vapour depletion, as 

the growth temperature decreases [Stringfellow99].   

5.2.2.3. Composition and lattice matching of AlGaInP 

Being a quaternary material, (AlyGa1-y)xIn1-xP has two degrees of freedom from the 

point of view of the composition. The value of x determines the lattice matching of the material 

grown on GaAs, while the value of y defines the proportion of Al and Ga atoms in the 

material2. Since we are looking for a material lattice matched to GaAs, x must be fixed to 0.52, 

and y can be varied to modify the Al content of the material and, consequently, its energy 

band structure (specially its band gap and the band offsets of the GaInP/AlGaInP 

heterostructure, as will be seen in section 5.2.2.6).  

 The composition of AlGaInP material lattice matched to GaAs can be also expressed 

as a proportion of lattice matched AlInP and GaInP, (Al0.53In0.47P)z/(Ga0.52In0.48P)1-z. In this 

nomenclature, the value of z is approximately the composition of Al in the material3 as defined 

above. The procedure used for the achievement of AlGaInP lattice matched to GaAs and with 

the desired Al composition in this Thesis can be understood if this nomenclature is taken into 

account, and is as follows. Once we had an accurate calibration of the lattice matching of 

AlInP and GaInP, the flows of TMAl and TMGa used for these materials were multiplied by the 

desired value of y and 1-y, respectively, and AlGaInP was grown using these flows. This 

allowed us to have a first lattice matching calibration point. HRXRD measurements were then 

used to attain a fine tuning of the AlGaInP lattice matching. 

 The preparation of lattice matching calibration curves for AlGaInP is not 

straightforward. In the case of GaInP and AlInP there exists a distribution coefficient, k, which 

accounts for the relation between the ratios of solid and gas phase composition of the group-

III elements (Ga to In and Al to In), i.e., they provide a quantification of the relation between 

incorporation efficiencies of these elements. Since in AlGaInP we have three group-III 

elements, there would exist also three distribution coefficients. A different lattice matching 

calibration curve similar to the ones obtained for GaInP and AlInP will exist for each 

TMGa/TMAl ratio, since the incorporation coefficient ratios of Ga/In and Al/In are different. In 

other words, a reliable AlGaInP lattice matching calibration curve can only be obtained if the 

TMGa/TMAl ratio is kept constant. 

                                                
2 In this Thesis the Al composition of AlGaInP is defined to be the value of y in (AlyGa1-y)xIn1-xP. Other 
nomenclatures can be found in the literature, such as AlxGa0.5-xIn0.5P in which x is taken to be the Al 
composition. When the data in these references are used in this Thesis, it is before translated to our 
nomenclature. 
3 Since (Al0.53In0.47P)z/(Ga0.52In0.48P)1-z = Al0.53·zGa0.52-0.52·zIn0.01·z+0.48P ≈ (AlzGa1-z)0.52In0.48P  
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 In Table 5.4 the expressions involved in the lattice matching calibration curves of 

(AlyGa1-y)xIn1-xP, which are similar those presented in the previous sections for GaxIn1-xP and 

AlyIn1-yP, are shown. As reasoned above, these expressions are only valid to be used on a set 

of experimental data points coming from samples grown with the same pTMAl/pTMGa ratio. As for 

the calculation of the lattice matching and lattice constant of (AlyGa1-y)xIn1-xP, Vegard’s law is 

used in its bilinear formulation, which yields the simplified expressions shown in the table. An 

expression for the value of x (which determines the lattice matching to GaAs of the material), 

as a function of the lattice constants of the binaries and the aluminium composition (y) is 

finally shown. 

Table 5.4. Expressions used to calculate the relation between the solid composition and the precursor 
partial pressures, the lattice mismatch and the solid composition of (AlyGa1-y)xIn1-xP. 
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a � lattice constant of the material 
   aGaAs(300K) = 0.5653 nm 
   aAlP(300K) = 0.54572 nm 
   aGaP(300K) = 0.54505 nm 
   aInP(300K) = 0.58697 nm 

νννν � poisson ratio of the material 
   νAlP(300K) = 0.321429 
   νInP(300K) = 0.356870 
   νGaP(300K) = 0.306276  

a and νννν of the ternaries and quaternaries 
are calculated using Vegard’s law. 

∆∆∆∆θθθθ = HRXRD rocking curve peak splitting in 
arcsec 

 
In Figure 5.6 the experimental lattice matching calibration curves obtained using the 

expressions in Table 5.4 for AlGaInP samples grown with a constant pTMGa/pTMAl ratio and two 

different growth temperatures, are shown. It can be observed an important scattering of the 

data. This made necessary frequent recalibrations of the AlGaInP material. Moreover, it is 

striking the little effect of an increase of the growth temperature from 675 ºC to 700 ºC, if we 

compare it with the results obtained for GaInP and AlInP. So far, we do not have an 

explanation for this effect. At any rate, these results suggest the existence of additional 

processes in the growth of the AlGaInP quaternary (gas phase reactions, surface kinetics, 

etc), which make its growth control more complicated.  
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Figure 5.6. Lattice matching calibration 
curve of (AlyGa1-y)xIn1-xP with approximately 
20% Al and a constant pTMGa/pTMAl ratio. 
 

 
Regarding the aluminium composition of the AlGaInP grown in this Thesis, it was 

always tried to be kept in the range 10-20%. This composition is low in order to minimize the 

possible problems related to oxygen incorporation, surface roughening, and dopant 

passivation (see section 5.2.2.4), while allowing to achieve the desired conduction band offset 

(see section 5.2.2.6) to serve as an effective minority carrier barrier. Furthermore, the lowest 

the Al composition the lowest the barrier height in the valence band, minimizing the harm to 

the majority carrier transport. The Al composition was checked by using RT-PL measurements 

to estimate the band gap of the material and then introducing it in the expressions that relate 

the band gap and the Al composition, which can be found in the literature 

[Stringfellow99][Zhang98] [Vignaud03 and refs]. Since usually these expressions are given for 

completely disordered material, and ours is most probably partially ordered (although this has 

not been checked yet), the calculation results gave underestimates of the Al composition. This 

allowed us to be sure that a minimum 15% Al was obtained in the samples, as required to 

have an effective minority carrier barrier in the conduction band.    

In [Zorn06] a procedure for the in-situ measuring and controlling the Al composition in 

AlGaInP by using the EpiRAS instrument is proposed. This is possible thanks to the observed 

dependence of the spectroscopic RAS and R signals on the AlGaInP material composition. A 

correlation can be determined between the data obtained optically in-situ and the actual 

composition measured ex-situ by other methods such as HRXRD and PL. Though being a 

certainly appealing and convenient method for the calibration of the AlGaInP composition, we 

have not yet exploited our EpiRAS in-situ monitoring instrument for this kind of applications, 

although we plan to do it in the short-term, an present the results in forthcoming Thesis. 

5.2.2.4. Doping of AlGaInP 

The n-type doping of AlInP with silicon and the p-type doping of AlInP and AlGaInP 

with zinc were studied. The dopant characteristics and expressions for the dependence of the 
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dopant solid concentration on the precursor gases partial pressures, presented in Table 5.2, 

remain valid for AlGaInP.  

The donor elements used typically for AlInP are Si, Te and Se. In this Thesis, Si is 

mostly used to n-dope AlInP, since, as commented before, Te (the other n-type dopant 

available at I.E.S. – U.P.M.) was replaced with Si to dope phospides as soon as the DTBSi 

line was installed. For a brief treatment of Te-doping of AlInP for its application as a window 

layer of the GaAs single-junction solar cell, see [Galiana06].  

 The Si-doped AlInP as the material used in the GaInP top cell window is required to 

have a doping level higher than 1·1018 cm-3. This doping level is easily achieved with SiH4, as 

demonstrated by works such as [Suzuki91]. However, as far as we know, no work has been 

published in which the doping of AlInP with DTBSi is studied. Our results, plotted in Figure 5.7, 

show that doping levels as high as 4·1018 cm-3 are achievable in DTBSi-doped AlInP, although 

a saturation effect starts to become appreciable at a doping level around 2·1018 cm-3. 

Moreover, it can be observed that AlInP is as easy to dope with silicon using DTBSi as GaInP.   

 

 

Figure 5.7. ECV electron concentration vs. 
ratio of dopant to group III partial pressures 
in DTBSi-doped AlInP and GaInP grown in 
the AIX200/4 reactor. 
 

 
 As for the p-doping of AlGaInP, the usual dopants are Zn and Mg. The maximum hole 

concentration attainable is reported in the literature to be lower with Zn than with Mg. 

Moreover, as the aluminium composition of the Zn-doped AlGaInP is increased, the maximum 

hole concentration decreases significantly. On the contrary, it increases for Mg-doped 

AlGaInP [Ohba88]. However, Mg exhibits stronger memory effects than DMZn and the 

concentration of Mg in the solid is a superlinear function of the gas-phase composition, which 

makes it less controllable [Ohba88].  

In our case we use DMZn, which is a precursor available at I.E.S. – U.P.M. for p-type 

doping of V/III semiconductors. CBr4, also available, is not used due to the well-known 

problems of etching when used with In-containing compounds [Tateno97]. In [Ikeda89] a 

maximum hole concentration of 1·1018 cm-3 is achieved in (Al0.5Ga0.5)0.5In0.5P (50% Al content) 
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grown at 680 ºC using DMZn. Similarly as occurs with other materials such as GaAs or GaInP, 

the hole concentration increases as the growth temperature decreases or the V/III ratio 

increases, as corresponds to a volatile dopant which incorporates into the group-V sublatice 

(see Table 5.2). On the other hand, in spite of the saturation of the hole concentration at 

1·1018 cm-3, the SIMS measurements carried out in [Ikeda89] reveal that the incorporation of 

Zn continues for higher DMZn flows.  

The loss of effectiveness of the incorporated Zn atoms has been studied in several 

works which conclude that the compensation by the deep donor oxygen, and the passivation 

by hydrogen are the two major origins responsible for this effect [Nishikawa92]. The 

compensation by oxygen increases as the Al composition increases, due to the affinity of Al 

and oxygen. The effect of oxygen on the AlInP material quality is such that in [Bertness99] a 

benchmark to evaluate the oxygen contamination of the TMIn and PH3 sources is proposed, 

which consists in analyzing the photocurrent vs. voltage measurement of AlInP, obtained in an 

electrochemical cell. This results of this analysis are correlated to the performance of p-on-n 

GaInP top cells with Zn-doped AlInP window layers. N-type AlInP is more tolerant to oxygen 

incorporation, but the passivation effectiveness of the GaInP solar cell emitter with Se-doped 

AlInP layers was found to be affected also by oxygen. 

 The passivation of impurities by hydrogen is common in III-V semiconductors. In the 

particular case of Zn-doped AlGaInP the studies reported in the literature show that the 

hydrogen can come from the growth or the cool down atmosphere. In [Minagawa91] different 

cooling routines and cap layers are used to investigate the passivation and reactivation of zinc 

by hydrogen, in AlGaInP. It was found that AsH3 was more efficient in providing hydrogen to 

passivate the material during cool down, as compared to PH3 and H2. The authors also 

suggest that, according to the SIMS measurements, the deactivation power of hydrogen 

depends on the kind of hydrogen species existing in the crystal (atomic, molecular, proton, 

etc), or whether zinc is occupying substitutional or interstitial sites, the formation of complexes 

between hydrogen, zinc, vacancies, other impurities such as oxygen, etc. At any rate, an 

annealing routine a few minutes long at only 400 ºC was enough to reactivate the zinc. At 

500 ºC the maximum reactivation was observed. This result is in agreement with the study 

presented in [Kadoiwa94], which concluded that stopping the AsH3 flow at a temperature of 

500 ºC produced the highest hole concentrations in Zn-doped AlGaInP.  

 In this Thesis, the study of the doping of AlGaInP with zinc has been aimed primarily to 

the achievement of the hole concentration needed for the BSF of the GaInP top cell 

application. No experiments have been carried out to assess the phenomena influencing the 

doping level achieved, commented in the previous paragraphs. The results are shown in 

Figure 5.8. 
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Figure 5.8. ECV  hole concentration vs. 
ratio of DMZn to group-III partial 
pressures, for Zn-doped 
(Al0.2Ga0.8)0.52In0.48P and Al0.53In0.47P, 
grown at 675 ºC and a V/III ratio of 120.  
 

 
 The results obtained show the same tendency reported in the literature: as the Al-

content is increased, the hole concentration decreases, for the same pDMZn/pIII ratio. In other 

words, the partial pressure of DMZn necessary to obtain the same doping level is higher as 

the Al-content increases. However, no experiment has been carried out in this Thesis in order 

to determine which of the possible causes mentioned above is behind this result. On the other 

hand, as can be observed in Figure 5.8, the maximum hole concentration explored is around 

6·1017 cm-3, while the value recommended for the top cell BSF is above 1·1018 cm-3, so as to 

minimize the series resistance contribution of the base-BSF heterostructure. The decision to 

keep the doping levels in this low value were taken as a conservative solution to minimize the 

possible diffusion of zinc towards the base layer, which could spoil its minority carrier 

properties. However, these low doping levels were found to contribute to the deleterious effect 

of the AlGaInP and AlInP BSF layers on the series resistance of the GaInP top cell as a 

single-junction device, as will be shown in sections 5.3 and 5.4.  

5.2.2.5. Surface morphology of AlGaInP 

The achievement of good surface morphologies in AlGaInP is important in our GaInP 

top cell application. An excessive roughness in the BSF layer can produce a high back 

surface recombination which spoils the BSF effect intended for this layer. Moreover, growing 

the photoactive layers of the solar cell on a rough BSF surface can also give rise to a lower 

quality material.  

The in-situ measurements carried out in this Thesis during the growth of test layers of 

Zn-doped AlGaInP showed a clear drop in the reflectivity, for a layer thickness above 300 nm, 

as can be observed in Figure 5.9. Moreover, the samples, once removed from the reactor, had 

a milky appearance. The reflectivity transient shown in Figure 5.9 was taken at 2.1 eV, which 

is a photon energy appropriate to obtain the number of oscillations necessary for the 
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calculation of the growth rate. For a higher sensitivity to the surface properties (including 

roughness), higher photon energies are necessary. Therefore, from the reflectivity transient 

measurement shown above one cannot directly deduce that the surface morphology 

degradation is important only for thick AlGaInP layers. Ex-situ AFM measurements on thin 

AlGaInP samples grown at the same growth conditions showed an rms roughness of 0.5187 

nm and an average height of 3.086 nm.  

Conversely, the Zn-doped AlInP test layers grown did not show any apparent 

excessive surface roughness: the samples were perfectly mirror-like to the naked eye and no 

reflectivity drop could be observed during the growth. However, the difficulty in p-type doping 

AlInP and its consequences on the majority carrier transport, were decisive in choosing the 

AlGaInP material for the GaInP solar cell BSF layer, as will be seen in section 5.3.2.5. The 

comparison of the EQE of GaInP top cells with AlInP and AlGaInP BSF did not yield any 

conclusive evidence in favour of the AlInP BSF. At any rate, it is obvious that more 

experimental work is necessary in order to clarify the impact of the surface roughness of our 

AlGaInP BSF on the top cell performance and to optimize the growth routines accordingly. 

5.2.2.6. Band structure of AlGaInP 

 The application of the AlGaInP material layers in the GaInP/GaAs dual-junction solar 

cell is to serve as barrier for the minority carriers, as commented before, through the formation 

of energy barriers in the valence band (barrier for holes) or in the conduction band (barrier for 

electrons). A number of works can be found in the literature in which the band structure of the 

lattice matched to GaAs (AlyGa1-y)0.52In0.48P/Ga0.52In0.48P system is calculated theoretically 

using most frequently first-principles theories, or deduced from measurements  of low 

temperature photoluminescence (PL), photoluminescence excitation (PLE),  photorreflectance 

(PR), etc, (see [Zhang98],[Vignaud03] and references).  

 

Figure 5.9. Reflectivity transient at 2.1 eV, 
measured during the growth of a Zn-
doped AlGaInP sample. The “envolvent” 
lines are drawn to guide the eye. 
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The bandgap alignment in the AlGaInP/GaInP structure appears to be type-I, which 

means that the band diagram structure is, in principle, appropriate to serve as minority carrier 

barrier in both the conduction and valence bands. As for the bands offsets, they depend on 

the aluminum composition of the material. Moreover, there exists a direct-indirect band gap 

crossover for an aluminum composition of y ≈ 0.564 [Zhang98]. For higher aluminum contents, 

the material is indirect. In [Zhang98] the conduction and valence band discontinuities are 

calculated and contrasted with experimental data. The data presented in that work is plotted in 

Figure 5.10. 

 First, it can be observed how the band offset in the conduction band increases with the 

Al composition but, as soon as the material becomes indirect, it starts to decrease. This is due 

to the fact that, as the Al composition increases, the Γ (direct) valley of the conduction band 

moves to higher energies, while the Χ valleys behaves oppositely. As soon as the Χ valley is 

positioned at an energy below the Γ valley, the material becomes indirect and the band gap 

energy starts to decrease. 

 Concerning the band offsets obtained in the materials used as window and BSF layers 

for the GaInP top cell in this Thesis, they are also indicated in Figure 5.10. With the 

(Al0.2Ga0.8)0.52In0.48P layer, a base/BSF conduction band offset of 80 meV is achieved, while 

                                                

4 The nomenclature used by the authors in the references cited is AlxGa0.5-xIn0.5P for AlGaInP lattice 
matched to GaAs. The nomenclature used in this Thesis is (AlyGa1-y)0.5In0.5P. Consequently, the data 
taken from the mentioned references has been converted to our nomenclature by using 0.5·y = x. 

 

Figure 5.10. Conduction band offset (CBO) 
and valence band offset (VBO) in the 
(AlyGa1-y)0.52In0.48P system, against the 
aluminum composition (data taken from 
[Zhang98]). The conduction band offsets are 
shown for the direct and indirect band gaps. 
The band offsets obtained in the BSF 
(Al0.2Ga0.8)0.52In0.48P and window 
(Al0.53In0.47P) layers used in the top cells 
developed in this Thesis are indicated. 
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with the Al0.53In0.47P layer an emitter/window valence band offset of 210 meV is obtained. The 

2kT value is commonly used as the maximum energy barrier height that a charge carrier is 

able to traverse thermally. For higher energies, the carriers are not able to diffuse through the 

energy barrier. At 300 K (27 ºC, room temperature) the 2kT value is 51.7 meV, while at 333 K 

(60 ºC, which is a reasonable operation temperature of our 1 mm2 concentrator solar cell 

working at 1000 X [Algora07]) it is 57.4 meV. Therefore, the energy discontinuity obtained in 

the conduction band with the (Al0.2Ga0.8)0.52In0.48P BSF layer is enough to serve as an effective 

electron barrier, even with such a low aluminium composition. On the other hand, the 

discontinuity in the valence band obtained in the Al0.53In0.47P window layer (higher than 

200 meV) is also far more than enough to serve as an effective hole barrier.  

5.3. Development of the GaInP top cell semiconductor structure 

Once presented the investigations regarding the MOVPE growth of the semiconductor 

materials used in the GaInP solar cell, we can now deal with the development of its 

semiconductor structure.  Similarly as in the case of the GaAs single-junction solar cell, the 

GaInP solar cell semiconductor structure is composed of a high band-gap window layer, a n-p 

junction and a BSF layer. A highly doped GaAs layer is grown on top in order to facilitate the 

formation of ohmic metal-semiconductor contacts. This layer is removed afterwards from the 

areas where the light must reach the n-p junction of the solar cell. In Figure 5.11 the general 

semiconductor structure of the GaInP solar cell developed in this Thesis is shown. 

 

 

Figure 5.11. General semiconductor structure of the 
n-on-p GaInP solar cell developed in this Thesis. A 
GaAs buffer layer is always grown before the BSF layer. 
 

 
In addition to the minority carrier properties of the n-p junction (emitter and base 

layers), the critical issues concerning the GaInP top cell semiconductor structure are the top 

surface passivation (reduced by using the window layer), and the back surface passivation 

(reduced by means of the BSF (“back surface field”)) layer. Whilst the quality of the top 

surface passivation affects primarily the GaInP solar cell photocurrent, the BSF layer effect 

influences both the Voc and the photocurrent. This is due to the fact that, in our n-on-p devices, 

most of the dark current is generated in the base layer, where the minority carrier 



Development of the GaInP single-junction solar cell 

 185 

concentration is higher. In the forthcoming sections, the research aimed to the optimization of 

these layers and their integration into the GaInP top cell, in order to obtain the optimum 

performance in the solar cell, is presented.  

5.3.1. General growth parameters and GaInP ordering issues 

The parameters used for the growth of the semiconductor structure of the GaInP solar 

cells, as single-junction devices or as a subcell in the GaInP/GaAs dual-junction solar cell, 

were kept constant in most of the relevant experiments presented in this Thesis. In the 

following table a summary of these growth parameters is shown.  

 
Table 5.5. Summary of the growth parameters that were kept constant in most of the experiments of 
GaInP solar cell semiconductor structures (AIX200/4 reactor, P = 100 mbar, FT  = 14000 sccm). 

Layer Material Tg [ºC] Growth rate [ µµµµm/hr] V/III 

Window n-AlInP:Si 675 ∼ 2 120 

Emitter n-GaInP:Si 675 ∼ 2.2 120 

Base p-GaInP:Zn 675 ∼ 2.2 120 

BSF 
p-AlGaInP:Zn 

p-AlInP:Zn 
675 ∼ 2.2 120 

 
 Concerning the growth temperature, a value of 675 ºC was used at the beginning of 

the development of the GaInP solar cell because it was the growth temperature used 

traditionally in our lab to grow GaAs single-junction solar cells with GaInP window layers 

[Galiana06]. This growth temperature, together with the growth rates and V/III ratios used, 

produced good quality GaInP solar cells and moderate ordering. Consequently, it was decided 

to be used in the successive experiments. On the other hand, the growth temperature was 

most times kept constant throughout the growth of the whole top cell semiconductor structure, 

as a conservative approach adopted to circumvent possible problems of degradation of the 

GaInP/AlInP (emitter-window) or AlGaInP/GaInP (BSF-base) interfaces, during growth stops 

and temperature ramps. Hence, the growth temperature used for the window and BSF layer 

was in most cases also 675 ºC.  

 Growth rates around 2 µm/hr are the highest achievable in the AIX200/4 reactor used 

in this Thesis, if V/III ratios above 100 are to be used. Besides, this growth rate allows to keep 

the parameters of the TMIn and TMGa sources (bubbler temperature and pressure) inside the 

“recommended range” of values5. Moreover, it is very similar in all the layers of the GaInP 

solar cell semiconductor structure because we imposed the requisite of a constant TMIn flow 

throughout all the epitaxy run, given the long stabilization time required by our TMIn source. 

                                                
5 The MFC flow is usually recommended to be kept above the 10% and below 90% of its minimum and 
maximum values, in order to achieve the highest accuracy in the flow control. 
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 The traditional V/III ratio used to grow GaInP was around 60, due to limitations in the 

gas source mixing system. During the update of the reactor to the AIX200/4 system, the PH3 

flow capacity was increased, and a higher V/III ratio could be used. The GaInP material grown 

in the new reactor was found to be less ordered, for the same substrate orientation 

(2º� (111)A) and growth rate. This effect is clearly seen in the EQE measurements of the 

GaInP solar cells shown in Figure 5.12. According to the data published in [Kurtz94], this 

variation can be justified with the different V/III ratio used in the old and updated reactors. The 

effect of the true substrate temperature, whose difference with respect to the reactor 

temperature setpoint varies from one reactor to the other, can also play a role in the different 

GaInP ordering obtained. The effect of the higher reactor pressure and total flow on the 

ordering is not known. 

 

 

Figure 5.12. EQE of GaInP solar cells 
grown on the same GaAs substrates, 
with the same lattice matching but using 
different reactors, pressures, total gas 
flows and V/III ratios. The variation in the 
cut-off wavelength reveals a different 
GaInP ordering. 
 

  
The band gap of the GaInP material lattice matched to GaAs, used in the GaInP solar 

cells presented in this Thesis, grown in the AIX200/4 reactor and using the growth parameters 

shown in Table 5.5, is ∼1.83 eV, obtained from room temperature PL measurements. This 

represents a 80 meV reduction from the band gap of the completely disordered GaInP 

[Delong95], which entails a reduction in the maximum theoretical efficiency achievable, as 

studied in Chapter 1. Moreover, the data published in the literature for high efficiency 

GaInP/GaAs dual-junction solar cells, show a band gap of their GaInP closer to 1.86 eV 

[Bertness94][Takamoto97], which we believe is mostly due to the higher growth rates and 

larger substrate misorientations used, respectively. Therefore, there is room for our GaInP to 

be disordered by using different growth conditions and/or substrate misorientations, 

compatible with appropriate material electronic properties for solar cell applications. The 

investigations concerning the modifications of the growth parameters in order to study the 

possibility of achieving better GaInP and GaInP/GaAs solar cell performances through, mostly, 
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improved electronic quality (minority carrier properties and interfaces recombination) and more 

disordered material, are currently being carried out in our group in the context of 

GaInP/Ga(In)As/Ge triple-junction solar cell research, to be presented in future works.   

5.3.2. Back surface passivation: the base and BSF layers 

As commented above, the back surface passivation influences the Isc and Voc of the 

solar cell device. Moreover, the effect of the back surface recombination on these parameters 

depends on the characteristics of the base layer. In this section, the influence of the back 

surface recombination on the performance of the GaInP top cell is first studied theoretically in 

order to elucidate its actual impact on the performance of the solar cell. Then the possible 

BSF approaches are discussed and the experiments carried out in order to assess the efficacy 

of the BSF layers used in our GaInP solar cell semiconductor structure design are shown.  

5.3.2.1. The importance of the BSF in the GaInP top cell 

The use of back surface fields is common in the different III-V multijunction solar cell 

technologies existent. Its role consists in passivating the back surface of the solar cell so that 

the minority carriers photogenerated in the base layer do not recombine in that surface or in 

the substrate. The recombination on this back surface reduces the photoresponse (in the red 

region of the spectrum) and increases the J01 recombination current, which leads to a lower Jsc 

and Voc, as commented above.  

In the case of the GaInP single-junction solar cell grown on GaAs substrates, the 

minority carrier loss produced at the bottom of the base layer is due both to the recombination 

in the GaInP/GaAs interface and to the diffusion of carriers towards the GaAs substrate, from 

where they cannot return and are finally recombined. This process is favoured by the band-

diagram structure of the GaInP/GaAs interface, as shown schematically in Figure 5.13. 

Therefore, even for an ideal back GaInP/GaAs interface with zero recombination 

(recombination velocities as low as 1.5 cm/s have been reported for undoped GaInP/GaAs 

structures[Olson89]), virtually all the minority carriers that reach the back surface are lost.  

 As explained in Chapter 1, the GaInP solar cell as a top cell in the GaInP/GaAs dual-

junction solar cell must have its base layer thinned in order to achieve a current-matching 

 

Figure 5.13. Qualitative band diagram of 
the p-GaInP(base)/GaAs(substrate) 
heterostructure at equilibrium, 
corresponding to a GaInP single junction 
solar cell without a BSF layer. 
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between the top and bottom subcells. Unfortunately, a thinner base layer gives rise to a more 

pronounced effect of the back surface recombination, since a higher percentage of the 

minority carrier photogenerated in the base layer will be recombined there, as will be shown in 

next sections. This makes that the passivation of the back surface in the case of the GaInP 

solar cell is of key importance, much more than in the case of the GaAs bottom cell, whose 

base layer is roughly five times thicker and it does not present a band discontinuity with the 

substrate that favours the loss of minority carriers.  

5.3.2.2. Influence of the base layer and back surface properties on the Jsc 

The effect of the properties of the base layer and back surface on the Jsc can be 

assessed by analyzing their influence on the EQE of the GaInP solar cell device. This EQE 

can be theoretically studied by using the Hovel model presented in Chapter 1 of this Thesis 

and in [Rey-Stolle01]. As can be observed in figure 1.12, the base layer contribution to the 

total EQE of the GaInP solar cells is mostly concentrated on the long wavelengths or “red” 

region of their spectral photorresponse, in contrast to the window-emitter contribution, which is 

important for all the photorresponse wavelengths. This makes the analysis of the effect of the 

base-back surface properties on the EQE more easy to be appraised than in the case of the 

emitter-front surface. This can be observed in Figure 5.14, where the total EQE response and 

the base-BSF and emitter-window contributions of a generic GaInP solar cell, for different 

base and back surface properties, are shown.  

The solar cell base layer photoresponse is determined by the quantity of light absorbed 

by the base layer and the number of photogenerated carriers which are collected, i.e., that are 

not recombined and contribute to the Jsc. The quantity of light absorbed depends on the base 

layer thickness and on its optical properties (which are intrinsic to the material grown), while 

the carrier recombination is determined by the bulk material minority carrier properties and the 

 

Figure 5.14. Calculated EQE response 
of a GaInP solar cell for different base 
layer minority carrier properties and 
back surface recombination velocities. 
The range of wavelengths affected can 
be observed.  
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back surface recombination velocity. All these factors are interrelated and contribute jointly to 

the photorresponse of the solar cell in the “red” region of the spectrum, as accounted for in the 

Hovel model. For example, with no back surface recombination, a reduction of the base layer 

thickness produces a lower response in the large wavelengths region due to a lower light 

absorption, but a higher percentage of the photogenerated carriers are collected, since they 

are closer to the n-p junction. This effect can be observed in the experimental results reported 

in [Takamoto94b], and is illustrated in Figure 5.15, where the Jsc of a GaInP solar cell without 

antireflecting coating, calculated using the structure shown in Table 1.3 (Chapter 1), is plotted 

against its base layer thickness, for different bulk material minority carrier properties and a 

zero back surface recombination velocity. At any rate, the Jsc decrease occurs for GaInP solar 

cell base thicknesses much above the usual values used in multijunction solar cells (below 

1000 nm). Finally, for ideal minority carrier properties, when all the photogenerated carriers 

are collected, the EQE and, consequently, the Jsc, increases monotonically as the base layer 

is thickened, since a higher quantity of light is absorbed. Obviously, this Jsc increase saturates 

 

 

 

 

Figure 5.15. Calculated short circuit 
current of a GaInP solar cell without 
ARC, plotted against its base layer 
thickness, for different bulk material 
minority carrier properties (τe, Ld) and 
back surface recombination velocity 
(SBase), and detail for usual base layer 
thicknesses of GaInP top cells. 
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as soon as the base layer thickness is such that all the incoming light is completely absorbed 

(for photon energies higher than the band gap of GaInP). On the other hand, the effect of 

theback surface recombination on the EQE depends on the thickness of the base layer. As 

the base layer is made thinner, a higher percentage of the photogenerated minority carriers 

are recombined at the back surface6. The intensity of this effect depends also on the diffusion 

length of the minority carriers in the base layer. For high values of diffusion length, the base 

thickness for which the effect of the back surface field becomes negligible is larger. All these 

dependencies, which can be directly deduced from the Hovel model equations, are also made 

apparent in Figure 5.15. 

5.3.2.3. Influence of the base layer and back surface properties on the Voc 

The Voc is the voltage at which the recombination current equals the generation current 

in the solar cell. Since the generation current is always wanted to be kept as high as possible, 

the lowest recombination currents are pursued in order to attain the highest Voc values. 

According to the Hovel model discussed in Chapter 1, the contribution to the recombination 

current of the emitter and base layer increases as the doping level of the layer decreases, its 

thickness increases, its minority carrier properties are worse or the surface recombination is 

higher (see Table 1.2). The emitter layer is usually thinner and has a higher doping level than 

the base layer, in order to minimize its light absorption (since the photogeneration is wanted to 

be carried out in the base layer, where the minority carriers are electrons in an n-on-p solar 

cell) and keep its conductivity high, in order to minimize the series resistance of the solar cell 

device. Consequently, most of the contribution to the recombination current comes from the 

base layer and back surface. Therefore, the easiest way to increase the Voc of a GaInP solar 

cell would consist in increasing the doping level of its base layer, since its thickness is 

normally determined by the current matching in the dual-junction solar cell. In Figure 5.16 the 

calculated base layer J01 component is plotted against the doping level of the base layer, for 

different thicknesses. It can be seen how the J01 decreases sharply as the doping level of the 

base increases. However, for doping levels above 1·1018 cm-3, the effect of an increased 

doping level is counterbalanced by the progressively worsened minority carrier properties and 

the J01 does not decrease substantially.  

After this graph, the doping level of the base layer should be higher than 1·1018 cm-3 in 

order to achieve the maximum Voc values. However, the doping level of the base layer must 

be kept as low as possible in order not to hinder the minority carrier collection and cause a 

drop in the Jsc. This trade-off motivates that the doping level of the base layer is usually kept 

                                                
6 If the base layer thickness is further decreased, the electric field created in the space charge region 
can give rise to the opposite effect: a higher collection efficiency for thinner base layers. However, this 
happens for a base thickness well below the required for this kind of solar cells. 
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around 1·1017 cm-3. Notice that at this doping level range the J01 is quite sensitive to the 

doping level. This opens the possibility of optimizing the Voc·Isc product of the solar cell 

experimentally by an accurate control of the base layer doping level. 

The recombination current in the base layer depends also on the back surface 

recombination velocity. In fact, the effect of the base layer thickness, minority carrier 

properties, and back surface recombination velocity are interrelated. In Figure 5.17 the 

calculated J01 associated to the base layer of the GaInP solar cell is plotted against its base 

layer thickness and the back surface recombination velocity, for a bulk diffusion length of 

1200 nm and a doping level of 1·1017 cm-3 in the base layer as an example. 

 

Figure 5.17. Calculated J01 associated 
to the base layer of the GaInP solar cell, 
plotted against the base layer thickness 
and the back surface recombination 
velocity. 
 

 
 As can be observed, the J01 always increases (or is constant) as the back surface 

recombination velocity increases. However, the J01 can increase or decrease with the base 

layer thickness, depending on the value of Sb. The Sb value at which this tendency is inverted 

is the bulk recombination velocity [Olson03]. For this Sb value, the J01 is independent of the 

 

Figure 5.16. Calculated base layer J01 
component of a GaInP solar cell plotted 
vs. its base layer doping level, for 
different base layer thicknesses. 
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base thickness. For higher values J01 decreases (and Voc increases) as the base decreases, 

and vice versa for lower values. For very thick base layers, the J01 reaches a constant value 

(observe the homogeneous colour in the upper region of the graph), independent of the back 

surface recombination and the base layer thickness itself. This means that in the situation 

were J01 decreases with the base thickness (Sb > bulk recombination velocity), the minimum 

J01 value reachable is always higher than the minimum value obtained in the opposite 

situation. 

 In conclusion, in order to achieve optimum Voc values, the back surface recombination 

value must be made as low as possible and the doping level must be high, but always taking 

into account its effect on the Jsc of the device. As for the base layer thickness, although thin 

base layers would produce the highest Voc if Sb is low, its value is mostly determined by other 

parameters such as the current matching in the dual-junction solar cell device.  

5.3.2.4. BSF approaches for the GaInP solar cell 

There exist two widely known ways of blocking the diffusion of minority carriers from 

the base layer to the back surface. The technologically easiest approach consists in creating 

an electric field at the bottom of the base layer so that the minority carriers are repelled 

towards the solar cell junction. This is achieved usually by using a dopant gradient. The 

second approach consists in creating a band diagram offset so that an energy barrier for the 

minority carriers is obtained. This is achieved by using a material with a higher Eg in the BSF, 

with which the desired band offset is attained (in our n-on-p devices the band offset must be in 

the conduction band). For the GaInP top cell, the materials most widely used today for this 

purpose are AlInP and AlGaInP [Olson03]. The use of disordered GaInP was reported in the 

past to produce better results [Friedman91], although it was probably due to a bad quality of 

the AlGaInP layers grown at that moment, due to oxygen contamination. In Figure 5.18 an 

scheme of the BSF approaches mentioned is shown, with a detail of the approximate band 

diagram structure created. 

The use of a dopant gradient is easy from the point of view of the semiconductor 

structure growth. Moreover, as can be observed in Figure 5.18, the insertion of this kind of 

BSF layer does not affect the conduction of majority carriers from the base to the BSF layer. 

However, carrier concentrations above 1·1018 cm-3 are necessary is order to achieve the an 

effective electric field [Takamoto94]. Besides, in GaInP the p-dopant most widely used is Zn, 

which is know to diffuse rapidly. Consequently, the diffusion of Zn from the highly doped BSF 

layer to the base layer during the growth of the remaining semiconductor structure, gives rise 

to a deterioration of the photorresponse of the solar cell in the “red” region of wavelengths. In 

[Kurita95] the effect of this dopant diffusion is lessened by using a thicker p++ BSF GaInP 

layer. However, for the usual GaInP subcell junction (emitter + base) thickness, in a current 
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matched GaInP/GaAs dual-junction solar cell (800-900 nm, depending on the band gap of 

GaInP), a non-negligible quantity of photons (with a wavelength above 500 nm) reaches the 

p+ GaInP BSF layer and can be absorbed there. This can be observed in Figure 5.19. 

Although the carriers photogenerated in the BSF can contribute to the solar cell 

photorresponse, their collection efficiency is lower than in the base layer, due to the higher 

doping level in the BSF layer. This leads to a short circuit current loss in the GaInP/GaAs dual-

junction solar cell, as shown in [Kurita95]. 

The use of AlInP or AlGaInP barrier layers produces a better confinement of the 

minority carriers, since the energy barrier created is larger (although this depends on the Al 

content used in the BSF). Moreover, the light absorption in the BSF is drastically reduced, as 

compared to the dopant gradient case, due to the higher bandgap of the materials employed 

(see Figure 5.19). However, the use of these materials involves an added complexity to the 

epitaxial growth of the solar cell semiconductor structure, not only due to the issues inherent 

to the growth of an heterostructure (lattice matching, switching routines, etc), but also because 

of the difficulties observed when trying to obtain a high quality AlGaInP or AlInP layer, as 

shown in section 5.2.2. Moreover, the majority carrier transport must also be considered, since 

in this BSF approach, an energy barrier appears in the valence band. Doping levels in the 

order of 1·1018 cm-3 are used to minimize the effect of the BSF layer on the majority carrier 

transport. 

 

Figure 5.18. Scheme of the BSF approaches 
used in GaInP solar cells. 
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The experimental study of the BSF of the GaInP top cell carried out in this Thesis is 

primarily focused on the approach based on the use of AlGaInP as the barrier material. The 

use of AlInP is preliminarily studied and it was found to be problematic in terms of series 

resistance. An important part of the experimental work was devoted to the development of 

Zn-doped AlGaInP and AlInP materials for the BSF, which was presented in section 5.2.2. In 

next section, a summary of the experimental work oriented to assess the performance of the 

BSF layers developed for the GaInP solar cell is presented. 

5.3.2.5. Experimental results 

The first versions of GaInP solar cells manufactured at I.E.S. – U.P.M. (using the 

AIX200 reactor) had conservative semiconductor structure designs. They were used to test 

the quality of the newly introduced phospide materials and to have a simple semiconductor 

structure to get familiar with this kind of solar cells. Advanced designs would be developed by 

modifications introduced in these first solar cells. One of the characteristics of these first 

designs of GaInP solar cells was their lack of a BSF, which hindered their photorresponse in 

the “red” region of the spectrum. In order to improve it, base layer thicknesses above 1000 nm 

were used. In Figure 5.20 an example of two GaInP solar cells without BSF and different base 

layer thickness, grown in the AIX200 reactor, is shown. An better photorresponse in the “red” 

region of the spectrum can be clearly observed for the thickest base layer solar cell, due to the 

higher absorption in the base layer and to the reduced influence of the back surface 

recombination, as seen in section 5.3.2.2. However, the increase of the base layer thickness 

in the GaInP in order to improve the photorresponse of the solar cell is only a valid measure in 

the context of the single-junction solar cell device. For the dual-junction solar cell application, 

base layer thicknesses around 500-600 nm with low back surface recombination velocities are 

 

Figure 5.19. % of photons 
absorbed in a GaInP layer plotted 
against the photon wavelength 
and the layer thickness. The 
optical parameters of GaInP with a 
band gap of 1.83 eV has been 
used. 
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necessary in order to achieve current matched devices (for the AM1.5D low-AOD solar 

spectrum) and a high Jsc, in addition to an increased Voc. Consequently, the BSF layer was 

soon introduced in our GaInP solar cell semiconductor structure. 

As commented previously, the BSF used is based on the AlGaInP/GaInP 

heterostructure approach, with an aluminum composition in the AlGaInP of 10-20%. In Figure 

5.21 the EQE of a GaInP top cell without BSF is compared to the EQE of another device with 

the same base layer thickness and an AlGaInP-based BSF. 

 The improvement of the photorresponse in the red region of the spectrum when using 

a BSF, is evident. When calculating the Jsc of these solar cell devices by convoluting their 

EQE with the AM1.5D low-AOD solar spectrum, for wavelengths higher than 500 nm, an 

increase of 7.1% relative in the Jsc is obtained. As for the Voc at 1 X, an increase of around 40 

mV at a Jsc of 14 mA/cm2 was measured on 1 mm2 concentrator devices. This low value, as 

compared to the Voc improvements around 100 mV reported in other works [Friedman91], is 

 

Figure 5.20. Measured EQE of GaInP 
solar cells without BSF and with two 
different base layer thicknesses, grown in 
the AIX200 reactor.  
 

 

Figure 5.21. Measured EQE of two GaInP 
solar cells: one without BSF and the other 
one with an AlGaInP BSF. The fits to these 
EQE curves, calculated using the data of 
case B in Table 5.6, are also shown. 
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partly due to the fact that the high J02 component in these small area concentrator solar cell 

devices at that current density (as will be shown in section 5.4) is obscuring the effect of the 

back-surface recombination on the Voc. 

The extraction of both the base layer bulk minority carrier parameters and back surface 

recombination velocity from the EQE measurements of Figure 5.21 is not possible to be 

carried out univocally, since the effect of the back surface recombination velocity and the bulk 

minority carrier properties on the photorresponse is similar. However, some case-studies can 

be contemplated from which estimates of these parameters can be obtained. In Table 5.6 the 

parameter sets used, that produce reasonable fits to the EQE curves of Figure 5.21, are 

shown. In this study, the minority carrier properties of the GaInP are assumed to be equal for 

the solar cell without and with BSF. The SE BSF column shows the minimum back surface 

recombination velocities with BSF below which the photorresponse does not vary. 

 
Table 5.6. Sets of base layer minority carrier parameters which produce a reasonable fit of the EQE 
curves shown in Figure 5.21. In bold letters is shown the parameter fixed in each case prior to the fit 
procedure. In italics is written the data not physically feasible. 

Case µµµµB [cm 2/V·s] ττττB [ns] LB [nm] SE no BSF [cm/s] SE BSF [cm/s] 

A 1200 10 5570 2·105 < 1·105 

B 800 6.8 3774 1·105 < 5·103 

C 400 3 1761 5·104 < 0 

 

 In cases A, B and C, the mobility and lifetime of the base layer GaInP material is set to 

different values, progressively worse, and the back surface velocity is calculated to obtain 

reasonable fits of the EQE of Figure 5.21. In case A, an electron mobility certainly optimistic 

for p-type GaInP is used. This leads to a back surface recombination with BSF which is only 

half the value of the back surface recombination without BSF. The parameters used in case B 

are the “average” of the data which can be found in the literature [Ahrenkiel93][Takamoto94b] 

[Ioffe01][Olson03], and the fit obtained with these data is shown in Figure 5.21. In case C the 

back surface recombination velocity without BSF is set to a value similar to that of a GaInP 

free surface [Ioffe01]. With the electron mobility and lifetime obtained, the fit of the EQE of the 

GaInP solar cell with BSF layer requires a value of SB physically not feasible (< 0). Therefore, 

the back surface recombination velocity without BSF is higher than that of a GaInP free 

surface. This makes apparent the additional loss of minority carriers that “fall” to the 

conduction band of the GaAs buffer layer, as commented in section 5.3.2.1. Finally, the results 

obtained in the fit appear to confirm that the minority carrier properties of our GaInP solar cells 

are in the range of the values published in the literature. 
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 As commented in section 5.2.2.5, the growth of AlInP at 675 ºC appeared to be less 

problematic than the growth of AlGaInP in terms of surface morphology. Moreover, the 

GaInP/AlInP valence band discontinuity is larger, which could result in a better confinement of 

minority carriers and, consequently, in a better BSF performance. Hence, the use of AlInP in 

the BSF layer of the GaInP solar cell was tried experimentally by just replacing the Zn-doped 

AlGaInP layer by a Zn-doped AlInP layer of the same thickness. Both structures were 

processed at the same time into solar cell devices and diodes. In Figure 5.22 the 

characterization results of these solar cells are shown. As can be observed, the 

photorresponse in the “red” region of the spectrum is slightly higher for the solar cell with AlInP 

BSF layer. However, this is probably due to the slight band gap difference that can be noticed 

also in the EQE curve. At any rate, it is clear that the use of AlInP or AlGaInP with 20% Al for 

the BSF of our GaInP solar cell does not affect significantly its photorresponse. As for the dark 

J-V curve, the most important effect observed is an increased series resistance effect in the 

solar cell with AlInP BSF, which spoils the performance of the device for higher currents than, 

 

 

 

 

Figure 5.22. Measured EQE (up) and 
dark J-V curve (down) of two GaInP 
solar cells: one with an AlGaInP BSF 
and other one with an AlInP BSF. Both 
BSF are grown at 675 ºC. 
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roughly, the equivalent to an operation at 100 X. Being the rest of the semiconductor structure 

and the device processing exactly the same for both samples, this high series resistance is 

most probably coming from the low-doped GaInP-base/AlInP-BSF heterostructure (around 

1·1017 cm-3 both layers), due to the difficulties in achieving high p-type doping levels in AlInP, 

as shown in section 5.2.2.4. In [Kurita95] a p+-GaInP layer with graded doping is grown on top 

of the BSF AlInP, apparently to circumvent this problem, but they had problems with the solar 

cell photorresponse in the “red” region. On the other hand the AlInP-BSF/GaAs-buffer 

heterostructure cannot be discarded as a component of the high series resistance observed, 

similarly as occurs with the AlGaInP BSF, as will be shown in section 5.4. 

In conclusion, the first experiments concerning the use of AlInP for the GaInP BSF 

layer have shown a high series resistance component which renders this BSF solution, in its 

current development stage, inappropriate for a concentrator solar cell. Consequently, the 

GaInP top cells grown in this Thesis as single-junction devices or as a subcell in the 

GaInP/GaAs dual-junction solar cell, have an AlGaInP-based BSF. Further investigations on 

the use of AlInP as BSF are left for future works.  

5.3.3. Front surface passivation: the window and emitter layers 

The achievement of a high quality emitter layer and front surface passivation by means 

of an optimized window layer is of central importance for the performance of the GaInP solar 

cell. As studied in Chapter 2, the optimum emitter properties are those which maximize the 

Jsc*FF product of the GaInP solar cell. The optimum situation found consisted in a thin emitter 

with a high doping level and good minority carrier properties, so that the series resistance is 

low, a low light absorption is produced in the emitter and the minority carriers photogenerated 

there are efficiently collected. Besides, these properties must be accompanied by a low front 

surface recombination velocity, achieved by means of the growth of a high quality window 

layer. In this section, the effect of the window and emitter layer properties on the Jsc and Voc of 

the GaInP top cell are first analyzed theoretically and then a summary of the experimental 

work carried out in order to achieve an appropriate window-emitter structure is presented. 

5.3.3.1. Influence of the window and emitter layers, and front surface properties on the Jsc 

While, as seen in last section, the base and back surface properties affect the 

photorresponse of the solar cell in the “red” region of the spectrum, the quality of the emitter 

and front surface affects all the GaInP solar cell wavelengths range. This is so because, in 

spite of being usually thin (< 200 nm), the emitter absorbs an important quantity of photons of 

the whole wavelength range below the GaInP absorption edge. For example, as can be seen 

in Figure 5.19, a 200 nm thick emitter absorbs 100% of photons of wavelengths below 400 nm 

and around 30% of photons of 650 nm. The effect of the emitter properties on the 
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photorresponse of the GaInP solar cell is illustrated in Figure 5.23, where the calculated EQE 

(using Hovel model) of a GaInP solar cell for different front surface recombination velocities 

and emitter minority carrier properties, is shown.   

 The emitter thickness plays also a central role in the photorresponse of the solar cell, 

since it determines the percentage of light absorbed in the emitter and base layer, each layer 

having a different minority carrier collection efficiency. This can be observed in Figure 5.24, 

where the Hovel model has been used to calculate the Jsc vs. emitter thickness of GaInP solar 

cells with ideal and practical emitter minority carrier properties and front surface recombination 

velocities. For a constant total thickness of the photoactive layers, the Jsc decreases 

monotonically as the emitter thickness increases, since the total light absorption is constant 

and it is progressively higher in the photoactive layer with the lowest minority carrier collection 

efficiency. The rate at which the Jsc decreases is lower as the minority carrier properties are 

better, becoming zero (i.e. Jsc independent of the emitter thickness) for ideal minority carrier 

properties. If the base layer thickness is kept constant and the emitter thickness is varied, the 

total light absorption in the photoactive layers also plays a role in the Jsc vs. emitter thickness 

curve. Obviously, if the emitter minority carrier properties are ideal, the Jsc increases until the 

solar cell thickness is such that all the photons below the bandgap of GaInP are absorbed. For 

realistic minority carrier properties in the emitter and a base layer thickness of 620 nm (typical 

in our GaInP top cells), the Jsc first increases, reaches a maximum and then decreases 

monotonically, as the emitter thickness increases. This is so because for low emitter 

thicknesses, the loss of base layer contribution to the photocurrent as the emitter thickness 

increases is less important than the gain in the emitter, in spite of its worse collection 

efficiency. As more light is absorbed in the emitter and less light reaches the base layer, the 

low collection efficiency in the emitter makes the tendency to be reversed. Besides, the worse 

 

 

Figure 5.23. Calculated EQE of a 
GaInP solar cell, for different values of 
the front surface recombination velocity 
and emitter minority carrier properties, 
in order to illustrate their influence on 
the whole wavelength range of the 
EQE. The contributions of the base, 
space charge region (s.c.r.) and emitter 
are detailed. 
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 the emitter minority carrier properties are, the sooner the Jsc drop starts. This dependence of 

the Jsc on the emitter thickness was used in Chapter 2 to calculate the optimum emitter-front 

grid design. 

The photorresponse of the GaInP solar cell in the blue region is also affected by the 

properties of the AlInP window layer. On the one hand, given the low quality minority carrier 

properties of the n-doped AlInP material, and the high front surface recombination velocity of 

the window layer (Sv), a small fraction of the carriers photogenerated in the window are 

collected to contribute to the solar cell photocurrent. Therefore, the internal quantum efficiency 

of the solar cell increases in the blue region as the window thickness decreases. The 

theoretical minimum thickness of the window layer would be determined by the tunneling of 

carriers through the window, which must be kept low. However, in practice, the technological 

difficulties derived from the growth and post-processing of a solar cell with an excessively thin 

window layer [Rey-Stolle01][Galiana06] set this limit at a higher value, as will be shown in 

section 5.3.3.3. On the other hand, the influence of the window layer thickness on the spectral 

reflectance of the GaInP top cell is important for all the range of wavelengths of interest 

(300 -∼675 nm). This is shown in Figure 5.25. In the reflectance graph it can be observed how 

the average reflectivity, for the 300-675 nm wavelength range, first decreases as the window 

layer thickness increases and, from 30-40 nm on it increases. This means that for window 

thicknesses from 10 nm to 30-40 nm, the photorresponse of the GaInP solar cell increases 

due to a lower reflectance, in spite of having a worse internal quantum efficiency, as can be 

observed in the EQE results of Figure 5.25. This result, however, does not imply that a 30-40 

nm thick window layer is the optimum. It must be taken into account that the purpose of the 

window layer is to passivate the emitter surface and give rise to the best possible internal 

quantum efficiency. The reflectivity minimization is carried out by using ARC layers. In fact, if 

 

 

Figure 5.24. Jsc of GaInP solar cells 
vs. their emitter thickness, for ideal 
and practical minority carrier 
properties and front surface 
recombination velocities. The cases 
of constant total thickness and 
constant base layer thickness are 
shown. The Jsc are calculated using 
the IQE of the solar cells and the 
AM1.5D low-AOD solar spectrum. 
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 the window layer is designed to optimize the reflectivity of the solar cell without ARC, at  

the cost of having a worse IQE, this will reduce the potential of photorresponse improvement 

after the deposition of an optimized ARC, giving rise to an overall lower photorresponse 

achievable in the final solar cell. 

5.3.3.2. Influence of the emitter layer and front surface properties on the Voc 

As commented in the previous sections, the effect of variations in the emitter and front 

surface properties on the GaInP solar cell Voc is much less important than in the case of the 

base and back surface properties. This is due basically to the lower thickness and higher 

doping levels used habitually in the emitter. To illustrate this point, the J01 of our standard 

GaInP solar cell was calculated for different front surface recombination velocities and plotted 

against the emitter thickness and doping level. The ranges used for these parameters are 

chosen to be realistic. The results are shown in Figure 5.26. First of all, it can be seen that the 

variation in J01 is negligible. This, obviously, gives rise to insignificant variations in the Voc. For 

instance, for the case of Se = 4000 cm/s, if the full range of parameters is considered and the 

Voc is calculated using the J01 values calculated, a maximum Voc variation of only 3.2 mV is 

obtained. In addition to these remarks, the plots in Figure 5.26 show the expected effect of the 

doping level and emitter thickness on the J01: as the emitter thickness increases, J01 increases 

 
Figure 5.25. Calculated spectral reflectance (left) and EQE (right) of our standard GaInP solar cell 
semiconductor structure, for different AlInP window layer thicknesses (optical data taken from 
[Sopra06]). 
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and as the emitter doping increases, J01 decreases. However, these trends are modulated by 

the value of Se, which, for high values, is able to invert the behavior and make J01 decrease as 

the emitter thickness increase, similarly as shown for the base layer case. Nevertheless, the 

value of Se at which this happens is incompatible with an appropriate photorresponse in the 

solar cell and, consequently, does not correspond to any practical situation. 

 The optimization of the emitter parameters for the maximization of the Isc*FF product, 

carried out in Chapter 2 of this Thesis, gave rise to an emitter doping level (around 

1·1018 cm-3) and thickness (around 180 nm) which do not produce the highest Voc possible. 

However, after the results shown in this section, it can be concluded that the inclusion of the 

Voc in the optimization routines would yield almost exactly the same result, due to the low 

sensitivity of the Voc to variations of the GaInP solar cell emitter thickness and doping level 

round the optimum values obtained to optimize the Isc*FF product.  

5.3.3.3. Experimental results 

The experimental work related to the development of the emitter-window structure of 

the GaInP top cell was firstly focused on the achievement of the necessary properties for the 

AlInP and GaInP material. The results obtained are shown in section 5.2. Apart from this 

materials research, a number of GaInP top cell semiconductor structures were grown. Thus, 

an optimized approach was attained which, once integrated in the dual-junction solar cell 

device, gave rise to a record-efficiency solar cell, as will be shown in Chapter 7. In fact, the 

improvement of the photorresponse in the blue region of the spectra marked the definitive 

progress in the development of the GaInP solar cell, thanks to the gain in Jsc achieved. 

Moreover, for the most advanced GaInP solar cell developed in this Thesis, it was found that 

the Jsc can be increased by improving the window and emitter properties, as will be shown in 

section 5.4. Here we will show a brief summary of the experiments carried out in an 

  

Figure 5.26. Calculated J01 current of our standard GaInP solar cell plotted against the emitter 
thickness and doping level, for a realistic (left) and unrealistically high (right) emitter surface 
recombination velocity (Se). 
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approximately chronological sequence. Only the experiments in which the lattice matching of 

the semiconductor structure is sufficiently good (|∆a/a| < 1.5·10-3) have been taken into 

account. It must be noted that both the emitter-window and base-BSF structures were 

developed in parallel. As a result, the influence of both of them can be observed in the 

experimental results shown below. However, in this section we are only going to focus on the 

effect of the emitter and window layers.   

 

1)  First top cell design:  the use of tellurium and low doping levels in the emitter 

 The first GaInP top cells manufactured at I.E.S.-U.P.M. were grown in the AIX200 

reactor, using tellurium as n-type dopant and doping levels around 5·1017 cm-3 or lower, in 

order to achieve the best possible photorresponse. In the very first top cell, the pre-run and 

“inertia” effects of tellurium, together with and excessively low doped (3·1017 cm-3) and thin 

emitter (100 nm) gave rise to a completely depleted emitter. In these solar cells, no 

photorresponse could be detected except in the active area of the device close to metal 

contacts, where the remains of GaAs contact layer acted as emitter, as demonstrated by the 

LBIC measurements and SEM photographs shown in Figure 5.27. 

 

  
Figure 5.27. LBIC map of the GaInP solar cell with depleted emitter (left) and detail of a SEM 
micrograph in which the contact layer remains present in the area close to the metal contacts can be 
observed (right).  
 
 Once detected the origin of the problem, the emitter thickness was increased to 180 

nm and the photorresponse was recovered, as shown in Figure 5.28. The Jsc obtained by 

convolution of the EQE with the AM1.5D low-AOD spectrum is the highest obtained so far in 

our group in a GaInP top cell grown on a GaAs substrate. However, this is not totally due to 

the good photorresponse observed in the blue region of the spectra, but also due to the lower 

bandgap of the GaInP material grown in the AIX200 reactor, as commented in section 

5.3.1.2., and to the thick base layer used (although without BSF). 
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Figure 5.28. Measured EQE of one of 
the first functional GaInP solar cell grown 
at I.E.S. – U.P.M. using the AIX200 
reactor and with a Te-doped emitter. 
 

  

2) Influence of the emitter properties and window thickness 

  
It is obvious that the low emitter doping level used in the previous GaInP solar cell 

approach is not compatible with an appropriate performance of the solar cell under 

concentrated light. In the solar cell presented in last section, the emitter sheet resistance can 

be calculated to be higher than 1000 Ω/�. According to the theoretical optimization presented 

in Chapter 2, this value should be around 500 Ω/� in order to optimize the Isc*FF product in 

the 1 mm2 solar cell with inverted square front grid and a finger width of 3 µm. Consequently, 

the emitter doping level and/or thickness had to be modified accordingly, with the minimum 

impact possible on the photorresponse of the solar cell.  

On the other hand, at this point of the GaInP top cell development the reactor had 

been updated to the AIX200/4 system and tellurium was replaced with silicon to n-dope the 

phospide materials (GaInP, AlInP and AlGaInP), in order to circumvent the problems related to 

the use of tellurium with GaInP, explained in section 5.2.1. In [Bertness94] silicon is found to 

produce better emitter front surface passivation results when used to dope the AlInP window 

layer, as compared to selenium. This effect was thought to be due to the oxygen removal 

produced by silane. In our case, no conclusive evidences in this regard have been perceived 

when comparing the results with tellurium and silicon, probably due to the use of higher purity 

PH3 and TMIn with in-line filters. 

Using silicon as n-type dopant for the emitter and window layer, GaInP solar cells were 

grown in which the emitter layer sheet resistance was decreased by increasing its thickness 

and doping level. The window thickness in this development stage was kept above 25 nm in 

order to discard any influence of the technological processing of the devices on the results. In 

Figure 5.29 the EQE of some of these solar cells is shown. 
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Firstly it can be observed the important photorresponse degradation for photon 

wavelengths below 520 nm, with respect to the first GaInP solar cell. This was expected, due 

to the higher doping level and thicker window layer used. However, the striking result in this 

EQE plots is the almost inexistent variation of the solar cell photorresponse in the blue region 

of the spectra, as the emitter thickness is changed. As shown in Chapter 2, as the emitter 

thickness is increased, the photorresponse in the blue region should decrease, because a 

higher quantity is being absorbed in the emitter with a lower collection efficiency. In order to 

further study this effect, the window thickness and emitter doping level were reduced and 

other GaInP solar cells with different emitter thicknesses were grown. The EQE of two of 

these cells is shown in Figure 5.30. Again, the sensitivity of the blue-region photorresponse to 

 

WE 
[nm]  

ND 

[cm -3]  

rsEmitter 
[ΩΩΩΩ/�] 

Jsc 
(AM1.5D low-

AOD)[mA/cm 2] 

100 1·1018 889 10.400 

165 1·1018 539 10.447 
 

Figure 5.29. Measured EQE of a GaInP top cell grown with different emitter thicknesses and a higher 
doping level than the initial emitter design. The EQE of the first design grown in the AIX200 reactor with 
a very low doping level in the emitter and a thinner window is also shown for comparison. 

 

WE 
[nm] 

ND 
[cm -3] 

rsEmitter 
[ΩΩΩΩ/�] 

Jsc 
(AM1.5D low-

AOD)[mA/cm 2] 

180 8·1017 576 10.954 

140 8·1017 741 10.966 
 

Figure 5.30. EQE of a GaInP top cell grown with different thicknesses and a higher doping level than 
the initial emitter design. The EQE of the first design grown in the AIX200 reactor with a very low doping 
level in the emitter is also shown for comparison. 
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the emitter thickness is found to be weaker than expected. However, an important 

improvement of the photorresponse in the blue region, with respect to the EQE shown in 

Figure 5.29 can be perceived. It appears that it is originated by the reduction of the window 

thickness. A remark supporting this idea is the larger EQE increase for the wavelengths below 

the direct gap of AlInP. However, the conclusive experiment was a GaInP solar cell with the 

same emitter and window properties as the first GaInP solar cell version (Figure 5.28), except 

for the emitter doping level which was increased from 3·1017 cm-3 to 1·1018 cm-3. The result is 

shown in Figure 5.31. 

 

 

Figure 5.31. EQE of a GaInP top cell 
with the same window and emitter 
thickness than the first GaInP solar cell 
design but with an emitter doping level of 
1·1018 cm-3. 
 

 

 Surprisingly, the photorresponse in the blue region is virtually identical as in the first 

GaInP top cell, in spite of the much higher emitter doping level used. Therefore, from these 

results it can be deduced that, for the range of thicknesses and doping levels explored, the 

photorresponse in the blue region of the GaInP solar cell is little sensitive to these parameters 

but can be modified by changing the absorption in the window layer, i.e., using different 

window thicknesses. Simulations using the Hovel model were used to investigate the origin of 

this result. First the EQE measurements shown in Figure 5.29 and Figure 5.31 where fitted, 

using Hovel model, by introducing the nominal thicknesses and doping levels of the GaInP 

solar cells measured, and modifying the minority carrier properties. No combination of front 

surface recombination velocity and minority carrier properties in the emitter that produce a 

reasonable fit of both the EQE curves shown in Figure 5.30 could be found. This suggested 

the possibility of an effect not contemplated in the Hovel model influencing the photorresponse 

of our GaInP solar cells. A detailed discussion on this is presented in section 5.4.1. 
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3) Minimum window layer thickness 

From the results presented in the previous section, one would be tempted to reduce 

the window layer thickness in order to further improve the photorresponse of the GaInP solar 

cell in the “blue” region of the spectrum. To study this possibility, the solar cell of Figure 5.28 

was grown with a thinner window and its EQE was measured. The result is shown in Figure 

5.32. As can be observed, for a nominal window thickness of 13 nm the photorresponse of the 

solar cell is severely damaged. This cannot be only attributed to a reflectivity increase in the 

solar cell, but also (and mostly) to a loss in passivation efficacy of the window layer. 

 

 

Figure 5.32. EQE of GaInP solar cells 
grown with two different window 
thicknesses, showing the damaged 
photorresponse due to the loss of 
passivation effectiveness in the thinner 
window case. 
 

 
 This result, which can have its origin in the MOVPE growth of the window layer or in 

the post-processing of the solar cell, was taken as an evidence that window thicknesses below 

20 nm are problematic to be used. Consequently, the decision was taken that the posterior 

adjustments of the GaInP top cell window layer would be done to values above 20 nm, leaving 

the exploration of the 13-20 nm range to future occasions. 

5.4. Analysis of the GaInP top cell developed 

The studies presented in the previous sections gave rise to the development of 

progressively improved GaInP top cell solar cells, which were inserted in successive versions 

of the GaInP/GaAs dual-junction solar cell, as will be shown in Chapter 7. In Figure 5.33, the 

semiconductor structure of the GaInP solar cell developed, which is used as top cell in the 

record-efficiency GaInP/GaAs dual-junction solar cell developed in this Thesis, is shown. All 

the ternaries are lattice matched to GaAs with ∆a/a within 3·10-4. The Al composition of the 

AlGaInP material was 15-20%, as commented previously. In this section, the GaInP single-

junction solar cells grown on GaAs substrates developed in this Thesis, are analyzed by 

means of EQE, and dark and concentration I-V curves. The models presented in Part I of this 
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Thesis are used to obtain estimates of properties such as the recombination currents, minority 

carrier properties or series resistance components, which can be compared with the data 

published in the literature. In Chapters 6 and 7, the integration of this GaInP single-junction 

device in the GaInP/GaAs dual-junction solar cell is treated. 

5.4.1. Internal quantum efficiency and minority carrier properties 

As commented in previous sections, the EQE of the GaInP top cell is strongly affected 

by the modulation of the reflectivity of the semiconductor structure produced by the window 

layer thickness. In order to assess the quality of the GaInP solar cell semiconductor structure, 

the analysis of the internal quantum efficiency (IQE) is convenient. The spectral reflectivity and 

EQE of the GaInP solar cell semiconductor structure shown in Figure 5.33 were measured 

and its IQE was calculated. The result is shown in Figure 5.34. 

 This IQE represents the best photorresponse achievable with the semiconductor 

structure if its reflectivity is made 0, i.e., using an ideal ARC layer. Consequently, the 

maximum short circuit current achievable can be calculated using the IQE. For the AM1.5D 

 

Figure 5.33. Semiconductor structure of the 
most advanced GaInP single-junction solar cell 
grown on GaAs substrates, developed at 
I.E.S.-U.P.M., which was used in the record-
efficiency GaInP/GaAs dual-junction solar cell 
presented in Chapter 7. 
 

 

Figure 5.34. External and internal 
quantum efficiency, and reflectivity 
of the GaInP solar cell 
semiconductor structure shown in 
Figure 5.33. 
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low-AOD the calculated Jsc is 14.360 mA/cm2 for this GaInP solar cell. If we assume an 

average reflectivity of 2% after the ARC deposition, for the wavelength range 300-700 nm, the 

short circuit current decreases to 14.073 mA/cm2. In principle, this value should be enough to 

achieve an efficiency higher than 30% at 1000 X in the GaInP/GaAs dual-junction solar cell, 

for attainable FF and Voc values of 85% and 2.7 V, as will be shown in Chapter 7.  

 An analysis of where the IQE of our GaInP solar cell can be improved was carried out. 

For this, the IQE of a GaInP semiconductor structure with the doping levels and thicknesses 

shown in Figure 5.33 was calculated using the Hovel model. The result is plotted in Figure 

5.35, together with the experimental IQE being analyzed. In the table on the right, the minority 

carrier properties used in the calculation are detailed.  

 

 

Layer S 
[cm/s]  

µµµµ        
[cm 2/V·s] 

ττττ 
[ns] 

Ld 
[nm]  

Window 1·106 10 0.8 146 

Emitter 4·103 27 2.0 373 

Base 100 800 6.9 3774 
 

Figure 5.35. Experimental IQE of our GaInP solar cell structure, compared to the IQE calculated for the 
same structure using the Hovel model. 
 
 The minority carrier parameters used in the calculation are realistic, according to the 

data published in the literature [Ahrenkiel93][Takamoto94b][Ioffe01][Olson03] and the 

experimental results shown in section 5.3. On the one hand, the minority carrier properties 

used for the base layer come from the EQE fits of section 5.3.2.5. On the other hand, the 

minority carrier properties used for the emitter and window layers are, intentionally, 

pessimistic. However, a large difference, between the experimental and calculated data, in the 

blue region of the GaInP solar cell IQE, where the photorresponse of the emitter and window 

layers dominate, can be observed. As for the base layer contribution, a minor photorresponse 

difference in the “red” region of the spectra can be observed, which is also due to the 

influence of the window-emitter in that region, and not to a better photorresponse in the base 

layer. In fact, if extremely optimistic minority carrier properties in the base layer (for example 

S = 0 cm/s, µ = 1500 cm2/V·s, τ = 15 ns) are used, exactly the same IQE result is obtained. 

This leads to the important conclusion that the photorresponse in the base layer of our GaInP 
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solar cell is limited by its light absorption, i.e., by its thickness, and not by its minority carrier 

properties (bulk and back surface recombination).  

 The case of the emitter and window layers is quite different. Even if we neglect the 

photorresponse for wavelengths below 400 nm, where the reflectivity is difficult to be reduced 

with standard ARC coatings, a higher Jsc is clearly achievable if the window and/or emitter 

photorresponse is improved. This would allow to decrease the base layer thickness to obtain 

the same Jsc with a lower light absorption in the GaInP top cell, giving rise to a higher Jsc in the 

GaInP/GaAs dual-junction solar cell. According to the theoretical optimization of the GaInP top 

cell emitter carried out in Chapter 2, the maximum efficiencies at high concentrations are 

achieved when thin and highly doped emitters, with a sheet resistance around 500 Ω/�, are 

used. In fact, in the literature can be found examples of record-performing GaInP top cells, 

with thinner and more doped emitter layers, which exhibit a better blue response than ours. In 

Figure 5.36 the IQE and EQE of two GaInP top cells with ARC taken from [Bertness94] and 

[Takamoto97], respectively, are compared to the IQE of our GaInP top cell. 

  

 

Figure 5.36. IQE of our GaInP solar cell 
compared to the IQE and EQE of GaInP 
solar cells with ARC coatings taken from 
the literature. The calculated IQE of our 
GaInP solar cell using the fit parameters 
obtained with the Hovel model but 
reducing the emitter thickness to 100 nm 
is also shown. 
 

 
 The differences observed in the data from [Takamoto97] and [Bertness94] is due to the 

fact that in the former we are plotting the EQE of a solar cell with ARC and in the latter the IQE 

of a solar cell without ARC (which is the data reported), apart from the different emitter layer 

thicknesses used. When comparing these data with our experimental result, apart from the 

effect of the higher ordering in our GaInP material on the “red” region of the photoresponse, 

commented in section 5.3.1.2, a much better “blue” response can be observed in the 

photorresponse of the GaInP solar cells taken from the literature. The possible reasons for this 

were investigated. Firstly, the question about the use of DTBSi to Si-dope GaInP being in the 

origin of the poor “blue” photorresponse, due to poor minority carrier properties achieved, was 

raised. As commented in section 5.2.1.3, to the best of our knowledge, no work is published 
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about the doping of GaInP with DTBSi. On the other hand, the IQE of our GaInP solar cell, 

calculated using the emitter minority carrier properties that give rise to a fit of the experimental 

data using the Hovel model, but using an emitter thickness of 100 nm instead of 180 nm, is 

also shown in Figure 5.36. The result obtained is very close to the experimental data taken 

from [Bertness94]. However, our experimental results shown in section 5.3.3.3, demonstrated 

that a reduction of the emitter thickness had a negligible effect on the blue photorresponse of 

our GaInP solar cells. This is against the theory of bad minority carrier properties in the emitter 

as the cause of the poor “blue” photorresponse measured. In fact, the lowest effect of the 

emitter thickness on the blue photorresponse can only be achieved when the emitter minority 

carrier properties are very good.  

 Therefore, the origin of the low “blue” photorresponse in our GaInP solar cells and of 

the faint sensitivity of the “blue” photorresponse to the emitter layer thickness appears to be in 

an effect which is not contemplated in the Hovel model, such as doping and/or composition 

gradients inside the layers, formation of “dead” layers (though most typically in other 

technologies than MOVPE [Rey-Stolle01]), band-diagram peculiarities, non-abrupt 

heterointerfaces, etc. In our case, compositional non-uniformities of the AlInP window layer 

were studied as the possible origin of this effect. In fact, the growth switching between the 

GaInP of the emitter layer and the AlInP of the window layer is not yet fully optimized in our 

MOVPE growth routines, and the formation of an intermediate AlGaInP quaternary layer is 

expected to be occurring. This would give rise to an increased absorption in the window layer. 

To check the influence of a gradual window on the IQE of our GaInP solar cell, the AlInP 

window layer was replaced with a stack of AlGaInP layers with progressive Al content, using 

the optical data available at [Sopra06]. Concretely, three layers of (AlxGa1-x)0.5In0.5P with x=1, 

0.7 and 0.1, with thicknesses of 13.75, 10 and 1.25 nm were used. The calculated IQE using 

the same parameters as in Figure 5.36 and this window layer is shown in Figure 5.37. 

 

 

Figure 5.37. Experimental IQE of our 
GaInP solar cell, and fit using the Hovel 
model and a gradual composition AlInP 
window layer, for two different emitter 
thicknesses. The parameters obtained 
are used to calculate the IQE for a 
constant composition AlInP window. 
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 As can be observed, a close fit to the experimental data can be achieved without using 

poor minority carrier properties for the emitter. Moreover, the blue response is only slightly 

affected by a change in the emitter thickness from 180 nm to 140 nm, similarly as observed in 

our experimental results. The differences noticeable in the shape of the IQE, between the 

experimental and calculated data, for wavelengths around 450 nm, are due to the 

approximation used to emulate the gradual window layer, and to deviations between the 

optical data obtained from the literature and the actual absorption coefficient of our AlInP and 

AlGaInP material.  

 In spite of the satisfactory results obtained, other effects apart from a progressive 

increase in the Al content of the AlInP window layer, cannot be discarded. For example, the 

switching routine between the AlInP and GaAs contact layer can also generate intermediate 

compounds such as AlGaInP, AlInAsP or AlGaInAsP, all of them with a lower band gap than 

AlInP. At any rate, the conclusion that can be extracted is that the experimental results 

obtained in our GaInP solar cells can be explained mostly with a deviation of the window layer 

properties from the Hovel model assumptions. Consequently, an increased control over the 

MOVPE growth can be seen as a way to achieve a substantial increase in the Jsc in future 

versions of our GaInP solar cell.  

5.4.2. Dark I-V curve, recombination currents and vertical resistance components 

The dark I-V curve can be used to determine the J01 and J02 recombination current 

components of the GaInP solar cell, as well as an estimate of the vertical component of the 

series resistance in the device. In Figure 5.38 the dark J-V curve of a 1 mm2 concentrator 

GaInP solar cell based on the semiconductor structure shown in Figure 5.33, is shown 

together with a fit to this data obtained using the quasi-3D distributed model presented in 

Chapter 2. The fit parameters used are shown in Table 5.7. With these data, the J01 and J02 

components are calculated separately and plotted in the same graph, in order to observe their 

contribution to the dark J-V curve of the GaInP solar cell being studied. As can be observed, 

for these small area size concentrator solar cells, the influence of the J02 component (which 

accounts for the perimeter and space charge region recombination) dominates in the dark J-V 

curve up to applied voltages close to the maximum power point voltage of the illumination I-V 

curve under high concentration (around 1.4 V), as commented in Chapter 1. Concerning the 

J01 component, it starts to dominate in the dark J-V curve for voltages where the influence of 

the series resistance starts to be noticeable in the GaInP solar cell being analyzed. 

Consequently, in the dark J-V curves of these devices, the n=1 region is partly obscured by 

the effect of the series resistance.  As a result, the J01 extracted from the dark I-V curve may 

be affected by a non-negligible error. This will be made apparent with the concentration 

response measurements presented in next section. 
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Figure 5.38. Measured dark J-V curve 
and fit using a quasi-3D distributed model, 
of our 1 mm2 GaInP solar cell with inverted 
square front grid and 8 fingers. The 
recombination component curves are 
calculated using the J0 and series 
resistance obtained in the fit. 
 

 

Table 5.7. Parameters used for the fit of the dark J-V curve of Figure 5.38 

J01 
[A/cm 2] 

J02 
[A/cm 2] 

rsh,M 
[ΩΩΩΩ/�] 

ρρρρC 
[ΩΩΩΩ·cm2] 

rsh,E 
[ΩΩΩΩ/�] 

rsh,B 
[ΩΩΩΩ/�] 

rv 
[ΩΩΩΩ·cm2] 

rp 
[ΩΩΩΩ·cm2] 

8.1·10-27 3.3·10-14 0.2 1·10-4 530 25500 1·10-3 > 1·106 

 
As for the J02 component, no distinction has been made in this study between the 

perimeter and space charge region recombination currents. A complete study to determine the 

percentage of this current density corresponding to recombination in the perimeter and 

recombination in the space charge region, similarly as for GaAs solar cells [Díaz00a], is still 

lacking for GaInP solar cells. Experiments on this issue are currently being carried out in our 

group to work it out. This, however, does not affect the present study since, as shown in 

Chapter 2, the dark J-V curve is not affected by the proportion of J02 current assigned to the 

perimeter and space charge region recombination, provided that the total I02 is constant.  

When measuring the J-V curve of the solar cell in the dark, the sensitivity to the 

semiconductor and metal sheet resistances is much lower than to the vertical resistance 

components, due to the fact that most of the current flows transversally to the device 

[Galiana07]. Among the vertical series resistance components, the most important are the 

ones associated to the front grid metal-semiconductor contact (ρC) and to the base-substrate 

(Rv). In the fit to the dark J-V curve shown in Figure 5.38 the value of ρC is set to a pessimistic 

value, according to the usual results obtained in our laboratory when using the AuGe/Ni/Au 

metal system on GaAs [Rey-Stolle01][Galiana06]. Even so, the value of Rv required to obtain 

a reasonable fit to the experimental data is as high as 1·10-3 Ω·cm2. This value is almost 2 

orders of magnitude higher than the Rv observed in GaAs solar cells [Rey-

Stolle01][Galiana06]. Using the data from [Ioffe01], the component of Rv due to the vertical 

current flow through the base layer can be calculated, resulting in a value around 
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1·10-4 Ω·cm2, which is approximately the same as for a GaAs single-junction solar cell7. Since 

the substrate and back contact metallization are also the same for both devices, the 

differences observed in the total Rv must be originated in the heterointerfaces generated by 

the low-doped AlGaInP BSF layer, i.e., the  GaInP(base)/AlGaInP(BSF) or the 

AlGaInP(BSF)/GaAs(buffer) heterostructures. In principle, the GaInP(base)/AlGaInP(BSF) is 

not expected to be introducing an important part of this series resistance, due to the low 

Al-content intentionally used in the AlGaInP (precisely for this purpose, as commented in 

section 5.2.2). Being so thin (75 nm), the AlGaInP BSF layer itself contributes negligibly to the 

Rv. Consequently, the source of vertical series resistance is most probably the 

AlGaInP(base)/GaAs(buffer) heterostructure. In [Gudovskikh09] it is found that the high 

energy barrier created in the valence band of this heterostructure gives rise to a hindered hole 

transport. Besides, this heterostructure is similar to the GaAs(base)/GaInP(BSF) of the first 

GaAs single-junction solar cells grown by MOVPE at I.E.S. – U.P.M., which exhibited also a 

high Rv that was reduced by replacing the GaInP for AlGaAs in the BSF layer [Galiana06c]. 

The low doped p--AlGaInP/p+-GaAs heterostructure is, apparently, hindering the hole 

transport, in spite of the high doping level in the GaAs buffer layer (> 1·1018 cm-3). This was 

observed also in the low doped p--AlGaInP/highly doped p++-GaAs structure formed by the 

growth of the GaInP top cell BSF on a GaAs tunnel junction without barrier layers, as will be 

shown in next Chapter. Furthermore, the results obtained in the last versions of GaInP/GaAs 

dual-junction solar cells developed in this Thesis, which used AlGaAs barrier layers in the 

tunnel junction (i.e., there is not AlGaInP in contact with GaAs in any part of its semiconductor 

structure), exhibit a total Rv much lower than in the GaInP top cell being studied in this section. 

This result is also against the possibility of the high Rv being originated in any other part of the 

semiconductor structure of the GaInP top cell than the heterointerfaces of the AlGaInP BSF 

with the underlying layers.   

In conclusion, the analysis of the dark J-V curve of concentrator GaInP solar cell 

devices manufactured using the semiconductor structure developed in previous sections, has 

made apparent the influence of the J02 dark current density component up to high solar cell 

operation currents, and the effect of a high vertical series resistance component on the J01 

region of the curve. According to the tunnel junction and GaInP/GaAs dual-junction solar cell 

studies, presented in next chapters, this series resistance appears to be caused by the 

AlGaInP(BSF)/GaAs(Buffer) heterostructure. 

                                                
7 Although the base layer in a GaAs single-junction solar cell is around 6 times thicker than in a GaInP 
solar cell, the hole mobility is GaAs is around 6 times higher, giving rise to approximately the same 
resistivity in the base layer of both devices.  
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5.4.3. Concentration response and horizontal series resistance components 

The concentration response of the GaInP solar cell developed was measured in order 

to analyze the actual resistive losses introduced by the front grid - emitter design and, which 

cannot be assessed with the dark J-V curve. The front grid and emitter were designed in 

Chapter 2 in order to optimize the performance of the GaInP/GaAs dual-junction solar cell at a 

concentration of 1000 X, by reaching a tradeoff between the horizontal series resistance 

components (emitter and metal sheet resistance, and front grid design) and the photocurrent 

in the device (EQE and shadowing factor). In Figure 5.39 the concentration measurement 

results are shown. The concentration response is plotted against the short circuit current 

density in the device since it is more meaningful than plotting it against the light irradiance, for 

devices without ARC. For the same reason the Voc*FF product is plotted instead of the 

efficiency. The linearity of the short circuit with the irradiance in these devices was checked 

previously using a calibrated reference GaInP solar cell in the flash lamp instrument.  

 

 
Figure 5.39. Voc, fill factor and Voc*FF product vs. Jsc of the concentrator GaInP solar cell used in the 
dark J-V curves analysis presented in last section. The fits to the Voc and FF, using the quasi-3D 
distributed model and the parameters extracted from the dark I-V curve, are also shown.  
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A low fill factor value (below 0.82) can be observed for current densities below 

14 A/cm2, which correspond, roughly, to the operation of the GaInP solar cell under a 

concentration of 1000 X. This is due to the high vertical series resistance component 

commented in last section. The fit to the fill factor obtained using the quasi-3D distributed 

model and the parameters extracted from the dark J-V curve (Table 5.7), is quite good, as can 

be observed in Figure 5.39. This confirms that the measured metal sheet resistance, the 

calculated emitter sheet resistance and, consequently, the optimization of the top cell emitter-

front grid carried out in Chapter 2, are accurate. Moreover, the existence of a high vertical 

series resistance in the GaInP solar cell, detected in the dark J-V curve study, is corroborated. 

As will be shown in Chapter 7, the fill factor at 1000 X of the GaInP/GaAs dual-junction solar 

cell where this GaInP top cell was inserted, is above 0.87. The current mismatch of this dual-

junction solar cell cannot explain alone its much higher fill factor. Since the structure of the 

GaInP top cell is exactly the same in both cases, the origin of the vertical resistance must be 

in the BSF-buffer heterostructure of the GaInP top cell, as explained in the last section. 

The evolution of the Voc with concentration was measured. The Voc at 1 X (Jsc = 

14 mA/cm2) and 1000 X (Jsc = 14 A/cm2) has a value of 1.374 V and 1.588 V, respectively. As 

commented before, it is not meaningful to compare the value of Voc with other GaInP solar 

cells published in the literature, due to its dependence on the ordering of GaInP and on the 

base layer thickness used, which depends on the application. Moreover, as far as we know, 

no concentration measurements of GaInP solar cells are reported. The Voc (1 X)-Eg/q 

parameter is more adequate for this purpose. The lower the value obtained is, the lower the 

non-radiative recombination in the solar cell is. For our GaInP solar cell the Voc-Eg/q is around 

0.466. This value is slightly lower than the data published in [Friedman91] (0.482 eV), but it is 

very close to the Voc-Eg/q of GaInP solar cells used in high efficiency GaInP/GaAs solar cells 

(0.469 reported in [Takamoto94]). However, the use of the Voc at 1 X to assess the quality of 

our small area concentrator GaInP solar cells, by comparing it with other larger area solar 

cells, is not appropriate. To visualize this, the Voc calculated assuming only radiative 

recombination in the solar cell is also plotted in the Voc graph of Figure 5.39. It can be 

observed how the difference between the ideal Voc curve and the measured Voc curve 

decreases as the Jsc increases. This is due to the more important weight of the J02 

recombination current on the Voc for low Jsc, in our small area concentrator solar cell devices 

where the perimeter to area ratio is high. At any rate, the high quality recombination properties 

of our GaInP solar cell, which was previously made apparent when analyzing its IQE in 

section 5.4.1, is corroborated with these results.   

An estimate of the Voc of the GaInP/GaAs dual-junction solar cell could be calculated 

using the GaInP top cell Voc obtained and the Voc of the GaAs solar cells developed at I.E.S.-

U.P.M., which was around 1.2 V at a Jsc = 14 A/cm2 [Galiana06]. Adding these values, the Voc 
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of the GaInP/GaAs dual-junction solar cell could be estimated to be 2.75 V. This value is 

enough to achieve an efficiency well over 30% at 1000 X, assuming a Jsc=14 A/cm2 and FF = 

85%. 

 As for the fit to the Voc curve, it can be observed a difference around 20 mV, when the 

J0 parameters extracted from the dark I-V curve (Table 5.7) are used. This can be due to the 

lack of an accurate temperature control during the concentration measurements. This is 

particularly important in the measurement of our GaInP solar cell devices without ARC, since 

the irradiance necessary to reach a current density equivalent to the operation of the device 

under high concentration is higher (around 30%) than in the case of a solar cell with ARC. To 

achieve a higher irradiance, the distance between the flash lamp and the sample must be 

reduced and, hence, the sample (solar cell + heat spreader) is heated more. The error in the 

J01 value extracted from the dark I-V curve, due to the effect of the series resistance, 

contributes also to the difference observed in the Voc measured and calculated. Further 

studies regarding the dark I-V and concentration measurement peculiarities of GaInP solar 

cells, and the extraction of parameters from them is being carried out now, to be presented in 

future works.  

 Finally, the Voc*FF has also been plotted against the short circuit current in order to 

determine at which current level, i.e. at which light irradiance, our GaInP solar cell reached the 

maximum efficiency (which is proportional to Voc*FF). The peak Voc*FF  is situated at, roughly, 

250 X, much below the 1000 X concentration used in the optimization of the top cell emitter 

and front grid. This is due to the high vertical series resistance observed in the GaInP single-

junction solar cell. Since this high vertical series resistance is not present in the GaInP/GaAs 

dual-junction solar cell, the optimization remains valid for this device, as will be seen in 

Chapter 7. 

5.5. Summary and conclusions 

In this Chapter, the development of the concentrator GaInP top cell has been treated, 

including the MOVPE growth of the phospide materials necessary, the development of the 

semiconductor structure and the analysis of the solar cell devices fabricated.  

Regarding the phospide materials development, the MOVPE growth of Si-doped and 

Zn-doped GaInP, AlInP and AlGaInP has been dealt with. In addition to the growth rate, lattice 

matching and doping issues, a bibliographic review of the ordering effect and the minority 

carrier properties of GaInP has been presented. Its experimental study was carried out, 

though, by the analysis of complete GaInP solar cell semiconductor structures, in the next 

sections of the chapter. The difficulty in p-type doping of AlGaInP when using zinc reported in 

the literature has been corroborated experimentally, and its implications on the performance of 

the GaInP concentrator solar cell have been discussed. Finally, it has been shown that, 
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according to the data available in the literature, the AlInP and AlGaInP with 10-20% Al 

content, give rise to the necessary band diagram discontinuities in the window-emitter and 

base-BSF heterostructures, respectively, for an appropriate confinement of the minority 

carriers in the emitter and base layer of the solar cell.      

Concerning the development of the GaInP solar cell semiconductor structure, first the 

analysis carried out to assess the efficacy of the AlGaInP BSF layers used has been shown, 

and the minority carrier parameters of the GaInP base layer have been estimated by studying 

the EQE of the semiconductor structures grown, using the Hovel model. Preliminary attempts 

to use Zn-doped AlInP for the BSF layer have unveiled a problem with the series resistance, 

which was attributed to a hindered hole transport through the GaInP(Base)/AlInP(BSF)/ 

GaAs(Buffer) heterostructure, related to the low doping level achieved in AlInP. Then the 

theoretical and experimental investigations carried out to analyze the influence of the 

properties of the emitter and window layers on the Jsc of the GaInP solar cell have been 

presented. The main conclusion extracted from these investigations is that, for the emitter 

layer thicknesses and doping levels explored in our GaInP solar cell semiconductor structure, 

the EQE in the “blue” region depends primarily on the AlInP window layer thickness, being 

little sensitive to the emitter characteristics.  

Finally, an exhaustive analysis of the best performing GaInP top cells manufactured at 

I.E.S. – U.P.M. has been shown. First, the IQE of these solar cells has been compared with 

the data available in the literature, revealing a substantially lower photorresponse in the blue 

region in our GaInP solar cell devices. Further analysis of their IQE response using the Hovel 

model have led to the conclusion that the photorresponse is affected by a high absorption in 

the window layer, probably due to the formation of intermediate compounds during the 

MOVPE switching routines. As for the photorresponse of the base layer, it has been found to 

be limited by its thickness and not by its minority carrier properties. Though the  

photorresponse of the GaInP solar cell can be improved significantly in the “blue” region, the 

convolution of the IQE with the AM1.5D low-AOD, taking into account the average reflection 

losses achieved with a practical ARC coating, yielded a Jsc around 14 mA/cm2, which is 

enough to achieve efficiencies over 30% at 1000 X in the GaInP/GaAs dual-junction solar cell 

application. Secondly, the analysis of the dark J-V curve of our standard 1 mm2 concentrator 

GaInP solar cell devices has allowed to obtain the J01, J02 and vertical resistance parameters. 

This vertical resistance has been found to be unexpectedly high, and has been explained as a 

hindered hole transport in the AlGaInP(BSF)/GaAs(Buffer) heterostructure, similarly as in the 

case of the AlInP BSF layer. Lastly, the concentration response of these concentrator GaInP 

solar cell devices has been analyzed, focusing on the fill factor and Voc. On the one hand, the 

presence of a high vertical series resistance has been confirmed. On the other hand, the 

metal sheet resistance and, mostly, the emitter sheet resistance have been found to be in 
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agreement with previous calculations carried out using the electrical properties available in the 

literature for n-type GaInP. The analysis of the Voc-Eg/q parameter has corroborated the good 

quality of the GaInP material in the base layer of the solar cell. The Voc obtained at high 

concentrations, which is around 1.58 V, has also been found to allow the eventual 

achievement of efficiencies over 30% at 1000 X in the dual-junction solar cell. More work is 

needed, though, in order to refine the measurement and interpretation of the dark I-V curves 

and concentration response of GaInP solar cell devices, and to improve the photorresponse in 

the blue region of the spectra. 

In conclusion, we have developed a GaInP top cell semiconductor structure ready to 

be included in a GaInP/GaAs dual-junction solar cell, with a clear potential of achieving 

efficiencies over 30% at 1000 X. This device integration, however, is far from being a simple 

task. In fact, only when the interferences on the growth of the GaInP top cell, caused by the 

growth of the underlying layers (specially the tunnel junction), could be minimized, the 

excellent properties of the GaInP top cell, explained in this Chapter, could be exploited 

satisfactorily to achieve a high efficiency GaInP/GaAs dual-junction solar cell. These issues 

will be discussed in detail in next two chapters.  
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6.1. Introduction 

The tunnel junction is a key element in a multijunction concentrator solar cell. As 

explained in the Introduction Chapter and in Chapter 4, the operation of the solar cell at high 

concentrations with a high conversion efficiency requires the minimization of the solar cell 

series resistance. Among all the parameters that affect the series resistance of the solar cell, 

studied theoretically in Part I of this Thesis, the tunnel junction contribution can be the most 

important if it is not correctly designed and implemented. This fact has a special relevance in 

the case of concentrator photovoltaic systems, since the concentrator optics forms a non-

uniform illumination profile on the cell with a maximum irradiance significantly higher than the 

nominal (average) concentration level (from 1.5 to 20 times) [Algora00b][Algora07]. Since 

tunnel junctions are usually designed and manufactured to operate properly at a given 

nominal concentration, assuming a uniform light profile, the lack of light uniformity impinging 

on the solar cell when working in a concentrator, can bring about a significant drop in the 

efficiency. This is due to the fact that the peak current of the tunnel junction cannot be high 

enough to manage the current produced in the areas of the solar cell with the highest 

illumination level and, consequently, the tunnel junction does not work in the linear region, 

although the average current in the whole solar cell can be below the tunnel junction peak 

current. Consequently, it is important to develop tunnel junctions that can assure peak 

currents well over the maximum level of concentrated light on the multijunction solar cell 

together with negligible voltage drops and minor optical losses. This must be taken into 

account when designing the tunnel junction aimed to work in a multijunction solar cell 

integrated in a concentrator photovoltaic system. 

The tunnelling probability and, consequently, the peak tunnel current increases when 

the material band gap and carrier effective mass decreases, since the height and width of the 

energy barrier to be traversed by the carriers is lowered. In fact, a peak current density of 

5900 A/cm2 in a GaInAs based metamorphic tunnel junction is reported in [Kwon03], and a 

peak current density as high as 19,904 A/cm2 was published for a InGaAs/GaAsSb tunnel 

junction designed for InP based multijunction devices [Zolper94][Seidel07]. Regarding solar 

cells monolithically grown on GaAs and Ge substrates, which are the ones of interest in this 

Thesis, a GaAs homojunction tunnel junction with a peak current density as high as 2000 

A/cm2 grown by MBE for micro-cavity devices applications, was reported in [Möller02]. In the 

multijunction solar cell context, a GaAs tunnel junction with a peak current density of 

340 A/cm2 is reported in [Bertness94b]. In [Nishioka04] a peak current density higher than 

800 A/cm2 (the peak current is so high that it could not be measured) is published.  

In addition to an excellent electrical performance, a low optical absorption in the tunnel 

junction is also desirable. All the light absorbed in the tunnel junction, i.e. which is not 
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converted into photocurrent in the subcell underneath, translates directly into a reduction in 

the short circuit current of the multijunction solar cell, leading to a drop in its conversion 

efficiency. To achieve a low absorption in the tunnel junction, high band gap materials must be 

used. As commented above, the higher the material band gap, the lowest peak current density 

achievable in the tunnel junction. However, high band gap tunnel junctions with an appropriate 

electrical performance for their operation in a concentrator solar cell have been reported. For 

example, in [Mols07] a peak current density of 17.3 A/cm2 is reported for an AlGaAs-based 

tunnel junction. For the more complex to grow AlGaAs/GaInP system, a peak current density 

of 88 mA/cm2 is reported in [Jung93] while in [Nishioka04] a peak current density as high as 

560 A/cm2 is presented (although no details on the dopants and semiconductor structure are 

given). In Table 6.1 the properties of some representative tunnel junctions grown lattice 

matched to GaAs by MOVPE are summarized. The series resistance (rs) is calculated by 

linearizing the tunnel junction I-V curve in the ohmic region up to a current density equivalent 

to an operation at 1000 X (14 A/cm2). 

Any of the tunnel junctions mentioned have a peak current above necessary for their 

operation in a GaInP/GaAs dual-junction solar cell working at 1000 X (i.e., with a short circuit 

current density around 14 A/cm2). Attaining a peak current in the tunnel junction higher than 

the short circuit current of the multijunction solar cell where it is inserted is beneficial for an 

appropriate operation of the solar cell under non-uniform light profiles, as explained above. 

Moreover, in general, the higher the peak current density of the tunnel junction, the lower the 

series resistance in the ohmic region. This is so because the peak voltage is roughly constant 

Table 6.1. Properties of representative tunnel junctions grown lattice matched to GaAs or Ge 
substrates, which can be found in the literature.  

Reference p-side 
material 

p-side 
NA  

[cm -3] 

p-side 
thick. 
[nm] 

n-side 
material 

n-side 
ND  

[cm -3] 

n-side 
thick. 
[nm] 

Jp 
[A/cm 2] 

rs 
[ΩΩΩΩ·cm2] 

[Bertness94b] GaAs:C 8·1019 11 GaAs:Se 1·1019 11 > 340 1 ·10-4 

[Gotoh98] GaAs:C 1.5·1019 120 GaAs:Si 7.5·1018 20 17 3 ·10-3 

[Beji01] GaAs:C 1.3·1020 1000 GaAs:Si 1.2·1019 1000 57 1 ·10-3 

[Möller02] 
(MBE) GaAs:Be 2·1020 100 GaAs:Si 1.8·1019 100 2000 7 ·10-5 

[Nishioka04] GaAs - - GaAs - - > 800 3 ·10-4 

[Mols07] AlGaAs:C 2·1019 14 AlGaAs:Se 1.8·1018 14 17.3 2 ·10-3 

[Jung93] 
(ALE) AlGaAs:C 2·1020 100 GaInP:Se 5·1019 100 88 1 ·10-3 

[Nishioka04] AlGaAs - - GaInP - - 560 8 ·10-4 

[Sharps00] 
(highest band 

gap) 
AlGaAs 1.5·1020 25 AlGaInP 3·1020 25 1.5 2.5 ·10-2 
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for a given material1. The series resistance of the tunnel junction contributes to the overall 

series resistance of the multijunction solar cell and, therefore, is of key importance for 

concentrator applications, where the series resistance is to be minimized. Consequently, in 

the development of a tunnel junction for concentrator applications the achievement of peak 

current densities as high as possible which give rise to a minimum series resistance at the 

working current point is of utmost importance.  

 In addition to the optical and electrical requirements for the tunnel junction, another 

requisite is that its properties must survive the growth of the subsequent semiconductor layers 

which compose the multijunction solar cell. In fact, the annealing and/or the creation of 

parasitic junctions in the heterostructures surrounding the tunnel junction can spoil its 

performance [Bertness94b][Gotoh98]. The effect of the annealing is not frequently included in 

the papers devoted to the development of tunnel junctions for photovoltaic applications. 

Moreover, the thermal loads applied and the exact semiconductor structures and dopants 

used differ substantially from one work to another so the comparison is not straightforward. 

However, in all cases the effect of the annealing is found to be pernicious for the performance 

of the tunnel junction, being the dopant diffusion the reason used most frequently to explain 

this effect. In relation with this dopant diffusion is the use of high band gap barrier layers, 

which have been found to block this dopant diffusion and make the tunnel junction less 

sensitive to  annealing [Gotoh98][Takamoto99]. Moreover, the band diagram lineup produced 

by the high band gap barrier layers in the tunnel junction can also help to increase the 

tunnelling probability due to a reduction of the energy barrier height and/or width, and to an 

increased density of states in the valence band and conduction band, aligned at the same 

energy level at both sides of the energy barrier [Bedair00].   

 In conclusion, the quest for the ideal tunnel junction for concentrator multijunction solar 

cells application implies the maximization of the peak current density and minimization of the 

series resistance and optical absorption. In addition, these characteristics must be attained 

also after the annealing produced by the growth of the subsequent layers of the multijunction 

solar cell. Unfortunately, for our GaInP/GaAs dual-junction concentrator solar cell application 

the lowest optical absorption is only achievable using high band gap materials, with which the 

peak currents attainable are lower and the series resistance is higher. Therefore, since the 

ultimate aim is to maximize the multijunction solar cell efficiency, a compromise must be 

reached among the electrical and optical properties of the tunnel junction. In next section, the 

tunnel junction approach used in this Thesis is explained. 

                                                
1 This affirmation is only valid as a general rule when comparing the order of magnitude of the series 
resistance of tunnel junctions with appreciably different peak current densities. This is due to the fact 
that, although the peak voltage may be constant for the same material, the series resistance of the 
tunnel junction in the ohmic region can vary with the voltage. As an example, see [Nishioka04]. 
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6.2. The I.E.S. – U.P.M tunnel junction approach 

The tunnel junction development was decisive for the progress in the development of 

the GaInP/GaAs dual-junction solar cell presented in this Thesis, much more importantly than 

the development of the GaInP top cell. In fact, once a high performance GaInP top cell was 

attained, it could be incorporated successfully into the GaInP/GaAs dual-junction solar cell 

only when the tunnel junction growth was optimized and its influence on the growth of the top 

cell was minimized. 

In the tunnel junction development carried out in this Thesis, the focus was put mostly 

on the GaAs tunnel junctions. The first reason for this approach is the possibility of achieving 

higher peak currents and lower series resistances than with higher band-gap materials, as 

explained in the Introduction of this chapter. This decision is in line with our aim of developing 

a dual-junction solar cell intended to work under high light concentrations. In fact, peak 

currents higher than 8630 A/cm2 and series resistances below 1.7·10-5 Ω·cm2 could be 

achieved in this Thesis in a GaAs tunnel junction, as will be shown in section 5.4. This makes 

the series resistance contribution of our tunnel junction negligible. However, the use of GaAs 

entails a non-negligible light absorption in the tunnel junction, which is lost and does not 

contribute to the Jsc of the solar cell. This implies the necessity of using thin GaAs layers for 

the tunnel junction, with the consequent added complexity for their growth by MOVPE. Other 

option is to replace the GaAs with AlGaAs in one or both sides of the tunnel junction. This 

option was successfully implemented in our case when replacing the C-doped GaAs anode by 

C-doped AlGaAs. 

In the following sections, the growth of heavily doped GaAs and AlGaAs by MOVPE, 

for the tunnel junction application is first tackled. Then, these materials are applied to the 

growth of tunnel junction structures with different designs and growth conditions, leading to 

the achievement of record-performing (Al)GaAs tunnel junctions. In the last part of this 

chapter, the first steps towards the achievement of high performance and high band gap 

tunnel junctions in our group are presented.  

6.3. Heavily doped (Al)GaAs MOVPE growth for tunnel junction application 

 The necessity of achieving heavily doped materials for the tunnel junction application 

made indispensable the development of the necessary MOVPE routines in order to grow 

these materials. Non conventional growth conditions and dopant precursor flows had to be 

explored so as to achieve the highest doping levels possible while maintaining the quality of 

the material grown. The characterization of this material included carrier concentration by the 

Hall-Van der Pauw and ECV techniques, Hall mobility for some samples, structural properties 

by HRXRD and qualitative surface morphology assessment by in-situ reflectance 

measurements. Nevertheless, the ultimate criterion for the acceptance or rejection of a heavily 
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doped material layer for the tunnel junction application was the performance of the tunnel 

junctions made with that material. Moreover, these tunnel junctions are also inserted into final 

GaInP/GaAs dual-junction solar cells in order to assess the influence of the growth of the 

tunnel junction on the subsequent elements of the solar cell (due for example to memory 

effects or surface morphology problems). This part of the material research is presented in 

section 6.4.  

In the following sections, the growth by MOVPE of heavily doped semiconductor 

materials is discussed. Most of the work is devoted to the development of heavily C-doped 

and Te-doped GaAs and AlGaAs, since they are the materials which gave rise to the best 

performing tunnel junctions developed in this Thesis. 

6.3.1. Heavily Zn-doped GaAs growth 

Zinc is the p-type dopant most widely used for III-V semiconductors. It allows the 

achievement of high doping levels easily, with a good surface morphology and material 

electronic quality. However, it has the disadvantage of a high diffusion coefficient. This makes 

that sharp doping profiles cannot be achieved, which imposes a serious restriction for tunnel 

junction applications. In the past, we have studied extensively the doping of GaAs with zinc, 

since it is the p-type dopant used for the base layers of the GaAs single-junction solar cell. 

The reader is referred to [Galiana06] for a complete description of the experiments carried out, 

which cover a wide range of growth conditions leading to doping levels ranging from 

1·1017 cm-3 up to 1·1020 cm-3. Regarding its use in the tunnel junction, only the first designs 

studied in this Thesis included a Zn-doped tunnel junction, and will be presented in section 

6.4.2.  

6.3.2. Heavily C-doped GaAs growth 

While carbon is a major contaminant for the MOVPE growth of high purity materials, it 

can also be treated as an advantageous intentional acceptor dopant. Carbon is a much more 

convenient p-type dopant for GaAs than zinc, regarding the achievement of extremely high 

doping levels with well-controlled profiles, as required for the tunnel junction application. This 

is due to its lower diffusion coefficient, higher solubility and electrical activity, and weaker 

memory effect than other p-type dopants such as Be, Mg and Zn. Moreover, a high hole 

concentration can be achieved with less morphology degradation [Tateno97]. These 

advantages have contributed to the good performance of semiconductor devices such as 

HBTs, and VCSELs.  

High GaAs doping levels can be achieved in MOVPE by controlling the carbon 

incorporation from the alkyl radicals coming from the group-III and group-V growth precursors, 

i.e., without using any specific precursor for the dopant. For example, very high doping levels 
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can be attained in GaAs when using TMGa and TBAs [Kuech87]. However, this method of 

p-doping with carbon (often referred to as intrinsic doping) depends strongly on the growth 

conditions (mainly temperature and V/III ratio), which makes it less controllable. Moreover, for 

the group-V and group-III precursors available at I.E.S. – U.P.M. (AsH3 and TMGa, 

respectively), the achievement of the required high doping levels for the tunnel junction was 

expected to be difficult with this method. In fact, for growth temperatures as low as 600 ºC and 

V/III ratios below 2, the hole concentration measured was lower than 1·1018 cm-3. Although the 

use of more extreme growth conditions (temperatures below 550 ºC and V/III ratios around 1) 

have been reported to produce hole concentration approaching 1·1020 cm-3 [Dimroth00] they 

were not explored due to the fact that the necessary constituents flows (particularly the very 

low AsH3 flow needed) were not achievable in our reactor at that moment. 

The use of halomethanes, such as carbon tetrachloride (CCl4) and carbon 

tetrabromide (CBr4), as carbon dopant precursors, allows a better control of the doping level, 

which was found to be linear with the precursor partial pressure in the vapour [Tateno97]. In 

addition, the doping efficiency attained with these precursors is high due to the weak C-Cl or 

C-Br bonds. The carbon precursor source available at I.E.S. – U.P.M. is CBr4, which was 

installed during the upgrade of the AIX200 to AIX200/4 reactor (see Chapter 4 for details) in 

order to be able, primarily, to achieve high GaAs p-type doping levels for the tunnel junction 

development. The decomposition of CCl4 in the growth chamber gives rise to the formation of 

HCl, which is an strong etchant, specially at the usual growth temperatures. Particularly, it is 

incompatible with the growth of In-containing materials, used in multijunction devices. These 

materials are etched fiercely by HCl, which removes preferentially the In from the growing 

surface. The remaining HCl coming from the growth of a heavily C-doped layer in the tunnel 

junction, can interfere in the growth of the layers on top, concretely the top cell BSF (made of 

AlGaInP). The etching caused by CBr4 is much less aggressive and, thus, more controlable. 

This is the main reason for us to have chosen it as the carbon source used in this Thesis. In 

this section we are going to focus on the study of the TMGa-AsH3-CBr4 system.  

6.3.2.1. Influence of the growth conditions on the hole concentration of CBr4-doped GaAs 

The use of CBr4 as the doping source for the growth of lightly carbon doped GaAs 

layers was first reported in [Buchan91]. The study of high doping levels in GaAs:C using CBr4 

was triggered in the 90s by the necessity of achieving high doping levels for the base layer of 

HBTs with a low diffusion dopant. In [Wu96] the first results published can be found. Several 

publications followed in which the influence of the growth conditions on the doping level 

achieved in GaAs using CBr4 is studied [Watanabe97][Watanabe97b][Tateno97]. The general 

tendencies found for the TMGa-AsH3-CBr4 system are summarized in Table 6.2. 
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Table 6.2. Dependence of the carbon concentration in the solid on the growth parameters, for the 
TMGa-AsH3-CBr4 system. 

Growth parameter Variation of xC, as growth 
parameter increases : Additional information 

Dopant precursor [CBr4] Increases linearly 

V/III ratio [AsH3] Decreases 

4

3

CBrs
C

AsH

p
x

p
∝

 

Growth rate [TMGa] Does not change - 

Growth temperature Decreases 
Activation energy: -1.4 eV 

(100) substrate 

 
The dependence of the carbon concentration in the solid on the V/III ratio is explained 

by assuming a competitive adsorption process between As and C, which both occupy group-V 

sites [Watanabe97]. The removal of C by As has also been suggested to explain the 

dependence of the carbon concentration on the V/III ratio [Tateno97]. The presence of 

hydrogen radicals coming from the decomposition of AsH3 also affect the carbon incorporation 

by two opposite mechanisms. On the one hand, these hydrogen radicals may react with the 

methyl radicals adsorbed on the growth surface to produce methane, which is evacuated, 

impeding thus the incorporation of the carbon from these radicals. On the other hand, the 

hydrogen radicals enhance the decomposition of CBr4, increasing thus the carbon available to 

be incorporated into the solid [Watanabe97]. Moreover, there have been found differences 

between the carbon concentration in the solid and the hole concentration measured at room 

temperature. This means that the incorporated carbon activity can be lower than 100%. 

Particularly, the passivation of C by H at high V/III ratios or the increase of C at group-III or 

interstitial sites, for C concentration levels exceeding 1019 cm-3 have been suggested as 

possible origins for this [Tateno97]. If these effects are taken into account, then the exponent 

of pAsH3 in the expression for the hole concentration dependence on the AsH3 partial pressure 

(Table 6.2) would be below 1 [Watanabe97]. 

The growth rate has been found not to affect the incorporation of carbon into GaAs at 

low temperatures [Watanabe97], which is a characteristic behaviour of volatile dopants, and 

suggests that the incorporation of carbon into the solid is not only influenced by the arrival rate 

of the C sources to the growing surface. The fact that the carrier concentration decreases with 

the growth temperature is also coherent with the volatile nature of carbon.  

Finally, it must be noted that the use of slightly misoriented substrates is advantageous 

for the achievement of good morphologies and a decreased carbon contamination during the 

growth of V/III semiconductors, with respect to exactly oriented substrates [Stringfellow99]. 

However, it also produces a decreased intentional doping level achieved using CBr4. The 

substrates used in this Thesis are most times (100) misoriented 2º� (111)A plane, which, 

according to the data available in the literature, should not be problematic to achieve the high 
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doping levels necessary for the tunnel junction. Moreover, the lower contamination with 

carbon in the photoactive layers is an important advantage for the achievement of high 

efficiency solar cell devices. Nevertheless, the dependence of carbon incorporation with 

substrate misorientation must be taken into account for the future growth of the dual-junction 

solar cell on Ge substrates (typically misoriented by 6º) in the triple junction solar cells, or on 

GaAs substrates with a higher misorientation angle, used to reduce the ordering of the GaInP 

material grown. 

6.3.2.2. Hole concentration saturation in C-doped GaAs 

As commented above, the hole concentration in GaAs is linear with the concentration 

of CBr4 in MOVPE, regardless of the growth conditions. However, the relation between the 

CBr4 concentration and the hole concentration becomes sublinear for hole concentrations 

above 1·1019 [Watanabe97b] and it tends to saturate at high doping levels. The value at which 

the hole concentration saturates in MOVPE is 1-2·1020cm-3, and is almost independent of the 

growth conditions. The experimental results presented in [Watanabe97b] point out that the 

origin of this effect is in the saturation of the incorporation efficiency as the CBr4 supply to the 

growth surface is increased, rather than in other causes such as interstitial carbon, 

compensation by C donors or hydrogenation. The solubility limit of C in GaAs is neither the 

cause, since with other growth methods such as MOMBE, hole concentrations over 

1·1021 cm-3 have been reported. 

At any rate, for the tunnel junction application of the heavily C-doped GaAs being 

studied, the hole concentration saturation should not be a problematic issue, since the hole 

concentration required in GaAs for the p-side of the tunnel junction is below 1·1020 cm-3. 

Moreover, care will be taken to be always below the saturation limit, in order to use as less 

CBr4 as possible for a given doping level objective, so as to minimize the etching and surface 

roughening effects explained in section 6.3.2.4. 

6.3.2.3. Calibration of hole concentration in CBr4-doped GaAs 

The application of the C-doped GaAs in this Thesis is to replace zinc as p-type dopant 

in the anode of the tunnel junction. Therefore, the experiments intended for this aim were 

focused on the achievement of highly C-doped GaAs. Different temperatures and V/III ratios 

were explored, in order to determine the optimum growth conditions for the achievement of the 

highest hole concentration with the best surface morphology. In addition to this, the highest 

hole concentration with the minimum [CBr4] was also pursued, in order to minimize the 

possible cross-interaction of the remaining CBr4 with the growth of the subsequent layers in 

the dual-junction solar cell semiconductor structure. Although, as commented before, CBr4 

does not etch (specially In-compounds) as readily as CCl4 does, both halides have been 
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reported to produce a significant roughening of the surface [Howard04]. In Figure 6.1 a 

summary of the experiments carried out is shown. The substrates used were miscut 

2º�(111)A plane. All the experiments were carried out in the AIX200/4 machine, at a working 

pressure of 100 mbar. The hole concentration is plotted against the CBr4 concentration 

([CBr4]) for different V/III ratios and temperatures.  

 

 

Figure 6.1. ECV-measured hole 
concentration versus CBr4 molar fraction or 
concentration, for different growth 
temperatures and V/III ratios. 
 

 
The reason why 675 ºC was one of the growth temperatures explored is to analyze the 

possibility of using the same growth temperature for the whole dual-junction solar cell 

semiconductor structure, where the top and bottom subcells are grown at 675 ºC. This 

possibility was eventually discarded, as will be seen in the following sections. As expected, the 

trends obtained in the hole-concentration vs. [CBr4] plot are coherent with the data available in 

the literature. On the one hand, the hole concentration obtained is linear with the CBr4 

concentration up to the point where the saturation effect starts to become important. As the 

V/III ratio and growth temperature decrease, the hole concentration obtained increases, if 

[CBr4] is kept constant. This allows the achievement of the same hole concentration but using 

a much lower concentration of CBr4, which is one of the objectives of our experimental work. 

Moreover, as will be seen in next sections, the use of low [CBr4] and low temperatures is also 

beneficial for the growth rate and surface morphology of the C-doped GaAs layer. 

6.3.2.4. Influence of the growth conditions on the CBr4-doped GaAs material growth rate: the 

etching effect 

The use of halomethanes and, in particular, of CBr4, for the growth of p-doped GaAs 

brings into scene the etching as a new growth parameter. With CBr4, this etching is produced 

by the HBr formed during the decomposition of CBr4. In the etching process, the rate-limiting 

step is the removal of As from the growth surface [Tateno97], which is much slower than the 

removal of Ga. Consequently, as the V/III ratio is increased, the etching rate decreases. On 
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the other hand, as the growth temperature increases, the etching rate increases due to the 

increased desorption of As from the growing surface. Obviously, the etching rate also 

depends on the concentration of CBr4 used. Therefore, depending on the growth conditions 

the etching rate can be modified. For low temperatures and moderate V/III ratios, the etching 

can even be made negligible while still obtaining doping levels close to the saturation value of 

C-doped GaAs [Watanabe97b].  

The etching produced when using CBr4 must be evaluated in order to have the 

necessary control over the growth rate of GaAs. This is specially important in our tunnel 

junction application, where very thin layers must be grown (in the order of 20 nm) with an 

accurate control of the thickness in order to optimize the tunnel junction performance without 

an excessive light absorption. In Figure 6.2 some experimental results are shown, where the 

growth rate of C-doped GaAs is plotted versus [CBr4] for different growth conditions. 

 

 

Figure 6.2. Growth rate of C-doped 
GaAs versus CBr4 molar fraction or 
concentration, for different growth 
temperatures and V/III ratios. 
 

 
For a growth temperature of 675 ºC and the CBr4 molar fraction (hereinafter expressed 

as [CBr4]) range explored the effect of the etching is pronounced. In fact, for a V/III ratio of 34, 

the etching rate increases sharply with [CBr4] to such an extent that the growth rate becomes 

0 or negative for a [CBr4] around 1·10-4. Moreover, we have observed that the surface 

morphology of the samples is deteriorated severely when the etching is noticeable, as will be 

shown in next section. It is observed also that as we increase the V/III ratio, the etch rate 

decreases and its dependence on [CBr4] is less steep, coherently with the data reported in the 

literature. Finally, for the experiment carried out at a growth temperature of 550 ºC, the etching 

was found to be minimum and controllable2 even with a V/III ratio lower than in the case of 

Tg = 675 ºC, and for a similar measured hole concentration. Therefore, if the etching is to be 

                                                
2 Some etching appears to exist at 550 ºC, as suggested by the different growth rates obtained when 
growing GaAs at this temperature using CBr4 and DETe. The surfactant effect of Te, explained in 
section 6.3.4.2., may also be behind this difference in the growth rates. 
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minimized while keeping a high hole concentration in the C-doped GaAs layer, the use of low 

growth temperatures is compulsory.  

6.3.2.5. Influence of the heavy CBr4-doping on the GaAs material surface morphology 

The high C-doping of GaAs is known to produce surface roughening due to the 

presence of carbon defects that alter the growth front evolution in MBE [Tan04] and MOVPE 

[Li97][Li97b], for intrinsically-doped or halide-doped samples. In particular, the methyl groups 

adsorbed on the growth surface are suggested responsible for the change of growth mode by 

generating step pinning, defects and island growth, which ultimately produce a progressive 

surface roughening. In addition, the use of halides can also degrade the surface. In 

[Rebey98], by using in-situ reflectance measurements, the effect of the CCl4 halide etching on 

the GaAs surface morphology is reported. Concretely, it is observed that the surface 

morphology degradation depends on the [halide]/[TMGa] ratio (i.e., roughly on the etch 

rate/growth rate ratio) and growth temperature. When the etching rate and growth rate are 

similar, due to the removal of all the Ga atoms from the growing surface, the surface 

morphology is degraded by the new arrangement of species on the surface and the material 

stoichiometry alteration. In [Begarney99], the formation of etch pits is also reported when 

using CCl4 at low growth temperatures (< 550 ºC), and high [CCl4] values such that the hole 

concentration is in the saturated region.    

The surface degradation is of particular importance in our dual-junction solar cell 

application. This is so because the GaInP top cell is grown on top of the heavily C-doped side 

of the tunnel junction and, consequently, the surface characteristics of this layer can affect the 

growth of the top cell. To assess the surface quality of the heavily CBr4-doped GaAs, the 

reflectivity data taken with the EpiRAS in-situ monitoring tool for most of the GaAs:C epitaxy 

experiments carried out in this Thesis, was analyzed, similarly as in [Rebey98]. In Figure 6.3 

three examples are shown, where the effect of the growth conditions and [CBr4] on the surface 

morphology can be observed. The [CBr4] values used are such that the hole concentration 

obtained is in the same range for all the samples. As can be observed, the surface 

morphology is not affected at low growth temperatures, for the [CBr4] values used. 

Conversely, for a growth temperature of 675 ºC a marked surface roughening is produced. 

This can be inferred from the low amplitude and noisy oscillations of the reflectivity. For the 

highest value of [CBr4] used, the growth rate becomes 0 and the surface is completely spoiled, 

as indicated by the absence of reflectivity oscillations and by the final drop of the signal. 

These layers appeared hazy to the naked eyed, when taken out from the reactor. Moreover, 

the harsh appearance of the reactor chamber itself was also indicative of the aggressiveness 

of the etching occurred during the epitaxy. 
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Figure 6.3. In-situ reflectivity transient 
measurements of CBr4-doped GaAs layers grown 
at different temperatures, V/III ratios and [CBr4]. 
 

 
In the light of these experiments and of the etching study presented in last section, it 

can be concluded that the use of low growth temperatures should be preferred when using 

CBr4 to attain heavily doped GaAs. This implies that a different growth temperature has to be 

used for the tunnel junction and dual-junction solar cell subcells, which are grown at 675 ºC. 

The implications of this will be discussed in next sections.   

6.3.2.6. Influence of the heavy C-doping on the GaAs material crystal structure 

The fact that the covalent radii of C is significantly smaller than that of As makes that 

C-doped GaAs crystal suffers an important contraction when the doping level is high. 

According to Vegard’s law, which assumes a linear variation of the lattice constant with the 

concentration of substitutional atoms, the lattice mismatch of a strained C-doped GaAs layer 

can be expressed as [Wu96]: 
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Where: 
νννν � GaAs Poisson ratio (0.31) 
∆∆∆∆rAs � covalent radii difference between C and 
As (-0.43 A). 
CAs � Atomic concentration of C on As sites. 

(6.1) 
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For a relaxed layer this expression remains valid if the strain-related pre-factor is 

removed. According to this equation and assuming that all the carbon occupies As sites, a 

lattice mismatch of 0.09% would be produced for a carbon concentration of around 

5·1019 cm-3. This theoretical expression has been found by other authors to agree well with the 

results obtained by comparing the lattice mismatch (experimentally determined using HRXRD) 

and hole concentration [Wu96][Rebey04]. This confirmed the results obtained by comparing 

the carbon concentration by SIMS and the hole concentration by Hall or ECV, which 

concluded that the carbon incorporated was almost 100% activated, i.e., it occupies As-

substitutional sites. 

The lattice mismatch generated by the C-doping of GaAs must be taken into account in 

order to avoid the formation of misfit dislocations if the critical thickness is exceeded, which 

may affect the device performance. In our application, the tunnel junction p-side thickness is in 

the range of 15 – 30 nm. Therefore, the lattice mismatch of the highly C-doped GaAs is not 

expected to cause problems. However, the analysis of the lattice mismatch during the 

development of the heavily C-doped GaAs layer can be useful to assess the quality of the 

layer, by comparing the measurements with what would be expected from  Vegard’s law. Any 

difference found can be interpreted as the generation of interstitial or Ga-substitutional carbon, 

which act as defects that compensate the material, giving rise to lower doping levels and 

worse transport properties (mobility) than expected in the material.  

 In Figure 6.4 the lattice mismatch versus hole concentration is plotted for different 

growth conditions and [CBr4] values. The theoretical curves calculated with (6.1) are also 

plotted for comparison, for the cases considering strained and relaxed layers. The thickness of 

the samples grown was always below 500 nm, so it is reasonable to assume to have strained 

material, since for the predicted lattice mismatch generated by carbon doping we would be 

below the critical thickness. This is in agreement with the results shown in Figure 6.4, where 

 

 

Figure 6.4. Lattice mismatch versus hole 
concentration of CBr4 doped GaAs 
samples, grown at different temperatures, 
V/III ratios and [CBr4]. An As-substitutional 
incorporation of C has been assumed for 
the calculated curves. 
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the experimental points lie close to the lattice mismatch curve calculated assuming a strained 

layer. On the other hand, the close match between the cited curve and the experimental 

points indicates that the As-substitutional incorporation of carbon is predominant for all the 

growth conditions and hole concentration range examined. The small deviation between the 

experimental points and the theoretical curve is not thought to be due to compensation 

effects, since it is similar for all the growth conditions and doping levels. It should be rather 

blamed on measurement errors or differences between the parameters used for the 

theoretical calculations (poisson ratios and covalent radii) and the actual values in our 

samples.  

6.3.2.7. Annealing effect on the properties of heavily C-doped GaAs 

A number of works can be found in the literature regarding the effect of annealing on 

the properties of C-doped GaAs. On the one hand, a beneficial effect of annealing has been 

reported due to the activation of the C acceptors that were passivated with H through the 

formation of C-H complexes during growth or during annealing under AsH3 and/or H2 ambient 

[Kozuch93 and references]. This passivation is highest for temperatures ranging from 400 to 

500 ºC. The carbon reactivation can be achieved by a subsequent annealing. In this process, 

the percentage of C-H complexes dissociated depends on the doping level, sample thickness 

and anneal time, being slower as the thickness and doping level increases [Mimila-Arroyo02]. 

For a layer doped to 5·1019 cm-3 and a thickness of 50 nm, the annealing time to reactivate the 

100% of the carbon acceptors is below 1 min, for an annealing temperature of 550 ºC. 

Therefore, the passivation due to C-H complexes is not believed to be a problem for the C-

doped GaAs anode of the tunnel junction being developed in this Thesis, since it is followed 

by the growth of the dual-junction solar cell upmost layers, which suppose a thermal load far 

more than enough to dissociate the compensating C-H complexes (the top cell growth takes 

half an hour at 675 ºC).  

On the other hand, it has also been observed that for annealing temperatures over 

500 ºC, the hole concentration decreases noticeably even for anneal periods as short as 

10 min [Fushimi97]. Besides the hole concentration reduction, the analysis of the samples with 

HRXRD also shows that the lattice constant of the material increases as the anneal 

temperature increases. PL measurements also show a sharp decrease in the peak intensity 

as the anneal temperature is increased. All these results indicate that the origin of the 

compensating effect is the generation of defects through the redistribution of the atoms inside 

the material during the annealing. Concretely, it has been suggested the formation of C 

interstitials and As vacancies, which give rise to Cinterstitial-Cacceptor (which act as donors), and 

VacancyAs-Cacceptor complexes [Fushimi97][Rebey06].  
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The experiments carried out in this Thesis concerning the annealing of heavily 

C-doped GaAs layers have not shown any conclusive evidence of a modification in their 

properties. The annealing routine used correspond to the equivalent annealing that the tunnel 

junction suffers when the GaInP subcell is grown on top, i.e., 30 minutes at 675 ºC. The ECV 

and HRXRD measurements show the same doping levels and lattice constant for non 

annealed and annealed samples. The effect of annealing on the performance of the complete 

tunnel junction is found, however, to have an important influence on the performance of the 

tunnel junction, and will be presented in section 6.4.  

6.3.2.8. Conclusion: heavily CBr4-doped GaAs optimum growth parameters for tunnel junction 

application 

In the light of the experimental results presented in the previous sections we can now 

infer the values towards which the growth conditions must tend in order to grow the optimum 

CBr4-doped GaAs layer for the GaAs tunnel junction application. The key parameter is found 

to be growth temperature. Fortunately, this parameter must be varied in the same direction to 

fulfil the requirements of high doping level, low halide concentration use and good surface 

morphology. Concretely, the growth temperature must be reduced to a value below 600 ºC. 

For the ratio V/III explored, this allows the use of CBr4 concentrations as low as 4·10-6 to 

achieve a hole concentration of 4·1019 cm-3. Moreover, for this [CBr4] the growth rate and 

surface morphology are not noticeably affected by the use of this halide to dope GaAs. 

The use of such a low temperature is fortunately compatible with the growth of heavily 

Te-doped GaAs. In fact, the results presented in next section conclude that the use of low 

growth temperatures allowed the achievement of the highest doping levels in Te-doped GaAs. 

This will allow us to use the same growth temperature for both the cathode and anode of the 

tunnel junction. However, the growth temperature will be required to be changed with respect 

to that used for the growth of the top and bottom subcells in the GaInP/GaAs dual-junction 

solar cell semiconductor structure. This implies the use of growth stops and temperature 

ramps, for whose optimization a special attention has to be paid.  

Finally, it must be noted that, although the approximate optimum growth conditions for 

the application of the highly C-doped GaAs layer in the tunnel junction have been determined, 

their final tuning must be done when growing the complete dual-junction structures, in order to 

assess the impact of these growth conditions on the subsequently grown semiconductor 

layers, i.e., the GaInP top cell. The work in this regard will be discussed in section 6.4. 

6.3.3. Heavily Si-doped GaAs growth 

The use of silicon to obtain heavily n-type doped GaAs layers has several advantages 

with respect to other dopants such as selenium and tellurium. For example, it does not show 
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memory effects, which allows the achievement of sharper junction profiles. However, it has a 

critical problem consisting in the fact that the maximum electron concentration achievable is 

only around 1·1019 cm-3. As shown by SIMS measurements, the Si atoms continue to 

incorporate into the GaAs material for higher Si-precursor fluxes, but the electron 

concentration achieved does not increase but rather decreases [Chichibu92]. There exist 

several explanations for this behaviour. Some of them are the amphoteric nature of Silicon in 

III-V compounds [Liu87][Hudait98], the generation of a compensating center related to the 

incorporation of carbon [Chichibu92], the formation of complexes or precipitates [Furuhata88], 

etc.  

Regardless of the origin of the maximum electron concentration attainable with silicon 

in GaAs, the important fact for the tunnel junction application is that it is rather limited for the 

growth of tunnel junctions for high concentration applications, which require higher doping 

levels. However, peak current densities higher than 50 A/cm2 on unannealed 

GaAs(C)/GaAs(Si) tunnel junctions have been reported [Beji01][Ragay94]. Though much 

below than the values obtained with other n-type dopants such as tellurium or selenium, these 

peak currents are suitable for the operation of the GaInP/GaAs dual-junction solar cell at 

concentrations higher than 3000 X. These results and the absence of memory effects with 

silicon with respect to the other n-type dopant available at I.E.S.-U.P.M. (tellurium), prompted 

the decision of devoting some time in this Thesis to study the heavy-doping of GaAs with 

silicon for tunnel junction applications. The precursor used is ditertiarybutyl silane (DTBSi), 

which was installed during the reactor up-grade from AIX200 system to AIX200/4. Being a 

liquid source, its fundamental advantage with respect to other gas sources such as silane 

(SiH4) and di-silane (Si2H4) is a reduced hazardousness. The doping of GaAs with silicon 

using DTBSi was studied in our laboratory during the development of the GaAs single-junction 

solar cell for the n-type doping of the emitter of this solar cell, i.e., up to doping levels around 

1·1018 cm-3. Here we will focus on the achievement of doping levels in the range of 1·1019 cm-3 

for the tunnel junction application.   

6.3.3.1. Influence of the growth conditions on the electron concentration in Si-doped GaAs 

Silicon is a non-volatile dopant. According to the expressions presented in Table 4.3, 

the dopant concentration in the solid when working in the mass-transport limited regime with a 

V/III ratio higher than unity is linear with the DTBSi partial pressure to TMGa partial pressure 

ratio, and is independent of the V/III ratio: 
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Apart from the dependence of the dopant concentration in the solid on the dopant and 

group-III precursors partial pressures, other growth parameters have been observed to affect 

the dopant concentration in the solid in practice. On the one hand, a weak dependence with 

the V/III ratio has been reported for the different precursors used. Concretely, increased 

carrier concentrations have been measured as the V/III ratio decreases [Leu98]. Besides, if 

we take into account that a higher carbon incorporation (coming from the alkyl radicals) is 

produced as the V/III ratio decreases, the incorporation of silicon into the solid is expected to 

be much higher for low V/III ratios than deduced from the electron concentration 

measurements, due to the compensation by carbon. This is particularly important when using 

TBAs as group-V precursor, due to the higher carbon incorporation with respect to the case of 

using AsH3. At any rate, the reason for a higher incorporation of silicon at lower V/III ratios 

remains to be determined. 

On the other hand, a dependence of the silicon incorporation on the growth 

temperature has also been observed. In general, the carrier concentration obtained increases 

as the growth temperature increases. For SiH4, the electron concentration achieved depends 

clearly on the growth temperature up to well above 600 ºC [Chichibu92]. For Si2H4 and DTBSi, 

the dependence on the growth temperature is significant for temperatures below 610 ºC and 

much less pronounced for higher temperatures [Leu98]. The origin of the differences observed 

among these precursors lies in their thermal decomposition which, in the case of SiH4, is less 

efficient and is not complete up to temperatures around 700 ºC. For DTBSi and SiH4, at 

temperatures above 610 ºC the thermal decomposition is complete. For higher temperatures, 

the slight increase of the carrier concentration achieved is thought to be due to the increased 

desorption of As from the growth surface, which causes a decrease in the effective V/III ratio 

[Leu98]. 

At any rate, it must be noted that most of the existing literature concerning Si-doping 

using DTBSi refers to works in which TBAs is used as group-V precursor. To the best of our 

knowledge, no experiments using AsH3 and DTBSi are reported. Therefore, deviations 

between our experimental results and the tendencies reported in the literature can be 

expected. 

6.3.3.2. Heavily Si-doped GaAs experimental results 

A set of experiments were carried out in this Thesis in order to explore the Si-doped 

GaAs carrier concentration dependence with the growth parameters in our reactor, and the 

maximum value achievable. The substrates used were miscut 2º�(111)A plane. As explained 

above, the silicon precursor used is DTBSi, and TMGa and AsH3 were the group-III and 

group-V precursors, respectively. All the experiments were carried out in the AIX200/4 

machine, at a working pressure of 100 mbar. The carrier concentration was measured using 
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the ECV technique and was plotted against the DTBSi to TMGa partial pressures ratio. The 

results are shown in Figure 6.5. 

 As expected, the carrier concentration is linear with the DTBSi to TMGa partial 

pressures ratio. The effect of the V/III ratio and growth temperature on the carrier 

concentration measured can be observed also in Figure 6.5. Concretely, the electron 

concentration increases with growth temperature and decreases with increasing V/III ratios. 

However, some differences with respect to the data reported in the literature for experiments 

carried out using TBAs and DTBSi can be also observed. The carrier concentration increases 

with the growth temperature about half an order of magnitude for a temperature increase of 

55 ºC around 700 ºC in our case. From the results obtained using TBAs which can be found in 

the literature [Leu98] one could expect that for temperatures above 610 ºC, approximately, the 

dependence of the electron concentration with the growth temperature should not be 

significant, which resulted not to be the case in our experiments. The difference between the 

actual substrate temperature and the reactor temperature setpoint cannot explain this effect. 

In fact, we have observed that in our reactor this difference is around 30 ºC. Therefore, the 

real substrate temperatures used for the experiments shown in Figure 6.5 are around 645 ºC 

and 700 ºC, a range were the growth temperature should not affect significantly the electron 

concentration in DTBSi-doped GaAs. Since the Si and Ga precursors are the same (DTBSi 

and TMGa, respectively) as in [Leu98], the reason for the differences in the results may lie in 

the different group-V precursor used. On the one hand, as explained in last section, a reason 

for the slight dependence of the carrier concentration on the growth temperature, for the 

temperatures where DTBSi is fully decomposed, may lie in the effective V/III ratio on the gas-

solid interface, which decreases as the temperature increases, due to arsenic re-evaporation. 

Since the thermal decomposition is much more effective for TBAs than for AsH3, a different 

dependence of the effective V/III ratio on the gas-solid interface with growth temperature can 

 

Figure 6.5. Si-doped GaAs electron 
concentration measured with ECV at 
room temperature, against the ratio of 
DTBSi to TMGa partial pressures, for 
different V/III ratios and growth 
temperatures. 
 



Chapter 6 

 240 

be expected. However, since AsH3 decomposition is not complete [Stringfellow99] for such 

high temperatures, the effective V/III ratio should increase, or, at least, not decrease as fast as 

with TBAs, as the temperature is increased, since the re-evaporation of As can be partially 

compensated with the increased AsH3 decomposition. Therefore, the explanation for the 

increased carrier concentration with higher temperatures appears not to be in this direction. In 

fact, the results presented in [Chichibu92] show a similar dependence of the electron 

concentration with growth temperature for experiments carried out with TBAs and AsH3, using 

SiH4 as silicon precursor. Another hypothesis is that the chemical reactions involved in the 

decomposition of DTBSi in the presence of AsH3, include intermediate steps where SiH4 is 

generated among other elements, which appears not to be the case with TBAs [Leu98]. Since, 

as explained in last section, the thermal decomposition of SiH4 is much less effective and 

continues to increase up to temperatures above 700 ºC, the dependence of the electron 

concentration with the growth temperature obtained using AsH3 and TBAs could be explained. 

However, this hypothesis needs further studies to be confirmed. 

Regardless of their origin, the dependencies of the electron concentration on the 

growth conditions were tried to be exploited in order to achieve the highest carrier 

concentration possible, in view of the tunnel junction application. As can be observed in Figure 

6.5, the saturation of the electron concentration in our experiments occurs at about 

1·1019 cm-3, obtained with the highest growth temperatures and lowest V/III ratios explored. 

The application of the heavily Si-doped GaAs layers developed to the GaAs tunnel junction 

application will be discussed in section 6.4.3.  

6.3.4. Heavily Te-doped GaAs growth 

Tellurium is the n-type dopant available at I.E.S. – U.P.M. since the first reactor set-up 

was installed in 2002. The precursor used is in the form of H2 diluted DETe (200 ppm) in a 

high pressure bottle. The doping of GaAs with tellurium was studied extensively in our 

research group during the development of the GaAs single-junction solar cell, since it was 

originally used as the n-type dopant for the emitter, window and contact layer of this device. 

The dependence of the electron concentration on the growth conditions and DETe partial 

pressure was studied, as well as the surfactant nature of tellurium and the dependence of its 

volatility degree on the reactor pressure and substrate misorientation [Galiana06][Galiana08]. 

However, after the installation of the DTBSi source, tellurium was replaced with silicon 

as n-type dopant of the solar cells emitter and window layers, due to the problems generated 

by tellurium for the growth of the In-containing compounds of the window layer (GaInP and 

AlInP), as commented in chapter 4. Therefore, since that moment, the use of tellurium is 

almost exclusively dedicated to the achievement of high n-type doping levels for the tunnel 

junctions, in the multi-junction solar cell development context. The main advantage of tellurium 
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with respect to silicon are the reduced diffusion coefficient and the higher carrier concentration 

achievable in GaAs. These two characteristics are of special importance for the tunnel junction 

application. Conversely, its major disadvantage is the remarkable memory effect that it 

exhibits [Stringfellow99]. This is caused by the adsorption of the material to the reactor walls, 

which can be reevaporated during the growth of the subsequent layers, impeding the 

achievement of abrupt profiles. Nevertheless, this memory effect can be minimized by using 

the appropriate growth conditions, and taking care of their compatibility with the achievement 

of the desired material properties. For example, at low temperatures, the desorption of 

tellurium is lower and, therefore, its memory effect is reduced [Kamp94]. This is particularly 

advantageous for the tunnel junction application since, as will be seen in next sections, the 

use of low temperatures is also beneficial for the achievement of high electron concentrations 

with low DETe fluxes. 

 In the following sections, the use of tellurium to obtain heavily n-type doped GaAs 

layers, and the experimental data obtained are discussed.  

6.3.4.1. Influence of the growth conditions on the electron concentration of DETe-doped GaAs 

As commented above, the volatility of tellurium depends on the reactor pressure, 

growth temperature and substrate misorientation, as observed in the works carried out in our 

research group in the past [Galiana06]. The surfactant properties of tellurium modify the 

surface kinetics and introduce new variables for the GaAs growth in addition to the mass 

transport and adsorption-evaporation processes. These mechanisms are not well understood 

yet and, together with the memory effect, make the use of tellurium more complicated and not 

very appealing for standard growth processes, as evidenced by the scarce literature available 

on the use of tellurium for device fabrication. In our case, we will make use of empirical 

procedures, in order to determine the relation between growth conditions, DETe and carrier 

concentration, in the range of interest for the tunnel junction application. In Table 6.3 a 

summary of the dependence of the Te concentration with the growth parameters obtained 

empirically in [Galiana06] is shown. 

In this Thesis, most of the experimental results presented are obtained with the 

updated system AIX200/4 in which the reactor pressure used is 100 mbar. Moreover, the 

substrates used in most cases are 2º�(111)A.  Therefore, according to the data in Table 6.3, 

the tellurium concentration in the solid decreases with the growth rate, which is a 

characteristic of a volatile dopant. On the other hand, the qualitative explanation for the effect 

of the V/III ratio on the tellurium incorporation is the competitive incorporation of Te and As in 

the As-sites of the GaAs lattice. As [AsH3] increases, the number of As-sites available for Te 

decreases and, consequently, so does the number of Te atoms incorporated. Finally, the 

tellurium incorporation decreases as the growth temperature increases. This has two 
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explanations. First, an increased pyrolisis of AsH3 as the growth temperature increases, which 

makes that the effective V/III ratio in the growth surface increases. The other explanation is an 

increased reevaporation of tellurium from the growth surface, as the growth temperature 

increases. The reason for the sublinear dependence of the Te concentration with the [AsH3] is 

not yet understood. 

In this Thesis we focus on the experiments relative to the achievement of heavily Te-

doped GaAs, for the tunnel junction application. Given the important memory effects that Te 

exhibits, the high doping levels necessary must be achieved using the minimum possible 

concentration of DETe in the reactor chamber during growth. For this, the growth temperature, 

V/III ratio and growth rate must be lowered, according to the data in Table 6.3. The use of low 

growth temperatures is convenient since the C-doped GaAs p-side of the tunnel junction is 

also grown at low temperatures, i.e., the same temperature can be used for the growth of the 

Table 6.3. Dependence of Te dopant concentration in the solid (xTe) on the growth parameters. 

Growth parameter Variation of xTe, as growth 
parameter increases : Additional information 

[DETe] Increases linearly 

V/III ratio [AsH3] 
Decreases sublinearly  

(α [AsH3]-0.6) for P = 50 mbar and 
Tg = 675 ºC 

3

s DETe
Te

AsH

p
x

p
∝

 

Growth rate [TMGa] 

Growth temperature: 675 ºC: 
· For P = 50 mbar: decreases 
· For P = 100 mbar:   
     2º�(111)A : decreases 
     2º�(110) : increases  

Te volatility degree depends 
upon reactor pressure and 
substrate misorientation 

Growth temperature Decreases 

Activation energies, 
2º�(111)A substrate: 

· P=50 mbar: -2.84 eV 
· P=100 mbar:  ∼-1 eV for 
low Tg and ∼-3 eV for high Tg 

  
Figure 6.6. Examples of ECV-measured electron concentration vs. [DETe]/[AsH3] ratio (right) and 
[DETe] (left) in heavily Te-doped GaAs, for different growth temperatures and V/III ratios. 
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whole tunnel junction. Moreover, the desorption of Te from the reactor chamber walls and 

susceptor is lower during the growth of the tunnel junction anode, thus reducing the memory 

effect, as explained above. As for the growth rate, it is preferred to be low in order have a 

more accurate control over the tunnel junction thickness. Some results of the calibration 

carried out are presented in Figure 6.6. From these results, the following conclusions can be 

drawn: 

1) The dependence of the electron concentration on the DETe molar fraction, for a 

growth temperature of 550 ºC is sub-linear, with a sub-linearity (around 0.8) similar to that 

found for higher growth temperatures [Galiana06]. The different sub-linearity found for 625 ºC 

is presumably due to the error introduced in the calculation, which is carried out using only two 

experimental points. 

2) The effect of the growth temperature on the carrier concentration follows the trend 

described in the literature: the carrier concentration increases as the growth temperature is 

decreased.   

3) Regarding the V/III ratio and growth rate, their effect is mixed in the calibration data 

available. The samples grown at a V/III ratio of 9, 20 and 45, are grown also at different 

growth rates. As can be observed, the samples grown with a higher V/III ratio present a higher 

carrier concentration, contrariwise to the trends summarized in Table 6.3. For a V/III ratio of 9 

and a growth rate of 2.6 µm/hr, this effect is marked. This can be only explained if the effect of 

the growth rate on the carrier concentration is stronger than effect of the V/III ratio. A few more 

samples were grown in order to further clarify this point. First, the effect of the V/III ratio was 

studied for a growth temperature of 550 ºC. The result is shown in Figure 6.7. 

 

 

Figure 6.7. Effect of the V/III 
ratio on the electron 
concentration of a Te-doped 
GaAs sample grown at 550 ºC 
and at growth rate of 1.26 
µm/hr. 
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 It can be observed how the electron concentration decreases as the V/III ratio 

increases. However, the dependence obtained for a growth temperature of 550 ºC and 

P = 100 mbar resulted to be more sublinear than for 675 ºC and P = 50 mbar [Galiana06] 

(ND α [AsH3]-0.2 compared to ND α [AsH3]-0.6, respectively) for the same DETe molar fraction 

and substrate misorientation. The reason for this requires further studies to be clarified. 

 Regarding the effect of the growth rate on the incorporation of tellurium, the tendency 

observed for P = 100 mbar, Tg = 675 ºC and 2º�(111)A substrates (see Table 6.3) has been 

found to be also applicable for Tg = 550 ºC: the electron concentration decreases with the 

growth rate. In Figure 6.8 an example result is shown. 

 

 

Figure 6.8. Effect of the growth 
rate on the electron 
concentration of a Te-doped 
GaAs sample grown at 550 ºC 
and a V/III ratio of 45. 
 

 

In conclusion, the V/III ratio and growth rate influence the electron concentration of 

Te-doped GaAs in an opposite way. A change in the V/III ratio from 20 to 45 results in a 

electron concentration reduction of around 13%, while a change in the growth rate from 1 to 

1.2 µm/hr results in a reduction of the electron concentration of 19%. Therefore, this increase 

in the growth rate produces a stronger reduction of the electron concentration than the 

increase produced by the reduction in the V/III ratio from 20 to 45. This explains the calibration 

curves obtained with different growth conditions, presented in Figure 6.6. The dependencies 

studied in this section must be taken into account if an accurate control over the doping level 

obtained in heavily Te-doped GaAs samples is to be attained.  

6.3.4.2. Tellurium influence on the GaAs growth rate 

The presence of Te was found in the past to affect the growth rate of GaAs. 

Concretely, for a constant [TMGa], a reactor pressure of 50 mbar, a growth temperature of 

675 ºC and 2º�(111)A substrates, the growth efficiency and growth rate decrease as the 
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molar fraction of DETe increases [Galiana06]. This effect was attributed to the surfactant 

properties of tellurium, which somehow interfere with the adsorption and incorporation of the 

Ga and As atoms on the growth surface.  

During the heavy doping study presented here, an opposite behaviour was detected. 

For the same 2º�(111)A substrates, a reactor pressure of 100 mbar and a growth 

temperature of 550 ºC, the growth rate and growth efficiency have been found to increase with 

the molar fraction of DETe, as show in Figure 6.9. 

 

 

Figure 6.9. Growth rate and growth 
efficiency of heavily Te-doped GaAs 
grown at 550 ºC vs. the molar fraction of 
DETe, for different V/III ratios and TMGa 
molar fractions. 
 

 
As can be observed, the growth rate and growth efficiency increase logarithmically with 

the molar fraction of DETe. This logarithmic tendency is a clue to think of a surfactant effect as 

the origin of the GaAs growth rate dependence on [DETe]. In fact a surfactant is defined as an 

element which tends to remain on the growth surface and is able to modify the surface kinetics 

even if present in very low concentrations. The reasons for the opposite tendency between the 

Te-doped GaAs grown at a reactor pressure of 50 mbar and Tg = 675 ºC, and at 100 mbar 

and Tg = 550 ºC are not yet well defined. A possible explanation can lie in the fact that, at 

550 ºC, the GaAs growth in our reactor is in the frontier between the mass transport controlled 

and kinetics controlled regime, as shown in Chapter 4. Due to the surfactant properties of 

tellurium, it could catalyze the kinetics at the growth surface, giving rise to an increased 

growth rate. This theory needs to be confirmed with additional experimental work. 
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6.3.4.3. Surface morphology of heavily Te-doped GaAs 

 The surface morphology of Te-doped GaAs depends on the concentration of DETe 

and on the growth conditions, namely the growth rate and temperature, and the V/III ratio. For 

doping levels in the range of 1·1018 to 1·1019 cm-3 mirror-like surface morphologies have been 

reported for a wide range of growth conditions [Houng86][Sun91]. Conversely, for doping 

levels above 1·1019 cm-3 the surface morphology is degraded differently depending on the 

growth conditions. Opposed tendencies are reported in the literature. In [Sun91] is concluded 

that the surface morphology of heavily Te-doped GaAs is improved if the growth rate is 

decreased below 1.2 µm/hr, whereas in [Li95] growth rates as high as 6 µm/hr are reported to 

produce better surface morphologies. The origin of the surface degradation postulated in 

these works were the lattice expansion generated by the incorporation of Te in As sites 

[Houng86][Sun91], or the formation of a second phase for high Te mole fractions and low V/III 

ratios [Li95]. 

For the growth conditions range explored in this Thesis, the surface morphology was 

observed to be degraded only when the heavily Te-doped GaAs layer was grown thick. This is 

in line with the theory that the surface degradation is caused by a GaAs lattice expansion. In 

Figure 6.10 the normalized reflectivity (at 1.8 eV) transient measured in-situ during the growth 

of a heavily Te-doped GaAs stair is plotted. The growth conditions used and DETe 

concentration correspond to the ones used for the high performance tunnel junction devices 

explained in section 6.4.5. As can be observed, for a layer thickness as high as 850 nm, no 

surface morphology degradation able to produce a reflectivity drop can be observed during 

the growth of this heavily Te-doped GaAs layer. A more accurate determination of the 

relationship between growth conditions and surface morphology, for example using other 

photon wavelengths for the in-situ reflectance measurement, and ex-situ characterization 

 

 

Figure 6.10. Normalized reflectivity 
transient measured in-situ at 1.8 eV 
during the growth of a heavily doped 
GaAs:Te layer. 
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techniques such as AFM, remains to be carried out. However, in our tunnel junction 

application, where thin (< 30 nm) Te-doped GaAs layers are to be grown, the surface 

morphology is not expected to be degraded significantly. 

6.3.4.4. Compensation and crystal structure of heavily Te-doped GaAs 

The electron mobility in Te-doped GaAs decreases monotonically with the electron 

concentration due to the well known ionized impurity scattering. Similar results have been 

found for different growth conditions and even growth techniques. In Figure 6.11 the electron 

mobility is plotted against the electron concentration in Te-doped GaAs layers, together with 

data obtained from the literature. As can be observed, the mobilities measured fit well with the 

tendencies reported. For electron concentrations higher than 1·1019 cm-3, the electron mobility 

decrease rate increases. As commented in last section, this is the electron concentration at 

which the surface morphology degradation and the saturation of the Te activation becomes 

noticeable. All these facts point to an incorporation of tellurium into sites different than As-

substitutional.  

 

 

Figure 6.11. Electron mobility vs. electron 
concentration in Te-doped GaAs. Other 
data obtained from the literature are 
plotted for comparison. 
 

  

HRXRD measurements can be used to further analyze this, similarly as done with 

heavily C-doped GaAs in section 6.3.2.6. Ideally, tellurium atoms incorporate substitutionally 

into As-sites. Since the Te atom has a higher covalent radii than As, for high doping levels a 

lattice expansion is produced. Using Vegard’s law (equation 6.1) and a covalent radii of Te of 

1.38 Å [Cordero08], the theoretical lattice mismatch vs. electron concentration was calculated. 

The theoretical curves assuming compressed and relaxed GaAs layers are plotted in Figure 

6.12 together with the experimental lattice mismatch data measured on the heavily Te-doped 

GaAs layers. 
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Figure 6.12. Lattice mismatch versus 
electron concentration in Te-doped GaAs 
samples, grown at different temperatures, 
V/III ratios and [DETe]. An As-substitutional 
incorporation of Te has been assumed for 
the calculated curves.  
 

  

Firstly, it can be observed how the theoretical lattice mismatch for a given carrier 

concentration is much lower than in the case of heavily C-doped GaAs, since the covalent 

radii difference between As and C (0.43 Å) is twice the covalent radii difference between As 

and Te (0.19 Å). Concerning the experimental results, they clearly follow the tendency 

obtained theoretically using Vegard’s law. A maximum mismatch of 0.04% was measured, 

which is low enough so as not to introduce any structural defect in the thin tunnel junction. On 

the other hand, although the data available is scarce to draw solid conclusions, it appears to 

suggest that the incorporation of Te into sites different than As-substitutional is more important 

for electron concentrations higher than 1·1019 cm-3. For these electron concentrations, the 

electron mobility was observed to decrease at a higher rate (Figure 6.11). The defects 

generated may be behind the remarkable defect-assisted tunnelling current suggested to be 

responsible of the extremely high peak tunnelling current observed in the tunnel junctions 

fabricated with this material, as will be shown in section 6.4.5. The experimental work aimed to 

a more accurate quantification of the relation between growth conditions, non-substitutional 

incorporation of tellurium into GaAs and defect-assited tunnelling is ongoing currently in our 

research group.  

6.3.4.5. Conclusion: heavily Te-doped GaAs optimum growth parameters for tunnel junction 

application 

As commented in the introduction of section 6.3.4, the objective of the heavily Te-

doped GaAs study was to obtain the highest electron concentration with the lowest possible 

DETe flow, in order to minimize the memory effect exhibited by this dopant. According to the 

results presented in previous sections, this can be obtained by using low growth temperatures, 

low V/III ratios and low growth rates. An electron concentration of 3·1019 cm-3 has been 

measured in a Te-doped GaAs sample grown at 550 ºC with a [DETe] as low as 2·10-7. 

Moreover, the fact that the use of low growth temperatures enhance the incorporation of Te 
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and gives rise to higher electron concentrations in heavily Te-doped GaAs material, allows to 

use the same growth temperature for the p and n-sides of the tunnel junction, as commented 

in section 6.3.2.8. This allows to circumvent any possible complication derived from the use of 

growth stops and temperature ramps during the growth of the tunnel junction. 

As for the growth rate dependence on the [DETe] found, it can be compensated for by 

empirically adjusting the growth time and/or TMGa flow in order to obtain the desired 

thickness of the Te-doped GaAs layer. 

Regarding the surface morphology of heavily Te-doped GaAs, the in-situ reflectance 

measurements carried out suggest that the surface degradation is only important for thick 

samples. Therefore, it is not expected to be problematic for the tunnel junction application. 

However, only the analysis of the influence of the tunnel junction on the growth of the 

subsequent layers (i.e., the GaInP top cell) will be definite in this regard. These studies will be 

presented in section 6.4. 

6.3.5. Heavily doped Al xGa1-xAs 

The AlxGa1-xAs material is used in our GaAs-based tunnel junctions for two purposes. 

First, it is applied to the growth of barrier layers for the GaAs tunnel junction. Second, the 

addition of Al to GaAs is used to increase the band gap of the material and, thus, reduce the 

absorption of the light destined to the bottom cell. While the heavy p-type doping of AlxGa1-xAs 

using carbon is easy and very high doping levels can be achieved, its n-type doping was 

found to be more difficult. This has direct implications on the results obtained with the tunnel 

junctions presented in sections 6.4.5 and 6.4.6.  

6.3.5.1. Heavily C-doped AlxGa1-xAs 

A number of works concerning the achievement of heavily C-doped AlxGa1-xAs layers 

by using extrinsic dopants such as CBr4 or CCl4 [Tateno97], or by intrinsically doping the 

material by incorporating the carbon coming from the methyl radicals [Deelen05 and 

references], can be found in the literature. The carbon is incorporated in the As-sites of 

AlGaAs, similarly as in the case of GaAs. However, given the higher strength of the Al-C 

bonds, the incorporation of carbon in AlGaAs is higher and, consequently, the hole 

concentrations achieved are also higher than in GaAs, for the same growth conditions 

(temperature and V/III ratio).  

The development of heavily C-doped AlGaAs layers for the tunnel junction application 

carried out in this Thesis consisted in using heavily CBr4-doped GaAs layers and adding the 

necessary quantity of TMAl in order to obtain the desired AlxGa1-xAs composition. Hole 

concentrations exceeding 5·1019 cm-3 were measured for the layers grown at 550 ºC and V/III 

ratios below 15. In Table 6.4 some results of CBr4-doped AlxGa1-xAs layers are shown, in 
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which the effect of lowering the growth temperature and V/III ratio is clearly observed. For the 

same [CBr4] the hole concentration obtained at 625 ºC is one order of magnitude higher than 

at 675 ºC, for the same V/III ratio. At a growth temperature of 550 ºC, the [CBr4] is decreased 

by almost an order of magnitude and the hole concentration achieved is still higher than 5·1019 

cm-3. This is particularly convenient for our purpose of achieving the highest possible carrier 

concentrations with the minimum CBr4 possible, in order to minimize the possible interaction 

of the remaining Br with the In-containing compounds grown after the tunnel junction. 

The AlxGa1-xAs lattice constant is larger than that of GaAs for any Al composition. This 

produces that AlxGa1-xAs grown on GaAs substrates is always compressed with a maximum 

lattice mismatch of 0.13% for a 100% Al content (AlAs). However, due to the lattice 

compression produced by carbon, all the heavily C-doped AlxGa1-xAs samples grown in the 

doping study were tensile strained. In Figure 6.13 an example is shown to illustrate this effect. 

The measured rocking curve corresponds to the sample grown at 550 ºC in Table 6.4. As can 

be observed, the lattice compression produced by the high carbon incorporation in the 

Al0.52Ga0.48As grown at 550 ºC is so strong that the layer is grown in tension with a lattice 

mismatch of -0.14%, while the same Al0.52Ga0.48As layer without carbon should be 

compressed with a lattice mismatch of 0.07%. 

 

 

Figure 6.13. Rocking curves of 
Al0.52Ga0.48As (simulation) and heavily 
C-doped Al0.52Ga0.48As (experimental), 
showing the strong compression of the 
lattice produced by the incorporation of 
carbon, which translates into a tensile 
strained layer grown on GaAs. The 
measured rocking curve corresponds to 
the sample grown at 550 ºC in Table 6.4. 
 

Table 6.4. Carrier concentration of heavily extrinsically C-doped AlxGa1-xAs  
for different growth conditions. 

Tg % Al GR V/III [CBr 4] NA 

675 ºC - - 23 2.08·10-4 2·1019 cm-3  

625 ºC - - 46 2.08·10-4 5.7·1019 cm-3 

625 ºC - - 23 2.08·10-4 2·1020 cm-3 

550 ºC 52 1.9 µm/hr 13 2.38·10-5 6·1019 cm-3 



Development of the tunnel junction 

 251 

The improvement in the performance of the tunnel junction when replacing the 

C-doped GaAs by C-doped AlxGa1-xAs were checked on complete tunnel junction devices, as 

will be shown in section 6.5.2. At any rate, a more thorough study of the extrinsic C-doping of 

AlxGa1-xAs is desirable in order to be able to assess the possibility of using different AlxGa1-xAs 

compositions and doping levels, and their influence on the tunnel junction performance. These 

studies are planned to be carried out and presented in future Thesis. 

Intrinsically C-doped AlGaAs layers were used already in the development of the GaAs 

single junction solar cell, when the Zn-doped GaInP BSF layer was replaced with an 

intrinsically C-doped AlGaAs BSF layer, in order to obtain a more favourable valence band 

discontinuity for the hole transport, without using high Zn doping levels [Galiana06c]. 

Regarding the tunnel junction application, several publications have been reported in which 

intrinsic AlGaAs is used [Dimroth00][Mols07]. The worse performance of the tunnel junctions 

described in these references as compared to the extrinsically doped AlGaAs(C)/GaAs(Te) 

developed in this Thesis (see section 6.4.6.2) may be due to the different general design of 

these tunnel junctions and the use of n-type doping levels below 1·1019 cm-3. In fact, we 

believe that the substitution of our extrinsically CBr4-doped AlGaAs by intrinsically doped 

AlGaAs, without modifying the rest of layers of our tunnel junction design, would produce also 

high performance tunnel junctions, without the necessity of using CBr4. The experiments 

necessary to confirm this are, though, pending. 

6.3.5.2. Heavily Te-doped AlxGa1-xAs 

In order to further decrease the light absorption in the tunnel junction, the use of 

heavily Te-doped AlxGa1-xAs as a substitute for GaAs in the cathode of the tunnel junction was 

preliminarily studied. As explained in the previous section, the growth of heavily C-doped 

(Al)GaAs is optimum for low growth temperatures. Consequently, the heavily Te-doping of 

AlGaAs was also studied for low growth temperatures, in order to growth both sides of the 

tunnel junction at the same growth temperature. This brought about an important unintentional 

carbon doping of AlxGa1-xAs. In Table 6.5 the carrier concentration measured for different 

AlxGa1-xAs compositions and growth conditions is shown.  As can be observed, for an Al 

content of 20% and a [DETe] of 2.05·10-7 (similar to the one that produced n-type doping 

 

Table 6.5. Carrier concentration of heavily Te-doped AlxGa1-xAs  
of different compositions and growth conditions. 

Tg % Al GR V/III [DETe] N 

550 ºC 20 - 16 2.05·10-7 9·1018 cm-3 (p-type) 

550 ºC 52 1 µm/hr 50 3.94·10-7 1.3·1019 cm-3 (n-type) 

550 ºC 44 1 µm/hr 45 4.95·10-7 2.5·1019 cm-3 (n-type) 
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levels exceeding 1·1019 cm-3 in GaAs, for the same growth conditions), give rise to a p-type 

doping level as high as 9·1018 cm-3, due to the incorporation of carbon. N-type doping levels 

could be obtained when the layers where grown at higher V/III ratios and [DETe]. 

 Concerning the lattice structure of heavily Te-doped AlxGa1-xAs, it suffers an important 

expansion similarly as occurs in GaAs. This makes that the lattice constant increment 

produced by tellurium is added to the higher lattice constant of AlxGa1-xAs as compared to 

GaAs. This can be seen in Figure 6.14, where the rocking curve of the sample with the highest 

doping level in Table 6.5 is compared with the rocking curve of an ideal AlxGa1-xAs layer with 

the same composition and no tellurium. The lattice mismatch is increased from 0.06% to 

0.12%. 

 

 

Figure 6.14. Rocking curves of undoped 
Al0.43Ga0.57As (simulation), and heavily 
Te-doped Al0.43Ga0.57As, making apparent 
the additional compression of the lattice 
introduced by tellurium. The measured 
rocking curve corresponds to the sample 
with a carrier concentration of 2.5·1019 cm-3 
in Table 6.4. 
 

  
Finally, it must be noted that the development of heavily Te-doped AlxGa1-xAs material 

and its application as the cathode of the tunnel junction was found to be problematic, as 

demonstrated by the poor tunnel junction results obtained (see section 6.5.3). Therefore, more 

work is needed in this respect, in order to use AlxGa1-xAs as the high band gap material for the 

cathode of the tunnel junction. 

6.4. Tunnel junction devices growth, manufacturing and characterization 

6.4.1. Introduction 

In this section, the materials developed in section 6.3 are applied to the growth of 

GaAs tunnel junctions with different semiconductor structure designs. Each semiconductor 

structure is processed into diode devices in order to be able to measure its J-V curve. The 

processing technology used is based on the standard photolithographic techniques used at 

I.E.S. – U.P.M. for III-V semiconductor solar cells. The metal contacts are based on the 

AuGe/Ni/Au system for the n-contact and AuZn/Au for the p-type contact. The influence of the 
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tunnel junction growth on the performance of the GaInP top cell grown on it is assessed in 

each tunnel junction semiconductor structure studied. Both the performance of the tunnel 

junction and its influence on the performance of the GaInP top cell are used to appraise the 

suitability of the tunnel junction for its insertion in the GaInP/GaAs dual-junction solar cell, and 

to decide the design parameters to be modified in successive versions. 

6.4.2. GaAs:Zn/GaAs:Te tunnel junction 

6.4.2.1. Objective 

At the beginning of the development of the GaInP/GaAs dual-junction solar cell 

presented in this Thesis, the only dopant sources available at I.E.S. – U.P.M. were DETe and 

DMZn, for n-type and p-type doping, respectively. Consequently, the first tunnel junctions 

employed used these dopants, even though zinc was known to be problematic, due to its high 

diffusion coefficient. During the annealing produced by the growth of the topmost layers of the 

multijunction solar cell, zinc has been reported to diffuse through the solar cell semiconductor 

structure and to damage the performance of the tunnel junction and the base layer of the 

GaInP top cell [Olson90][Takamoto99]. The use of high band gap barrier layers has proven 

useful to reduce the zinc outdiffusion [Kojima98][Takamoto99] and, consequently, the thermal 

degradation of the tunnel junction and top cell can be diminished.  

The first tunnel junction developed at I.E.S. – U.P.M., which used zinc as p-type 

dopant, had as primary purpose to attain a complete and functional GaInP/GaAs dual-junction 

solar cell, from which the subsequent improvements could be developed. The zinc dopant was 

planned to be shortly substituted by carbon, as soon as the reactor system would be updated 

to the AIX200/4 configuration, with more dopant sources (see Chapter 4). Therefore, the 

employment of sophistications such as high band gap barrier layers, diffusion control by 

modifying the growth temperature, etc were not considered, and only a few experiments were 

made about this tunnel junction, as shown below.  

6.4.2.2. Experimental results 

The GaAs:Zn/GaAs:Te tunnel junction semiconductor structure grown is shown in 

Figure 6.15. It consists off the GaAs tunnel junction, with Zn and Te as the p-type and n-type 

dopants respectively, and with a total thickness of 40 nm. A Zn-doped GaInP layer is grown on 

top to emulate the growth of the GaInP top cell in the dual-junction solar cell. Finally, a Zn-

doped GaAs contact layer is grown on top, in order to facilitate the formation of metal ohmic 

contacts. All the structure was grown at a constant reactor temperature of 675 ºC. This 

semiconductor structure was then processed into 400 µm x 400 µm square diodes. The J-V 

curves of the final devices were then measured using the four-point probe technique, and the 
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result is shown in Figure 6.16. As can be observed, the ohmic, negative resistance and 

thermal or diode region can be clearly distinguished. The peak current density obtained (310 

A/cm2) allows us to be sure that the tunnel junction will always work in the ohmic region, for a 

GaInP/GaAs dual-junction solar cell working at any practical concentration. The ohmic region 

exhibits a variable slope, very similarly as happens in the GaAs tunnel junction reported in 

[Nishioka04]. This effect could be attributed to a non uniform dopant profile in the junction, 

which makes that the depletion width dependence on the voltage across the junction varies 

with this voltage. Since the tunnelling current is very sensitive to the depletion width, the J-V 

curve in the ohmic region can be affected accordingly. At any rate, the J-V curve for current 

densities below 14 A/cm2, which roughly corresponds to the short circuit current density of a 

GaInP/GaAs dual-junction solar cell working at 1000 X, is linear and with a series resistance 

of around 7.4·10-4 Ω·cm2. This value is certainly satisfactory, as compared to other 

representative tunnel junctions shown in Table 6.1. If we add the fact that the tunnel junction 

measured is already annealed and its series resistance is underestimated due to the presence 

of the thick GaInP layer grown on top, whose series resistance is added to the series 

resistance of the tunnel junction, the performance result can be considered even more 

positive. 

  

 

Figure 6.16. J-V curve of a 
GaAs:Zn/GaAs:Te tunnel junction diode 
manufactured. 
 

 

Layer Tg [Dopant]  V/III 

n++ GaAs:Te 675 ºC 2.00·10-6 19 

p++ GaAs:Zn 675 ºC 1.47·10-4 47 
 

Figure 6.15. Semiconductor structure of the GaAs:Zn/GaAs:Te tunnel junction studied. 
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6.4.2.3. Influence of the tunnel junction growth on the GaInP top cell performance 

 As explained in the introduction of this chapter, the requisites for a tunnel junction to 

work in a multijunction solar cell are not only an appropriate electrical performance and 

survival to annealing, but also compatibility with the rest of the solar cell semiconductor 

structure. In our case, the effect of the diffusion and memory effect of the dopants used is 

Aquilles’ heel of the tunnel junction design being treated in this section. In Figure 6.17, the 

dopant profiles of a GaInP/GaAs dual-junction solar cell with the GaAs:Zn/GaAs:Te tunnel 

junction, measured by SIMS, are shown. The presence of unwanted doping levels in the base 

of the GaInP top cell can be clearly observed, and more markedly in the case of zinc. A similar 

result was already reported in [Olson90][Takamoto99]. The presence of tellurium in the base 

of the top cell may be blamed on the memory effect combined with the high DETe flow used in 

the tunnel junction in order to obtain a high doping level at a high growth temperature 

(675 ºC). As for zinc, it may also exhibit memory effects, again due to the high DMZn flow 

used. The fact that all the unwanted zinc has diffused towards the base of the top cell and not 

downwards the semiconductor structure appears to suggest that it is mostly due to a memory 

effect. However, it has been published that the presence of a high concentration of n-type 

dopant can block the diffusion of zinc [Takamoto99], which may be the reason why it has not 

diffused towards the bottom cell in our semiconductor structure. Anyhow, the presence of 

these unwanted dopant levels in the base of the top cell gives rise to a deterioration of the top 

cell quantum efficiency which, in the end, leads to a lower short circuit current and efficiency of 

the solar cell (see the details on this in Chapter 7), making this tunnel junction design not 

suitable if high efficiencies are to be achieved.   

 

 

Figure 6.17. As, Te and Zn SIMS concentration profiles of a GaInP/GaAs dual-junction solar cell with a 
GaAs:Zn/GaAs:Te tunnel junction, in which the zinc diffusion towards the top cell base layer can be 
clearly appreciated. 
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6.4.2.4. Conclusion 

Despite the fact that the GaAs:Zn/GaAs:Te tunnel junction presented in this section 

was the first grown at I.E.S- U.P.M. with the only purpose of having a complete and functional 

GaInP/GaAs dual-junction solar cell, the performance exhibited by the tunnel junction diodes 

manufactured exceeded the expectations. Indeed, the high peak current density and 

surprisingly low series resistance for current densities below the equivalent to an operation of 

a GaInP/GaAs dual-junction solar cell at 1000 X, makes this tunnel junction, if only its 

electrical performance is considered, suitable for its insertion into a concentrator dual-junction 

solar cell destined to work under high concentrations. However, the zinc and tellurium dopant 

diffusion and memory effects detected, which cause a deterioration of the performance of the 

GaInP top cell, make that this tunnel junction cannot be used “as is” in a practical high 

efficiency dual-junction solar cell. The replacement of zinc with carbon and tellurium by silicon, 

and/or the modification of the growth conditions is the approach adopted in our experimental 

development of the tunnel junction, as will be shown in next sections.  

6.4.3. GaAs:C/GaAs:Si tunnel junction 

6.4.3.1. Objective 

The first objective of the GaAs:C/GaAs:Si tunnel junction was to get rid of the memory 

and diffusion problems exhibited by zinc and tellurium in the first tunnel junction developed in 

this Thesis, which was explained in last section. This was possible after the installation of CBr4 

and DTBSi sources during the update of the reactor to the AIX200/4 system. According to the 

literature, memory effects have not been detected when using carbon and silicon and they 

have been found not to diffuse appreciably for the usual thermal loads suffered by the tunnel 

junction heavily-doped layers during a multijunction solar cell growth [Gotoh98][Takamoto99]. 

Moreover, peak current densities as high as 57 A/cm2 on an unannealed GaAs(C)/GaAs(Si) 

tunnel junction grown by MOVPE has been reported [Beji01]. A similar result obtained with 

MBE was also published and the effect of annealing for 2 hours at 650 ºC was assessed, 

showing a reduction of the peak current density from 55 A/cm2 to 138 mA/cm2 [Ragay94] (see 

Table 6.1.). The results before annealing seem to suggest that this kind of tunnel junction 

should be suitable for its application to work in a GaInP/GaAs concentrator solar cell. Hence, 

some time was devoted to the analysis of this kind of tunnel junction for our GaInP/GaAs dual-

junction solar cell. 

6.4.3.2. Experimental results 

The GaAs:C/GaAs:Si tunnel junction semiconductor structures grown are shown in 

Figure 6.18. Structure A consists off the tunnel junction itself, with a total thickness of 35 nm 
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and a C-doped GaAs contact layer grown on top in order to facilitate the formation of metal 

ohmic contacts. This layer is also doped with carbon instead of zinc in order not to have the 

dopant of this layer interfering with the tunnel junction properties due to diffusion. In sample B, 

the doping level of the anode and cathode of the tunnel junction is higher and an AlGaInP 

layer with 15-20% Al content is added between the tunnel junction and the contact layer, in 

order to emulate the real situation of the tunnel junction inserted in the GaInP/GaAs dual-

junction solar cell semiconductor structure. For both structures, a different growth temperature 

was used for the cathode and anode of the tunnel junction. For the cathode a growth 

temperature of 730 ºC was used in order to obtain the highest possible doping level in this 

layer, as shown in section 6.3.3. For the anode, a growth temperature of 675 ºC was used, 

which was the maximum temperature explored during the CBr4-doped GaAs calibrations. 

Moreover, the use of this temperature would allow us to suppress a growth stop and 

temperature ramp from the tunnel junction to the top cell, since 675 ºC is the temperature 

used for the growth of the subcells. 

This semiconductor structure was then processed into 400 µm x 400 µm square 

devices (for structure A) and circular devices with 750 µm diameter (for structure B). The J-V 

curves of the final devices were then measured using the four-point probe technique. The 

results are shown in Figure 6.19. As can be observed the typical features of the J-V curve of a 

tunnel junction are not exhibited by any of the structures grown. Instead, the typical J-V curve 

of a GaAs diode was obtained. The only difference between sample A and B is a lower 

inverse breakdown voltage and much higher series resistance in sample B. The lower inverse 

breakdown voltage may be the result of the higher doping levels in sample B [Sze81]. The 

higher series resistance may be related to the GaAs:C/AlGaInP interface, as was previously 

reported in [Bertness94b]. In this work it was detected that the GaAs:C/GaInP interface 

introduced a high series resistance component when it was doped below 3·1018 cm-3. The high 

  

  

Layer Tg [Dopant]  V/III 

n++ GaAs:Si 730 ºC 6.17·10-6 11 

p++ GaAs:C 675 ºC 9.35·10-5 56 
 

Layer Tg [Dopant]  V/III 

n++ GaAs:Si 730 ºC 8.23·10-6 11 

p++ GaAs:C 675 ºC 3.12·10-4 11 
 

Structure A Structure B 

Figure 6.18. GaAs:C/GaAs:Si tunnel junction semiconductor structures studied. 
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series resistance introduced by the low doped GaInP/GaAs heterostructure was also found to 

be problematic for the GaAs single-junction devices with GaInP BSF layers [Galiana06c]. We 

think than a similar behaviour can be expected for an AlGaInP/GaAs heterosctructure, where 

the AlGaInP has a 15-20% Al composition. This would explain the high series resistance 

measured in sample B. The effect of the AlGaInP/GaAs heterostructure on the tunnel junction 

and GaInP/GaAs dual-junction solar cell was further investigated in the context of the 

GaAs:C/GaAs:Te tunnel junction development, and the results are shown in section 6.4.4. 

 In both samples, no tunnelling behaviour is observed. Regardless of the series 

resistance problems introduced by the AlGaInP layer, it can be observed that the turn-on 

voltage of both diodes is equal, and the current is virtually 0 for lower voltages. Moreover, 

sample A present an striking “ideal” J-V curve of a GaAs diode, where the n=1 and n=2 

regions can be clearly distinguished. The possible causes for the absence of tunnelling 

current are the following: 

 - a low doping level in the cathode of the tunnel junction can be the cause of the 

absence of tunnelling current in sample A. However, the doping levels of sample B are 

sufficiently high, and functional GaAs:C/GaAs:Si tunnel junctions with lower doping levels and 

high peak currents have been reported by other authors (see Table 6.1).  

-  the presence of the AlGaInP layer in sample B has been demonstrated to introduce a 

high series resistance, as explained above. However, it does not justify the absence of 

tunnelling current, making that the current remains 0 up to the turn-on voltage of the GaAs 

diode [Bertness94b].  

 - the use of different growth temperatures for the anode and cathode implied the 

introduction of growth stops during the temperature ramps, in which the growth surface was 

AsH3-stabilized. As commented above, these growth stops can degrade the p-n junction 

[Galiana06], leading to the absence of tunnelling current. However, the use of growth stops to 

  
Figure 6.19. J-V curve of the GaAs:C/GaAs:Si tunnel junction diodes manufactured with the 
semiconductor structures shown in Figure 6.18, in linear and logarithmic scales. 



Development of the tunnel junction 

 259 

change the reactor temperature during the growth of a tunnel junction is not rare. For 

example, in [Beji01] the temperature is changed from 680 ºC in the cathode, to 550 ºC in the 

anode, and a functional tunnel junction with a peak current of 57 A/cm2 is achieved. 

Nevertheless, the degradation of the tunnel junction with the growth stops depends on the 

growth conditions used (AsH3 partial pressure, temperature range, etc), AsH3 purity, 

temperature ramp time (which in our AIX200/4 system is high, as commented in section 6.2), 

among others.  

In summary, the use of the growth stop remains suspect of the GaAs:C/GaAs:Si tunnel 

junction results obtained. Although it appears to be possible to attain a reasonable tunnel 

junction performance with this approach according to the results reported in the literature, 

further experiments must be carried out in order to find the appropriate growth conditions and 

routines to grow it in our reactor.  

6.4.3.3. Influence of the tunnel junction growth on the GaInP top cell performance 

With this tunnel junction, no problems related to diffusion and/or memory effect of 

dopants, which can affect the growth of the subsequent layers, were expected to occur, as 

commented before. In fact, the only layer of the tunnel junction a priori susceptible of 

interfering with an optimum growth of the GaInP top cell in a dual-junction solar cell, is the 

CBr4-doped GaAs layer. As studied in section 6.3.2., the growth of heavily C-doped GaAs 

layers using CBr4 at high temperatures gives rise to surface morphology degradation. 

Moreover, the high CBr4 fluxes used to achieve high doping levels at high growth 

temperatures favours the appearance of residual Br which can interfere in the growth of the 

In-containing compounds of the GaInP top cell. To analyze this, a GaInP/GaAs dual-junction 

solar cell was grown in which the GaAs:C/GaAs:Si tunnel junction was inserted. Nominally 

exactly the same structure was next grown but replacing carbon by zinc in the anode of the 

tunnel junction, in order to assess the effect of using CBr4. During the growth of both 

semiconductor structures, the in-situ transient reflectivity was recorded using our EpiRAS 

instrument. A detail of the data acquired, showing the tunnel junction and top cell, is plotted in 

Figure 6.20. As can be observed, a pronounced reflectance drop is produced during the 

growth of the GaInP top cell when CBr4-doped GaAs is used in the tunnel junction. Even the 

oscillation of the reflectance corresponding to the AlGaInP BSF layer of the top cell is 

dampened and less defined for the C-doped tunnel junction case. Furthermore, the GaAs 

contact layer is also affected by the poor surface morphology of the top cell, and its 

reflectance oscillations appear also dampened. This could be also observed by the hazy 

appearance to the naked eye of the sample, after being removed from the reactor. When the 

C-doped anode of the tunnel junction is replaced with Zn-doped GaAs, the reflectivity of the 

top cell shows perfect oscillations in the BSF and bulk GaInP layers, and a constant value of 
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the reflectivity when the GaInP is grown thick, indicating that the surface morphology is not 

being degraded. 

 In order to analyze the influence of the surface degradation detected on the 

performance of the top cells grown, their EQE was measured and the result is shown in Figure 

6.21. As can be observed, a drastic reduction of the EQE is observed in the case of a 

CBr4-doped tunnel junction. This indicates that the morphology degradation has affected the 

minority carrier properties of the emitter and base layers, and has also damaged the 

passivation efficacy of the AlInP window layer, leading to a high emitter-window surface 

recombination velocity. 

 

Figure 6.21. External quantum efficiency of 
the GaInP top cell of a GaInP/GaAs dual-
junction solar cell with the GaAs:C/GaAs:Sii 
tunnel junction developed. The same 
semiconductor structure grown with zinc 
instead of carbon in the tunnel junction 
shows a huge improvement of the EQE. 
 

 

Figure 6.20. Detail of the in-situ transient 
reflectance data recorded during the growth of 
a GaInP/GaAs dual-junction solar cell with a 
GaAs:C/GaAs:Si tunnel junction (top). The 
same semiconductor structure was grown but 
replacing carbon by zinc in the tunnel junction 
(bottom), in order to analyze the effect of the 
heavy doping of the tunnel junction with CBr4 
on the degradation of the top cell observed. 
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 Further studies would be needed to know if the origin for the surface and top cell 

performance degradation is a surface roughening produced during the growth of the 

CBr4-doped anode of the tunnel junction, a interaction of the remaining Br with the In-

compounds of the top cell, or a combination of both effects. At any rate, it has been shown 

that the growth conditions used to grow the anode of the tunnel junction need to be 

redesigned if CBr4 is to be used as C-dopant.  

6.4.3.4. Conclusions 

In summary, the experimental work carried out in order to develop a tunnel junction 

based on silicon and carbon as n-type and p-type dopants did not allow us to achieve a 

functional tunnel junction. The origin of the poor results appear not to be intrinsic to the 

GaAs:C/GaAs:Si tunnel junction concept, given the acceptable results reported by other 

authors. Therefore, more experiments are necessary in order to develop a functional 

GaAs:C/GaAs:Si tunnel junction structure in our reactor. These include further studies 

concerning heavily Si-doping of GaAs and growth stop and temperature ramps in the tunnel 

junction. However, these studies were decided to be postponed to future works, and to 

develop other tunnel junctions designs in which silicon is replaced with tellurium so that low 

temperatures and no growth stops can be used, as will be shown in following sections. The 

growth conditions used to growth the heavily C-doped p-side of the tunnel junction need also 

to be modified, in order to be able to control and minimize the interaction of CBr4 with the 

growth of the GaInP top cell. The experimental work in this regard is presented in sections 

6.4.4 and 6.4.5.     

6.4.4. GaAs:C/GaAs:Te tunnel junction 

6.4.4.1. Objective 

The lack of tunnelling current observed in the GaAs:C/GaAs:Si tunnel junctions studied 

in last section was suggested to be most probably due to a low doping level in the GaAs:Si 

n-side of the tunnel junction and to the use of a growth stop and temperature ramp between 

the n-side and p-side. Besides, the growth at a high temperature (675 ºC) of the CBr4-doped 

p-side of the tunnel junction was found to interfere dramatically on the growth and properties 

of the GaInP top cell of the dual-junction solar cell. The use of Te instead of Si allows to 

achieve higher doping levels with lower growth temperatures and DETe flows. Moreover, the 

use of low growth temperatures is also beneficial to obtain higher doping levels in the C-doped 

p-side of the tunnel junction (see section 6.3.2.) with lower CBr4 flows. Thus, the same low 

growth temperature can be used in both sides of the GaAs:C/GaAs tunnel junction to obtain 

the highest doping levels. Moreover, the lower DETe and CBr4 flows needed allow to reduce 
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the interaction of the GaAs:C/GaAs:Te tunnel junction growth with the growth and 

performance of the top cell.   

6.4.4.2. Experimental results 

The semiconductor structure of the GaAs:C/GaAs:Te tunnel junction studied is shown 

in Figure 6.22. It consists off the tunnel junction and a C-doped GaAs contact layer grown on 

top, in order to facilitate the formation of metal ohmic contacts. Both the anode and cathode of 

the tunnel junction are grown at 625 ºC.  

 

 

Layer Tg [Dopant]  V/III 

n++ GaAs:Te 625 ºC 1.61·10-6 6.3 

p++ GaAs:C 625 ºC 1.56·10-4 30 
 

Figure 6.22. GaAs:C/GaAs:Te tunnel junction semiconductor structure studied. 
 

This semiconductor structure was then processed into circular diode devices with an 

area of 6.3·10-3 cm2. The J-V curves of the final devices were then measured using the four-

point probe technique, and the result is shown in Figure 6.23 

 

 

Figure 6.23. J-V curves of the 
GaAs:C/GaAs:Te tunnel junction diodes 
fabricated with the semiconductor 
structure shown in Figure 6.22.  
 

  
The ohmic, negative resistance and thermal regions of the tunnel junction can be 

clearly distinguished. The apparently random values obtained in the negative resistance 

region are due to the fact that these values are obtained by averaging the readings of the I-V 

curve tracer, which, due to the negative resistance of the tunnel device being measured, is 

oscillating at these voltages. The peak current obtained is below the 14 A/cm2 required for the 

operation of the GaInP/GaAs dual-junction solar cell at 1000 X. The series resistance in the 

ohmic region is also high, as compared with the values shown in Table 6.1. Moreover, since 
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these tunnel junction semiconductor structures are not annealed, their performance once 

inserted in a dual-junction solar cell device is expected to suffer a deterioration.  

In principle, the doping levels attained in this tunnel junction should be enough to attain 

a higher peak current and a lower series resistance in the ohmic region. Therefore, the growth 

conditions used must be behind the poor result obtained. However, the decisive reason for the 

need of a modified tunnel junction design was its influence on the GaInP top cell performance, 

explained in next section. 

6.4.4.3. Influence of the tunnel junction growth on the GaInP top cell performance 

The insertion of the GaAs:C/GaAs:Te tunnel junction developed, into the GaInP/GaAs 

dual-junction solar cell semiconductor structure affected the growth and performance of the 

top cell in two major ways. First, it has been found that the quantity of the remaining tellurium 

and CBr4 used in the tunnel junction is still enough to affect importantly the growth and 

performance of the top cell, even though the growth temperature and the dopant flows used  

are lower than in the previous tunnel junctions in which similar problems were found. To study 

this, the semiconductor structure of a lattice matched GaInP single-junction solar cell was 

used to grow a dual-junction solar cell with the GaAs:C/GaAs:Te tunnel junction, and its EQE 

and HRXRD rocking curves were measured. The results are shown in Figure 6.24 (top). As 

can be observed, a GaInP layer HRXRD peak shift of as much as 379 arc sec is produced, 

towards the Ga-rich compositions. On the one hand, this can be blamed on the remaining 

tellurium coming from the growth of the tunnel junction, which has been found to interfere in 

the growth of GaInP, as shown in [García07]. However, in that work, the tellurium was found 

to cause a shift towards the In-rich compositions in GaInP, while in the EQE of Figure 6.24 the 

composition shift is towards the Ga-rich region. The other possibility is that the remaining Br 

coming from the growth of the heavily CBr4-doped p-side of the tunnel junction, is altering the 

In incorporation due to etching (see section 6.3.2.4), giving rise to a Ga-richer GaInP. Both 

mechanisms are, however, not mutually exclusive, and can coexist. At any rate, whichever the 

dopant and mechanism that produces the composition shift in the GaInP, the final result is an 

spoiled EQE response of the top cell, as can be observed in Figure 6.24 (top-left). 

In order to compensate for the GaInP composition shift generated by tellurium and/or 

Br, the III-group constituent precursor flows were readjusted in all the In-containing 

compounds of the top cell. With this, the peak separation of the top cell GaInP could be 

reduced to 125 arc sec (Ga-rich), as can be observed in Figure 6.24 (bottom-right). Even 

though the lattice mismatch associated with this peak shift is within the “safe” range for the 

GaInP thickness used [Olson03], the EQE response of the top cell was not appreciably 

improved. A second dual-junction solar cell structure was grown in which the precursor flows 
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were readjusted to have In-rich GaInP in the top cell. The HRXRD measurement, shown in 

Figure 6.24 (bottom-left) shows a GaInP peak separation of 240 arc sec in the In-rich region. 

This produced an appreciable improvement in the top cell EQE response, in contrast with the 

result for the Ga-rich case. This is in line with the fact that In-rich compositions are more 

robust against the generation of dislocations, for the same lattice mismatch, as commented in 

Chapter 5 [Olson03]. However, it can also be observed that, although the In-content of this 

GaInP is higher than the In-content of the original GaInP in the single-junction solar cell, its 

EQE cut-off wavelength is higher. This can be explained if GaInP ordering is brought into 

scene. Apparently, the presence of the remaining tellurium is disordering the GaInP of the top 

cell [Lee99]. Finally, it must be noted that the compensation of the composition shift produced 

by tellurium and/or Br by means of a readjustment of the group-III precursor fluxes is not 

straightforward, since the interaction of both elements with the growth of the In-containing 

compounds appears not to be reproducible from run to run. Moreover, it can be expected that, 

as the top cell is grown, the remaining Te and Br is removed progressively from the growth 

surface. Thus, their effect is not constant, giving rise to a gradual composition in the GaInP. In 

  

  

Figure 6.24. External quantum efficiency and HRXRD rocking curves of GaInP/GaAs dual-junction 
solar cells with the GaAs:C/GaAs:Te tunnel junction developed. The measurements of the GaInP 
subcell as a single-junction device are also plotted, showing the EQE degradation and the GaInP 
composition shift when the tunnel junction is inserted in the dual-junction solar cell structure. 
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conclusion, a reasonably accurate lattice matching could not be attained in the experiments 

carried out with the tunnel junction being analyzed in this section. Therefore, the optimum 

solution was to remove this interaction, instead of trying to compensate for it. This is the 

approach followed in the next tunnel junction designs developed in this Thesis. 

 The evident surface degradation effect of CBr4 observed in previous tunnel junction 

designs was not found here. In Figure 6.25 the in-situ reflectance measurement taken during 

the growth of the dual-junction solar cell with GaAs:C/GaAs:Te tunnel junction is shown. It can 

be seen how the GaInP top cell is grown without a significant drop in the reflectivity, meaning 

that the surface is not being degraded is spite of using CBr4 in the p-side of the tunnel 

junction. This is coherent with the results obtained in section 6.3.2.5, where no surface 

degradation was observed during the growth of heavily CBr4-doped GaAs, at a reactor 

temperature of 625 ºC. Besides, the lattice mismatch in the top cell GaInP caused by the 

remaining Te and Br is not producing such a material structure degradation so as to be 

observable in the reflectivity measurement.   

 

 

Figure 6.25. Detail of the in-situ 
reflectance signal taken during the 
growth of the tunnel junction and top 
cell of the GaInP/GaAs dual-junction 
solar cell with GaAs:C/GaAs:Te tunnel 
junction whose top cell EQE is shown 
in Figure 6.24-up. 
 

  
The second problem found when integrating the GaAs:C/GaAs:Te tunnel junction into 

a dual-junction solar cell can be explained as follows. Solar cell devices were fabricated and 

characterized using the dual-junction solar cell semiconductor structures with the best EQE 

responses and crystalline quality, after the group-III precursor flow readjustment explained 

above. When the I-V curve at 1 sun of these dual-junction solar cells was measured, an 

unexpected result was obtained. The I-V curve of one of these devices is shown in Figure 

6.26 (left). As can be observed, an abnormally low Voc at 1 sun is obtained. Besides, from the 

shape of the I-V curve a parasitic diode is suspected to be present in series with the 

semiconductor structure. Since the single-junction GaInP and GaAs solar cell devices 

developed just before did not show this problem, the focus was put on the tunnel junction and 
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the heterojunctions formed with the top cell BSF layer and with the bottom cell window layer. 

The I-V curve of the dual-junction solar cell shown in Figure 6.26 was analyzed by fitting it with 

the lumped model shown in the inset. For the top and bottom cells, the parameters extracted 

from previously grown single-junction devices were used. The tunnel junction, including the 

heterojunctions formed with the top and bottom subcells, was considered as a “black box”, i.e., 

a device with two terminals whose behaviour is described by its I-V curve. Using the I-V curve 

shown on the right of Figure 6.26., an accurate fit could be achieved of the I-V curve of the 

dual-junction solar cell, shown on the left. It can be observed how the shape of this I-V curve 

does not correspond to the I-V curve of the individual GaAs:C/GaAs:Te tunnel junction, shown 

in Figure 6.23. Moreover, no tunnelling behaviour is observed. Several causes that can 

explain this effect were proposed: 

 - the effect of the heterostructures formed by the GaAs of the tunnel junction and the 

AlGaInP and AlGaAs of the top cell BSF and bottom cell window, respectively. The shape of 

the I-V curve obtained resembles the I-V curve of the GaAs:C/GaAs:Se tunnel junction plus 

GaInP barrier layers measured in [Bertness94b]. In this work, it was found that the 

GaAs:C/GaInP:Zn heterostructure was in the origin of the unusual tunnel junction I-V curve 

 

 

 

Figure 6.26. I-V curve of a 
GaInP/GaAs dual-junction solar cell 
with the GaAs:C/GaAs:Te tunnel 
junction developed (left). The fit of 
this I-V curve, using the lumped 
model shown in the inset, is also 
plotted. On the left, the I-V curve of 
the tunnel junction used for the fit is 
shown. 
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obtained, due to the current limitation introduced by the barrier that was created in this 

heterojunction. In our case, the heterostructure created between the Zn-(low)doped 

p--AlGaInP BSF layer of the top cell, and the C-doped GaAs of the tunnel junction was already 

found to be problematic during the development of the GaAs:C/GaAs:Si tunnel junction, as 

shown in section 6.4.3.3. There, only its effect on the series resistance was studied, but no 

dual-junction solar cell device was fabricated with that tunnel junction. On the other hand, the 

heterostructure created between the Te-doped GaAs of the tunnel junction and the Si-doped 

AlGaAs of the bottom cell window layer is not expected to contribute also to the problem. In 

fact, the n-type AlGaAs/GaAs are used for the window of the GaAs bottom cell and the 

problem being treated here has not been observed in them. Consequently, the 

p--AlGaInP/p+-GaAs heterostructure can be concluded to be one of the causes of the 

damaged behaviour of the dual-junction solar cell.  

- the annealing suffered by the tunnel junction during the growth of the top cell (around 

30 min at 675 ºC) can also contribute to the damaging of the tunnel junction performance, but, 

we believe, not to the extent of annihilating completely the tunnelling behaviour in both direct 

and reverse bias. In fact, no work has been found in the literature in which a tunnel junction 

behaviour is spoiled in such a way, for similar or heavier thermal loads during the annealing. 

- the passivation of the C-doped GaAs anode of the tunnel junction with atomic 

hydrogen, during the growth stop used to increase the reactor temperature from 625 ºC (used 

to grow the tunnel junction) to 675 ºC (used to grow the top cell), was also considered. During 

this growth stop, the anode of the tunnel junction is exposed to the arsine-rich reactor 

ambient. The atomic hydrogen coming from the arsine decomposition can diffuse into the 

C-doped GaAs layer and partially passivate it, as explained in section 6.3.2.7. In our case, 

and according to the data published in the literature, the passivation of the GaAs anode is not 

thought to be in the origin of the total disappearance of the tunnel junction behaviour. This is 

so because the growth temperature is higher than the optimum range (500 ºC – 600 ºC) for C 

passivation to occur [Kozuch93]. If we assume a pessimistic situation, where 50% of the 

acceptors are passivated, this would imply a carrier concentration drop from 7·1019 cm-3 to 

3.5·1019 cm-3, which does not justify the tunnel junction behaviour destruction observed. 

Moreover, most of the C-H complexes which cause the passivation are removed with a brief 

annealing [Kozuch93]. Therefore, the annealing suffered by the tunnel junction during the 

growth of the top cell (30 min at 675 ºC) should be enough to reactivate most of the carbon. At 

any rate, measures were decided to be taken in order to reduce the exposure of the tunnel 

junction to potential passivating ambients during the growth stops, as will be seen in the next 

tunnel junction design presented in this Thesis.        

 To put it in a nutshell, the current limitation introduced by the barrier created in the 

AlGaInP(top cell BSF)/GaAs (tunnel junction p-side) heterostructure appears to be the most 
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feasible cause of the degradation of the tunnel junction behaviour. Therefore, it is necessary 

to modify the semiconductor structure design in order to eliminate this problem. In fact, the 

substitution of the p--AlGaInP/p++GaAs interface by p--AlGaInP/p++AlGaAs/p++GaAs was found 

to be a solution, as will be seen in section 6.4.5.    

6.4.4.4. Conclusions 

Functional GaAs:C/GaAs:Te tunnel junction devices, grown at 625 ºC, have been 

fabricated and their J-V curves measured. It has been found that the peak current (8.8 A/cm2) 

and series resistance (4.2·10-3 Ω·cm2) are not suitable for the insertion of this tunnel junction 

into a high efficiency GaInP/GaAs dual-junction solar cell destined to work at 1000 X.  

The insertion of this tunnel junction into the dual-junction solar cell semiconductor 

structure has been found to affect the performance of the top cell in two ways. On the one 

hand, the remaining Te and/or Br produce a composition shift in the top cell and its 

performance degradation. The attempts to compensate for this composition shifts resulted in 

unsatisfactory results, due to the lack in reproducibility in the effect of Te and/or Br. On the 

other hand, the p-type AlGaInP(top cell BSF)/GaAs(tunnel junction anode) heterostructure, 

formed when this tunnel junction is inserted in a GaInP/GaAs dual-junction solar cell, has 

been found to ruin the tunnel junction characteristics and, ultimately, the performance of the 

dual-junction solar cell device. The effects of the annealing suffered by the tunnel junction 

during the growth of the top cell and the possibility of a passivation of the carbon of the C-

doped GaAs anode of the tunnel junction by hydrogen have been also discussed.  

The following tunnel junction designs aim to improve the performance of the tunnel 

junction, remove the interaction of tellurium and Br with the growth of the top cell and 

circumvent the problems associated to the interaction with AlGaInP/GaAs heterojunction, 

among other issues. 

6.4.5. GaAs:C/GaAs:Te tunnel junction using lower growth temperatures and AlGaAs 

barrier layers 

6.4.5.1. Objective 

Given the poor performance results of the GaAs:C/GaAs:Te tunnel junction and the 

problems found when integrating it in the dual-junction solar cell structure, a more advanced 

tunnel junction semiconductor structure was investigated. The first modification introduced 

consisted in a reduction of the growth temperature from 625 ºC to 550 ºC, which allows the 

achievement of higher doping levels with lower dopant precursor flows. Thus, the interaction 

of these dopants with the top cell, through memory effects, could be minimized. The second 

modification consists in using AlGaAs barrier layers. This is so because, on the one hand, 
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these barriers have been demonstrated in other works to improve the resistance of the tunnel 

junction against the pernicious effect of annealing by the reduction of dopants diffusion 

[Sugiura88][Gotoh98]. On the other hand, the AlGaAs of the barrier layer is used to eliminate 

the AlGaInP/GaAs heterojunction, which has been shown to ruin the performance of the 

tunnel junction and the dual-junction solar cell in last section. Besides, the p-side AlGaAs 

barrier layer can also serve to minimize the passivation of carbon in the anode of the tunnel 

junction during the growth stop needed to increase the temperature from 550 ºC (tunnel 

junction) to 675  ºC (top cell), although this passivation is not thought to be involved in the 

poor tunnel junction performance obtained in the previous design, as commented in section 

6.4.4.3. 

6.4.5.2. Experimental results 

In Figure 6.27 the semiconductor structures and the growth conditions used are 

shown. 

             No barrier layers               AlGaAs barrier layers 

  

  
Layer % Al Tg [Dopant] V/III 

n++ AlGaAs:Si 47% 675 ºC 9.97·10-6 44 

n++ GaAs:Te - 550 ºC 2.05·10-7 11 

p++ GaAs:C - 550 ºC 2.38·10-5 19 

p++ AlGaAs:C 67% 550 ºC 1.19·10-5 17 
 
 

Figure 6.27. Semiconductor structures and growth parameters of the GaAs:C/GaAs:Te tunnel junction 
grown at 550 ºC, without and with AlGaAs barrier layers. 

 
 Half of the semiconductor structures where then annealed at 675 ºC under AsH3 

atmosphere during 30 minutes, in order to emulate the growth of a GaInP top cell on the 

tunnel junction. The four samples obtained were then processed into diode devices at the 

same time, using our standard photolithographic and metallization techniques. The J-V curves 

of several tunnel junction devices situated in a different position in each sample were then 

measured using the four-point probe technique. The voltage sweep was done both in the 

direction of increasing and decreasing voltages, resulting in the same J-V curve. This 
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indicates a low internal resistance in the tunnel diode [Guter06]. The J-V curve results are 

shown in Figure 6.28.  

The as-grown tunnel junction without barrier layers exhibits a very high peak current of 

8630 A/cm2. With this peak current, the tunnel junction operates in the ohmic region up to 

current densities in the GaInP/GaAs dual-junction solar cell equivalent to light concentrations 

much above the physical reachable limit on Earth. This assures that, with this tunnel junction, 

the solar cell operates in the ohmic region for any practical concentrator application. The 

extremely high peak current obtained, which cannot be justified only with band-to-band 

tunnelling for the material and doping levels used, is due to defect-assisted tunnelling 

processes, which have been reported to be the main contribution to the tunnel current in 

highly doped GaAs tunnel junctions [Jandieri08]. The particular MOVPE growth conditions and 

dopant precursors used for our tunnel junctions appear to enhance the formation of such 

defects, and peak currents higher than any value reported so far for a tunnel junction were 

achieved. A theoretical study of our tunnel junctions, including the trap-assisted-tunneling 

mechanisms, is treated in [Baudrit10]. 

In addition to the very high peak current obtained, the series resistance in the ohmic 

region is 1.7·10-5 Ω·cm2, making the contribution of the tunnel junction to the vertical series 

resistance of the GaInP/GaAs dual-junction solar cell negligible in comparison with the 

 

Figure 6.28. J-V curves of the 
GaAs:C/GaAs:Te tunnel diode 
devices without and with AlGaAs 
barrier layers. The J-V curves of 
devices located at different 
positions on the wafer are plotted in 
order to show the dispersion in the 
results. The average peak current 
and series resistance in the ohmic 
region are indicated. 
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contributions of the top cell, bottom cell and substrate. In fact, the voltage drop in the tunnel 

junction at a current density of 14 A/cm2 (equivalent to the operation of the solar cell at 

1000 X) is 0.2 mV.  

 As for the tunnel junction with barrier layers, an important drop in the peak current is 

observed, together with a change in the shape of the J-V curve and an order of magnitude 

higher series resistance. The non-linearity observed in the ohmic region can be explained with 

a non-ohmic element in series with the tunnel junction. Though the exact origin of this effect is 

not known, it could be attributed to the Si-doped AlGaAs n-barrier layer and the 

heterointerface created with the cathode of the tunnel junction. This is supported by the 

results presented in section 6.4.6.2, where an AlGaAs/GaAs tunnel junction without barrier 

layers is studied and this non-ohmic behaviour is not observed. Experiments aimed to 

suppress these effects of the barrier layers on the J-V curve of the tunnel junction are 

ongoing. At any rate, the GaAs tunnel junction with barrier layers still exhibits excellent 

properties for its application in the GaInP/GaAs dual-junction solar cell working at 1000 X. At 

the same time, the problem found when growing the AlGaInP BSF layer of the GaInP top cell 

directly on the GaAs tunnel junction is solved, as will be seen in next section. 

Concerning the annealing, it affects similarly both tunnel junction structures, with a 

reduction of around 60% in the peak tunnelling current. This is in contrast with the results 

published in the literature in which the annealing is reported to be less damaging in GaAs 

tunnel junctions with AlGaAs barrier layers [Sugiura88][Gotoh98]. Since the diffusion of the 

dopants used is expected to be very low, the origin of the degradation of the tunnel junction 

performance must be in other reasons. Though speculative, an explanation could consist in a 

reduction, during the annealing, of the density of defects responsible of the defect-assisted 

tunnelling, or even in the modification of their properties. Both defect density and defect 

properties (such as capture cross-section or energy level) have been shown to be directly 

related to the peak current obtained in GaAs tunnel junctions [Jandieri08b]. The effect of the 

same annealing on the doping level and lattice constant of a heavily C-doped GaAs layer was 

found to be negligible, as commented in section 6.3.2.7. This appears to point to the Te-doped 

n-side of the tunnel junction as the origin of the defects which give rise to the defect-assisted-

tunneling. It is obvious, though, that more experiments are necessary to clarify this. 

Nevertheless, in spite of the important effect of the annealing on the performance of the tunnel 

junction, the resulting peak current and series resistance of the tunnel junction after annealing 

still widely exceeds the requirements of our GaInP/GaAs dual-junction solar cell application, 

as can be observed in Figure 6.28. 

A final observation can be done on the results of Figure 6.28, concerning the 

dispersion in the J-V curves obtained. For each sample, J-V curves were measured on 

devices of the same area distributed all over the whole wafer used. The noticeable variations 
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in the J-V curves can be ascribed to small spatial variations in the doping levels attained in the 

tunnel junction [Jandieri09], depending on the exact position on the wafer. Since at the growth 

temperature used (550 ºC), the epitaxy process is carried out in the frontier between the 

transport-limited and kinetically-limited regimes (see Chapter 4), spatial variations of the 

doping levels may be expected (because temperature non-uniformities over the wafer are 

present during growth). Anyhow, the non-uniformity in the performance of the tunnel junction 

observed is only about 10% in the peak current, which is not relevant for the application of the 

tunnel junctions developed to be inserted in the GaInP/GaAs dual-junction solar cell.  

6.4.5.3. Influence of the tunnel junction growth on the GaInP top cell performance 

As a result of the lower growth temperature and lower flow of DETe and CBr4 used in 

the tunnel junction, the interaction of the remaining Te and Br with the growth of the GaInP top 

cell was drastically reduced, as compared with the tunnel junction presented in section 6.4.4. 

In order to investigate this interaction, a GaInP single junction solar cell was first grown on a 

GaAs:C/GaAs:Te tunnel junction with barrier layers. In Figure 6.29. (top) the EQE and 

HRXRD measurements of this solar cell are shown. It can be observed how the GaInP 

material composition shift produced when growing the top cell on the GaAs:C/GaAs:Te tunnel 

junction produces a peak separation of only 72 arc sec towards the Ga-rich region, much 

lower than the 282 arc sec obtained with the previous tunnel junction design. In the EQE 

measurement the slight GaInP band gap increase produced by the higher Ga-content can be 

appreciated, accompanied by a worse response in the BSF-base region of the GaInP solar 

cell EQE. This effect can be hardly explained only with the slight variation of the GaInP 

composition commented above. It is possible that the EQE response worsening is being 

originated in the AlGaInP BSF, whose composition cannot be worked out from the HRXRD 

data of Figure 6.29. Since this is the first layer grown after the tunnel junction, the 

concentration of remaining Te and/or Br will be the highest during the growth of this layer and, 

consequently, their interaction with it is higher than in the growth of the successive layers. At 

any rate, the much feebler effect of the tunnel junction growth on the GaInP solar cell, as 

compared with the previous tunnel junction, is apparent.  

A similar study was performed growing another GaInP as a single-junction solar cell, 

and nominally the same GaInP subcell structure grown inside a GaInP/GaAs dual-junction 

solar cell using the GaAs:C/GaAs:Te tunnel junction with barrier layers being treated in this 

section. In this case, the group-III precursor fluxes were readjusted in the top cell of the dual-

junction solar cell, so as to compensate for the Te and Br effects and achieve lattice matched 

layers in the top cell. The results can be observed in Figure 6.29 (bottom). The EQE response 

of the dual-junction device is fairly similar in the BSF-base region, meaning that the 

compensation of the Te and/or Br effect was successful. The slightly worse response in the 
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blue region can be attributed to an imperfect optimization of the window layer during the Te 

and/or Br compensation procedure. In the HRXRD rocking curves of these samples, it can be 

observed that although the lattice matching of the single and dual-junction solar cell is 

different, their EQE response is fairly similar. This is in line with the theory proposed above in 

which the slight lattice mismatch of GaInP was suggested not to be in the origin of the EQE 

response worsening. Nevertheless, the main conclusion that can be extracted from these 

studies is that, for the new tunnel junction design, the interaction of the remaining Te and/or Br 

with the growth of the top cell is low and can be compensated by readjusting the group-III 

precursor fluxes. 

Concerning the AlGaInP/GaAs heterojunction problem found with the GaAs:C/GaAs:Te 

tunnel junction without barrier layers (see section 6.4.4.3), it was solved with the new tunnel 

junction configuration. With the insertion of barrier layers, the BSF-tunnel junction interface is 

composed of an AlGaInP/AlGaAs heterojunction, whose band diagram structure was found to 

be more favourable for the majority carrier (hole) transport [Galiana06c]. This was 

  

  

Figure 6.29. External quantum efficiency (left) and HRXRD rocking curves (right) of a GaInP solar cell 
grown on top of the GaAs:C/GaAs:Te tunnel junction with barrier layers developed (top), and another 
GaInP solar cell grown in a GaInP/GaAs dual-junction solar cell using the same tunnel junction. In both 
cases, the measurement of the original GaInP subcell as a single-junction device is also plotted for 
comparison purposes. 
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corroborated by fabricating 1 mm2 concentrator solar cell devices and measuring their dark 

and illumination I-V curves. An example of the measurement results obtained is shown in 

Figure 6.30, where no problem associated with a high series resistance in the tunnel junction 

or a parasitic diode can be observed. The development of these dual-junction devices, which 

gave rise to the achievement of a record efficiency at 1000 X, will be treated in detail in next 

chapter. 

6.4.5.4. Conclusions 

In conclusion, the use of growth temperatures below 600 ºC, low dopant precursor 

fluxes and AlGaAs barrier layers have shown to be fruitful for the achievement of a high 

performance tunnel junction suitable for its insertion into a GaInP/GaAs dual-junction solar cell 

semiconductor structure. The annealing of the tunnel junctions, with a thermal load equivalent 

to the growth of a GaInP top cell, produces an important reduction of both the peak current 

and series resistance, in spite of using barrier layers and dopants with low diffusion 

coefficients. The performance of the annealed tunnel junctions is, however, far better than 

required for their application in a GaInP/GaAs dual-junction solar cell working at 1000 X, with 

a negligible contribution to the series resistance. 

6.4.6. High band gap tunnel junction development 

6.4.6.1. Objective 

 The motivation of using high band gap materials in the tunnel junction is exclusively to 

reduce its optical absorption. As explained in the introduction, this lower optical absorption is 

generally achieved at the cost of a higher series resistance and a lower peak current in the 

tunnel junction. However, as shown in Table 6.1., high band gap tunnel junctions with a 

suitable performance for their application in a concentrator solar cell have already been 

  

Figure 6.30. Illumination and dark I-V curve of a GaInP/GaAs dual-junction solar cell in which the 
GaAs:C/GaAs:Te tunnel junction with barrier layers has been incorporated. 
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developed in other laboratories. In this Thesis, the research concerning the high band gap 

tunnel junctions is primarily focused on the replacement of GaAs with AlGaAs in the tunnel 

junction, being the AlGaAs:C/GaAs:Te case particularly successful. Some preliminary results 

on AlGaAs:C/GaInP:Te tunnel junction are also presented.  

6.4.6.2. AlGaAs:C/GaAs:Te tunnel junction: record tunnel junction performance for 

photovoltaic applications 

The semiconductor structure of this tunnel junction consists in replacing the heavily C-

doped GaAs anode of the tunnel junction without and with barrier layers, shown in Figure 

6.27, by AlGaAs. Part of the wafers with the tunnel junction structures were annealed at 

675 ºC for 30 minutes, under AsH3 atmosphere. Both the as-grown and annealed samples 

were processed into diode devices, at the same time as the GaAs tunnel junctions presented 

in section 6.4.5. For each sample, the J-V curve of several devices placed at different 

positions over the wafer were measured using the four-point probe technique. The results are 

shown in Figure 6.31.  

First of all, it can be observed the extremely high peak current obtained with these 

devices, which is, to the best of our knowledge, the highest peak current obtained in a tunnel 

junction for multijunction solar cells grown on GaAs or Ge substrates. In spite of the higher 

 

Figure 6.31. J-V curves of the 
AlGaAs:C/GaAs:Te tunnel junction 
without and with AlGaAs barrier 
layers. The J-V curves of devices 
located at different positions on the 
wafer are plotted in order to show 
the dispersion in the results. The 
average peak current and series 
resistance are detailed. 
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band gap of the anode of this tunnel junction, the peak current obtained is higher than in the 

case of the GaAs tunnel junction. This is most probably due to the higher doping levels 

achieved with carbon in AlGaAs. As explained for the case of the GaAs tunnel junction in 

section 6.4.5, the defect-assisted tunnelling is behind the extremely high peak current 

obtained in these solar cells. A peak voltage around 0.1 V higher than in the case of the GaAs 

tunnel junction is also observed, due to the higher potential barrier height created by the 

higher band gap of AlGaAs. In addition to the high peak current, the series resistance in the 

ohmic region is also extremely low and does not have any influence on the series resistance 

of the GaInP/GaAs dual-junction solar cell. 

The effect of the AlGaAs barrier layers on the J-V curve of these tunnel junctions is 

similar as in the case of the GaAs tunnel junctions: the peak current suffers a drop of 30-40%, 

the peak voltage increases and the shape of the J-V curve in the ohmic region varies. This 

implies that the origin of this worse performance when introducing the barrier layers must be in 

the Si-doped AlGaAs barrier, since the p-barrier is not introducing any additional 

heterostructure in this tunnel junction design. At any rate, the peak current and series 

resistances obtained are much better than necessary for the high concentration GaInP/GaAs 

dual-junction application. 

As for the annealing effect and the dispersion observed in the J-V curves, the same 

comments made for the GaAs tunnel junction in section 6.4.5 are applicable here. Despite 

both these effects, the worst devices measured exhibit still a J-V curve with peak currents 

above 2000 A/cm2 and series resistance below 1.2·10-4 Ω·cm2. These values allow the 

operation of the GaInP/GaAs dual-junction solar cell without a significant loss due to the 

tunnel junction, at any practical light concentration and light irradiance profile achievable in 

practice. Moreover, the reduced light absorption achieved in this tunnel junction, in 

comparison with the GaAs tunnel junction, allows the attainment of higher short circuit 

currents in the GaAs bottom cell and was key in the attainment of a record-efficiency 

GaInP/GaAs dual-junction solar cell, as will be shown in next Chapter. 

6.4.6.3.  AlGaAs:C/AlGaAs:Te tunnel junctions 

In principle, n-type AlGaAs is not the best candidate material to be used for the 

cathode of the tunnel junction, due to the problem associated with the behaviour of the donor 

atoms as DX centers rather than ionized impurities [Jung93], and increased oxygen 

contamination at low growth temperatures [Stringfellow99]. Both effects give rise to low doping 

levels achievable in n-AlGaAs. In [Bedair00] the p++AlGaAs/n++GaInP tunnel junction is 

compared to the p++AlGaAs/n++AlGaAs approach, and it is concluded that the higher peak 

currents attainable with the former is due to the higher doping levels achievable with GaInP 

and the more favourable conduction band discontinuity. Moreover, the fact that, in practice, 
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the most widely used high band gap tunnel junction for high efficiency multijunction solar cell 

applications uses GaInP in the cathode is indicative of the difficulties found in using an n-type 

heavily-doped AlGaAs material for the tunnel junction, which, in principle, should be easier to 

be grown than GaInP. However, functional tunnel junctions based on AlGaAs have been 

published [Mols07]. Consequently, and given the good results obtained in the substitution of 

heavily C-doped GaAs by heavily C-doped AlGaAs in the anode of the tunnel junction by just 

adding TMAl during its growth (see last section), a similar study was conducted in this Thesis 

in order to assess the feasibility of the substitution of the GaAs:Te of the cathode by 

AlGaAs:Te, aiming to further reduce the optical absorption in the tunnel junction. Concretely,  

AlGaAs:C/AlGaAs:Te and GaAs:C/AlGaAs:Te tunnel junction semiconductor structures were 

grown. These structures were based on the GaAs:C/GaAs:Te tunnel junction structure 

presented in section 6.4.4., by adding TMAl to replace GaAs with AlGaAs, and keeping the 

rest of growth parameters constant. The Al- composition used is about 30% for both the C-

doped and Te-doped AlGaAs. The semiconductor structures grown were processed into 

tunnel junction devices using the same procedure as in the tunnel junctions treated in the 

previous sections. In Figure 6.32. the J-V curves obtained are shown. As can be observed, no 

tunnel behaviour is present in the J-V curves at forward or reverse bias. Since the heavily C-

doped GaAs and AlGaAs layers used have been demonstrated to be appropriate for the 

achievement of high performance tunnel junctions using Te-doped GaAs in the cathode, the 

origin of the absence of tunneling effect can be blamed on an inappropriate Te-doped AlGaAs 

material. 

In conclusion, the substitution of the GaAs:Te cathode of the tunnel junction by 

AlGaAs:Te, which would allow to further decrease the absorption in the tunnel junction without 

using the problematic Te-doped GaInP, has been found not to be as straightforward as in the 

case of the substitution of GaAs:C by AlGaAs:C in the anode. Further studies are required so 

as to develop and appropriate heavily Te-doped AlGaAs material for tunnel applications. 

 

Figure 6.32. J-V curves of the 
GaAs:C/AlGaAs:Te and 
AlGaAs:C/AlGaAs:Te tunnel junctions 
manufactured. 
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6.4.6.4. Preliminary experiments on AlGaAs:C / GaInP:Te tunnel junction 

Although in this Thesis the focus is put on the GaAs-based tunnel junction, for the 

reasons explained in the introduction of this Chapter, some preliminary experiments were 

carried out in order to become aware of the difficulties in the growth of the 

AlGaAs:C/GaInP:Te high band gap tunnel junction and open the way for its development in 

our research group. 

As was demonstrated in [García07], the doping of GaInP with tellurium is not 

straightforward, if a lattice matched to GaAs layer is desired. However, this was the only 

dopant available at the time of performing the experiments about the AlGaAs:C/GaInP:Te high 

band gap tunnel junction. On the other hand, the AlGaAs layer was intrinsically doped, since 

the CBr4 source was not installed at that moment. In Figure 6.33 the semiconductor structure, 

growth parameters and J-V curves obtained are shown. The J-V curves obtained show clearly 

the features of a tunnel junction, which was certainly encouraging considering that this was 

the first attempt on this kind of tunnel junction. However, the low peak current density obtained 

makes this tunnel junction structure still not applicable for a concentrator dual-junction solar 

cell. The characteristics of cathode of the tunnel junction is, most probably, in the origin of this 

poor result. In [García07], the composition modulation and the “inertia” phenomena found 

when doping GaInP with tellurium at a growth temperature of 675 ºC, were explained. 

Although the presence of these phenomena at lower growth temperatures has not been 

 

 

Layer Tg [Dopant] V/III 

n++ GaInP:Te 600 ºC 4.15·10-6 53 

p++ AlGaAs:C 600 ºC - 2 
 

 

Figure 6.33. Semiconductor structure, 
growth parameters and J-V curves of the 
high band gap AlGaAs:C/GaInP:Te tunnel 
junction studied, for the as-grown and 
annealed (30 min, 675 ºC) cases.  
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studied, it is probable that they are also causing a lattice mismatch and a doping level much 

below the nominal value, calibrated using the Hall-Van der Pauw technique on thicker GaInP 

layers, in the heavily Te-doped GaInP cathode of the tunnel junction. Although more 

experiments need to be carried out in order to assess in detail the suitability of tellurium as 

n-type dopant for the AlGaAs/GaInP tunnel junction,  the results obtained so far suggest the 

necessity of replacing tellurium by other n-type dopant in this tunnel junction approach, and 

the study of the optimum growth routines. All these studies are being carried out now in our 

research group, to be presented in future Thesis. 

6.5. Summary and conclusions 

The first part of this chapter is devoted to the study of the MOVPE growth of heavily 

doped GaAs and AlGaAs for the tunnel junction application. The experiments concerning the 

heavy doping of GaAs with carbon using CBr4 have shown the necessity of using growth 

temperatures below 600 ºC, in order to attain doping levels above 5·1019 cm-3 with a minimum 

impact of the CBr4 on the growth rate and surface morphology. For the doping range explored, 

the carbon incorporation has been estimated to be mostly As-substitutional.  

The heavy doping of GaAs with tellurium has also shown that low growth temperatures 

and low V/III ratios are necessary in order to achieve the highest electron concentrations. For 

the doping range explored, no significant surface morphology degradation could be detected 

by the in-situ reflectivity measurements carried out. The non-substitutional incorporation of 

tellurium into the GaAs lattice appears to be increasingly important as the doping level is 

increased from 1·1019 cm-3. For a growth temperature of 550 ºC, the growth rate and growth 

efficiency of heavily Te-doped GaAs increases with the concentration of [DETe] during growth. 

This behaviour, which is opposite to the experimental results obtained for higher growth 

temperatures, is though to be due to a modification of the growth surface kinetics produced by 

tellurium during GaAs growth in the frontier between the mass-transport limited and kinetics 

limited regime. 

The heavy doping of GaAs with silicon has also been explored. The low saturation 

carrier concentration (around 1·1019 cm-3), reported in the literature, has been corroborated, 

rendering the use of Si-doped GaAs doubtful for the achievement of high performance GaAs 

tunnel junctions. Besides, the electron concentration obtained using the DTBSi – TMGa- AsH3 

system (for which no previous works are reported in the literature), has been found to exhibit 

an stronger dependence with the growth temperature than when using other group-V 

precursors such as TBAs. This implies that growth temperatures above 675 ºC are necessary 

in order to achieve doping levels in the order of 1·1019 cm-3. 

Concerning the development of the tunnel junction semiconductor structure, different 

approaches have been treated, for which the performance of the tunnel junction devices 
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fabricated and the interaction of the tunnel junction growth with the growth and performance of 

the GaInP top cell have been assessed. In Table 6.6 a summary of the tunnel junctions 

analyzed and developed in this Thesis is shown. Critical problems have been found when 

using zinc and silicon for the p and n side of the tunnel junction, respectively. On the one 

hand, the use of zinc allows the achievement of high doping levels and acceptable 

performance of the tunnel junction, but the diffusion of zinc towards the GaInP top cell makes 

it incompatible with the attainment of a high performance GaInP/GaAs dual-junction solar cell, 

unless this diffusion is reduced. On the other hand, the tunnel junction experiments using 

silicon as n-type dopant were unsuccessful, most likely due to the low doping levels obtained 

and the necessity of using growth stops between the n-side and p-side of the tunnel junction.  

All these reasons led to the decision of using carbon and tellurium as dopants for the 

GaAs tunnel junction being developed. With these elements, high doping levels and low 

dopant diffusion can be attained. However, their use required a study of the growth conditions 

necessary to reduce the CBr4 and DETe flows during the growth of the tunnel junction, in 

order to minimize the impact of the interaction of these dopants with the growth (on top) of the 

GaInP top cell, while at the same time obtaining high doping levels in the tunnel junction. 

Fortunately, for both dopants, the use of low growth temperatures is advantageous in this 

Table 6.6. Summary of the tunnel junctions developed in this Thesis, detailing their peak current, 
series resistance and most relevant problems found. Other details of the tunnel junction structure and 
characterization results can be found in sections 6.4.2 to 6.4.6. 

Tunnel junction Jp 
[A/cm 2] 

rs 
[ΩΩΩΩ·cm2] 

Most relevant problems found 

GaAs:Zn/GaAs:Te 310 7.4·10-4 · Zn diffusion 

GaAs:C/GaAs:Si - - · No tunneling current. 

GaAs:C/GaAs:Te 8.8 7.4·10-3 

· Low Jp and high rs 
· Strong interaction with GaInP top 
cell growth. 
· Parasitic diode � spoiled dual-
junction solar cell I-V curve 

No anneal 8630 1.7·10-5 No 
barriers Annealed 3150 2.5·10-5 

No anneal 5400 1.2·10-4 

GaAs:C/GaAs:Te 
Tg = 550 ºC 

AlGaAs 
barriers Annealed 2170 1.6·10-4 

· Adverse effect of barriers and 
annealing on Jp and rs. 
· High light absorption (see Chapter 
7). 

No anneal 10100 1.6·10-5 No 
barriers Annealed 3501 2.9·10-5 

No anneal 7600 1.1·10-4 

AlGaAs:C/GaAs:Te 
Tg = 550 ºC 

AlGaAs 
barriers Annealed 2580 1.4·10-4 

· Adverse effect of barriers and 
annealing on Jp and rs. 

AlGaAs:C/AlGaAs:Te - - No tunnelling current 

AlGaAs:C/GaInP:Te 
Preliminary experiments. Tunnelling current observable 
but too low 



Development of the tunnel junction 

 281 

sense. The AlGaInP(top cell BSF)/GaAs(tunnel junction anode) heterojunction was found to 

be problematic for the carrier transport and tunnel junction properties, which give rise to a 

spoiled performance of the GaInP/GaAs dual-junction solar cells where a GaAs:C/GaAs:Te 

tunnel junction is used. To solve this problem, the use of AlGaAs barrier layers in the tunnel 

junction was introduced.  

The optimization of the growth conditions, particularly the growth temperature, gave 

rise to the achievement of a GaAs:C/GaAs:Te tunnel junction with a peak current suitable for 

the operation of the dual-junction solar cell at current densities much above any feasible value 

for any light concentration achievable in practice. Besides, the series resistance contribution of 

these tunnel junctions is negligible, in comparison with other series resistance components in 

the solar cell device. Moreover, the use of AlGaAs barrier layers allowed the elimination of the 

parasitic junction mentioned above, although they also gave rise to a worse performance of 

the tunnel junction. An annealing with a thermal load equivalent to the growth of the top cell, 

was found also to degrade significantly the performance of the tunnel junctions with and 

without barrier layers. However, the annealed tunnel junctions with barrier layers still exhibit 

peak currents and series resistances appropriate for the operation of the GaInP/GaAs dual-

junction solar cell up to unreachable light concentrations.   

Finally, the research on high band gap tunnel junctions gave rise to a 

record-performing AlGaAs:C/GaAs:Te tunnel junction, with a peak current and series 

resistance better than any value reported in the literature for a tunnel junction grown lattice 

matched to GaAs or Ge. Besides, the optical absorption in this tunnel junction is reduced, 

allowing to reach higher Jsc in the GaInP/GaAs dual-junction solar cell, which was key in the 

attainment of a record-efficiency, as will be shown in next Chapter. Preliminary studies on 

more advanced versions of the tunnel junction in which the GaAs cathode is also replaced 

with a higher band gap material such as AlGaAs or GaInP made apparent the difficulties to be 

faced when developing these high band gap tunnel junctions, a research topic currently of 

interest in our research group.   
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7.1. Introduction 

In Chapters 5 and 6, the experimental research carried out in this Thesis about the 

development of the GaInP top cell and the tunnel junction was presented. Moreover, in 

Chapter 6, the influence of the tunnel junction on the growth and performance of the top cell, 

when both devices are integrated in the dual-junction solar cell, was also analyzed, since it 

was decisive in considering a tunnel junction design suitable or not. Therefore, most of the 

work carried out for the GaInP/GaAs dual-junction solar cell development has already been 

presented in the previous chapters. This chapter is mostly focused on the analysis of the 

performance of the different (main) versions of dual-junction solar cell studied, by means of 

quantum efficiency and I-V curve measurements. 

The development of the GaInP/GaAs dual-junction solar cell consisted off parallel 

theoretical and experimental studies of the top cell, tunnel junction and their integration in the 

dual-junction solar cell, with a constant feedback of results between them. For the structuring 

of the exposition of the dual-junction solar cell development, four stages have been identified 

as the most representative. For each stage, the “base” semiconductor structure of the 

dual-junction solar cell being analyzed is explained and related to the successive 

improvements in the EQE of the top and bottom subcells. The manufacturing of concentrator 

solar cell devices using these semiconductor structures and the concentration response 

measurement results are then commented and assessed in order to define the actions to be 

taken in the following stages and clarify the evolution of the solar cell performance that leaded 

to the attainment of a record-efficiency of 32.6% at 1000 X at stage IV. 

Most of the investigations presented in this chapter were applied successfully and 

contributed to the achievement of a record-efficiency dual-junction solar cell. Others are a 

result of the analysis carried out a posteriori and, consequently, are used to propose the 

guidelines for the attainment of higher efficiencies. In section 7.4. a prediction of the efficiency 

at high concentrations achievable with our record-efficiency dual-junction solar cell, if feasible 

modifications in the semiconductor structure and front grid are introduced, is presented. 

7.2. GaInP/GaAs dual-junction solar cell development stages 

7.2.1. Stage I - Initial GaInP/GaAs dual-junction solar cell design 

7.2.1.1. Semiconductor structure and EQE 

The first GaInP/GaAs dual-junction solar cell manufactured at I.E.S.-U.P.M. was grown 

in the AIX200 reactor and had a conservative semiconductor structure design, which is shown 

in Figure 7.1. The aim of this structure was to have the first functional dual-junction solar cell 
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to which successive modifications would be incorporated. The most relevant characteristics of 

this semiconductor structure can be summarized as follows: 

- the growth temperature is kept constant at 675 ºC for all the semiconductor structure. 

- the bottom cell structure is reproduced directly from the first versions of GaAs single-

junction solar cell devices developed at I.E.S. – U.P.M. [Galiana06]. Particularly important is 

the fact that the BSF of this subcell is made of GaInP, which was found to produce a high 

vertical series resistance due to a hindered hole transport through the p--GaAs(base)/ 

p-GaInP(BSF) heterointerface [Galiana06c]. 

- the top cell does not have a BSF layer, with the implications on the device performance 

explained in Chapter 5. Moreover, the n-type dopant used is tellurium, which was also found 

to originate problems to the growth of GaInP. Besides, its base thickness is higher than 

needed to achieve a current matched GaInP/GaAs dual-junction solar cell. 

- the tunnel junction is based on the GaAs:Zn/GaAs:Te structure, which was also found 

to cause problems derived from the diffusion of Zn and memory effect of Te, which were 

worsened by the high dopant precursor flows used to achieve high doping levels at a growth 

temperature of 675 ºC (see chapter 6). 

 With these characteristics of the GaInP/GaAs dual-junction solar cell semiconductor 

structure and according to the results presented in Chapters 5 and 6, a poor performance of 

the top and bottom subcells could be expected. This was examined by measuring the EQE of 

 
Figure 7.1. Semiconductor structure of the first GaInP/GaAs dual-junction solar cell design developed 
at I.E.S. – U.P.M. On the right, the actual scale of this semiconductor structure can be observed in a 
SEM cross-section image. 
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this semiconductor structure without ARC, which is shown in Figure 7.2. The results obtained 

at stage IV (section 7.2.4) are also shown for comparison. A low EQE amplitude can be 

observed in both the top and bottom subcells, as a result of the semiconductor structure 

properties commented above, which gave rise to a short circuit current in the dual-junction 

solar cell without ARC as low as 9.07 mA/cm2. In the top cell, an important shift in the cut-off 

wavelength can also be observed, which is attributed to the disordering effect ocassionated by 

the remaining Te coming from the growth of the tunnel junction using a high DETe flow. The 

bottom cell EQE is clearly affected by an excessive light absorption in the top cell and tunnel 

junction. Being so evident the origin of this poor dual-junction solar cell EQE result, the focus 

was put on the modifications to be introduced in its semiconductor structure, which are 

explained in next sections. 

7.2.1.2. I-V curve and concentration response 

 The dark I-V curve and concentrator response of the GaInP/GaAs dual-junction solar 

cell developed at this stage was studied in order to identify any possible source of series 

resistance coming from the semiconductor structure, which should be taken into account in 

the following dual-junction solar cell designs. For this, the semiconductor structure of this dual-

junction solar cell was processed into 1 mm2 solar cell devices with inverted square front grid 

and 13 fingers (note that the front grid optimization presented in Chapter 2 had not been 

carried out yet at this development stage), and an ARC based on the MgF2/ZnS system was 

deposited. The concentration response and dark I-V curve of the resulting solar cell devices 

were then measured, and the results are shown in Figure 7.3. 

The first comment to be made on the concentration response measurements is about 

the measurement technique itself. At the moment of manufacturing and analyzing these dual-

junction solar cells, the concentration response measurement of multijunction solar cells was 

 

Figure 7.2. Measured EQE of the first 
GaInP/GaAs dual-junction solar cell 
manufactured at I.E.S. – U.P.M., whose 
semiconductor structure can be seen in 
Figure 7.1. The results obtained at stage 
IV are also shown for comparison. 
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not fully developed at I.E.S. – U.P.M. The set up for the flash lamp method used did not allow 

the use of spectral corrections so as to do the measurements at the actual current level in 

each subcell (see Chapter 4 for details on the measurement procedure). This made possible 

an overestimation in the measurement of the fill factor and Voc at some concentration levels, 

due to errors in the current matching of the solar cell. 

 The Voc obtained in these solar cells is about 100 mV below that achieved with the 

most advanced versions of GaInP/GaAs dual-junction solar cell developed at I.E.S. – U.P.M, 

as will be seen in next sections. The most important reason for this low Voc, apart from the 

possible effects of the measurement technique explained in last paragraph, is the lack of a 

BSF in the top cell. Concerning the FF, it can be observed that it decreases for concentrations 

above 50 X, down to 76% at 1000 suns. In order to explain this poor result by analyzing the 

series resistance components, the dark I-V curve was plotted together with the Isc-Voc curve in 

the graph on the right of Figure 7.3. While with the dark I-V curve only the vertical series 

resistance component can be assessed, the Isc-Voc curve is sensitive to all the series 

resistance components. In the dark I-V curve, the effect of the series resistance is clearly 

noticeable for currents above 100 mA, which corresponds to a concentration of, roughly, 

700 X (assuming a Jsc(1X) = 14 mA/cm2). Consequently, the vertical resistance is affecting 

notably the operation of the dual-junction solar cell at 1000 X (see Figure 7.23 for a 

 

 

Figure 7.3. Concentration response (left) and dark I-V curve (right) of the first GaInP/GaAs dual-
junction solar cell manufactured at I.E.S. – U.P.M. The front grid has an inverted square layout with 
1 mm2 active area and 13-fingers 3 µm wide. 
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comparison with the dark I-V curve of a low-series resistance GaInP/GaAs dual-junction solar 

cell). On the other hand, although, again, the Isc-Voc curve may be affected by the 

measurement technique, a clear separation from the dark I-V curve is appreciable for currents 

above, roughly, 10 mA, corresponding to a concentration of 70 X. The fact that this occurs at a 

lower current than the effect of the vertical series resistance on the dark I-V curve, suggests 

the existence of a high horizontal series resistance component, i.e., a high top cell emitter-

front grid resistance, or an effect of the tunnel junction. All these possibilities are discussed in 

the following. 

The origin of the high vertical series resistance observed in the dark I-V curve was first 

studied. The series resistance contribution of the tunnel junction cannot be the origin since, 

during the dark I-V measurement, the tunnel junction is reversely biased, while it is forward 

biased when the solar cell is illuminated. Thus, the effect of a poor tunnel junction behaviour 

(low peak current) can only be observed in illumination conditions. As for the front and back 

metal contact specific resistance, it was discarded as an important source of vertical series 

resistance, since the post-processing of the semiconductor structure to manufacture the 

concentrator solar cells was not problematic. The most feasible origin of this vertical series 

resistance is the GaAs(Base)/GaInP(BSF) heterostructure present in the GaAs bottom cell, 

which was found to hinder the majority carrier transport [Galiana06c]. This was solved later 

with the replacement of the GaInP of the BSF with AlGaAs. 

Concerning the influence of the tunnel junction on the concentration response of the 

solar cell, the GaAs:Zn/GaAs:Te tunnel junction grown at 675 ºC, and annealed, exhibited a 

series resistance of  7.4·10-4 Ω·cm2, as shown in Chapter 6. This value does not explain by 

itself the high series resistance in the Isc-Voc curve of the dual-junction solar cell. 

Consequently, the remaining source of series resistance was looked for in the top cell emitter-

front grid. According to the optimization of the front grid to maximise the efficiency at 1000 X, 

presented in Chapter 2 (which had not been carried out yet at this development stage), the 

use of 13 fingers in a dual-junction solar cell with a top cell emitter thickness and doping level 

of 200 nm and 1·1018 cm-3, respectively, should produce a low contribution to the series 

resistance of the front grid-top cell emitter ensemble. The device manufacturing was not 

problematic so the effect of a defective front grid was discarded. This led to a thorough 

investigation of the top cell emitter properties which revealed the problems explained in 

Chapter 5, consisting in a excessively low doping level obtained in the Te-doped GaInP 

emitter. An average doping level in the emitter of only 2·1017 cm-3 was measured, which, for a 

thickness of 200 nm, gives rise to an emitter sheet resistance over 1500 Ω/�. Both the high 

vertical and horizontal series resistance components analyzed give rise to the low FF 

observed.     
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7.2.1.3. Conclusions 

 In conclusion, the semiconductor structure used in this preliminary dual-junction solar 

cell design was found to give rise to low Jsc, Voc and FF values. The maximum efficiency 

attained was 27.6% at 165, being below 26% at 1000 suns. At any rate, the purpose of this 

dual-junction solar cell design was primarily to have the first functional dual-junction solar cell. 

Therefore, the modifications aimed to improve the performance of the GaInP/GaAs dual-

junction solar cell were soon tackled, and they are shown in next sections.  

7.2.2. Stage II. Improved GaInP top cell and GaAs tunnel junction 

7.2.2.1. Semiconductor structure and EQE 

At this stage, the following details can be highlighted in the semiconductor structure 

developed, shown in Figure 7.4, as compared to the previous design (Figure 7.1): 

- tellurium is replaced with silicon in the emitter and window of the top and bottom cell.  

- the top cell is improved by the insertion of an AlGaInP BSF layer (see Chapter 5). In 

addition, a better control on the lattice matching of ternaries was attained.  

- in the tunnel junction the p-type dopant zinc is replaced with carbon, and the growth 

temperature is lowered from 675 ºC to 625 ºC. Thus the dopant diffusion and memory effects 

are reduced. However, the use of CBr4 and DETe still interfere in the growth of the GaInP top 

cell, as explained in Chapter 6.  

 

Figure 7.4. Semiconductor structure of the 
second version of GaInP/GaAs dual-junction 
solar cell developed in this Thesis, in which 
modifications in the top and bottom subcells and 
in the tunnel junction were introduced.  
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- in the GaAs bottom cell the GaInP of the BSF layer is replaced with AlGaAs, in order 

to reduce the series resistance introduced by the base-BSF heterostructure without using high 

Zn doping levels [Galiana06c]. The GaInP of the window layer is also replaced with AlGaAs. In 

the development of the GaAs single-junction solar cell AlGaAs is not used in the window due 

to the higher sensitivity to oxygen and water exhibited by this material, as compared to GaInP. 

In a monolithic dual-junction solar cell, the bottom cell window is not exposed to air at any 

time, so AlGaAs can be used. Thus, a good passivation is achieved with an easy to growth 

AlGaAs/GaAs heterostructure. 

 The EQE of this semiconductor structure without ARC is shown in Figure 7.5. The 

small-dots line plot corresponds to the EQE of the single-junction GaInP solar cell developed 

just before being inserted in the dual-junction solar cell structure, whose EQE is plotted in 

open circles. The filled circles plot corresponds to the same GaInP/GaAs dual-junction solar 

cell semiconductor structure but after retuning the growth conditions in order to compensate 

for the effects of the dopants coming from the growth of the tunnel junction (see Chapters 5 

and 6 for details on this). 

 The effect of the GaAs:C/GaAs:Te tunnel junction growth (at 625 ºC) on the  top cell 

photorresponse is marked. However, as can be observed, a top cell EQE similar to the EQE of 

the original GaInP single-junction solar cell can be obtained, if the appropriate growth 

conditions are used. Moreover, an important Jsc gain was achieved in the top cell, with respect 

to the first version of dual-junction solar cell, thanks to the modifications in the semiconductor 

structure introduced. The Jsc in the bottom cell is also higher but it is still clearly affected by a 

high absorption in the top cell and tunnel junction. However the reproducibility of the EQE of 

the top cell with modified growth conditions was found to be poor from run to run. This 

indicated that, rather than trying to compensate for it, the interference of the remaining CBr4 

 

Figure 7.5. Measured EQE of the 
GaInP/GaAs dual-junction solar cell 
with GaAs:C/GaAs:Te tunnel junction 
shown in Figure 7.4. 
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and DETe, coming from the growth of the tunnel junction, on the growth of the top cell should 

be eliminated, as discussed in Chapter 6. Furthermore, a clear current mismatch between top 

and bottom subcells, for the AM1.5D low-AOD solar spectrum, occurs, making the need for 

thinning the top cell apparent. 

7.2.2.2. I-V curve 

The semiconductor structure described in last section and shown in Figure 7.4 was 

processed into 1 mm2 concentrator solar cell devices similarly as in the previous dual-junction 

solar cell version. Regardless of the details of the front grid layout, the illumination I-V curves 

obtained showed an abnormal behaviour consisting in a very low Voc and an unusual shape of 

the I-V curve for negative currents, as can be observed in Figure 7.6. In this figure, the I-V 

curve of devices fabricated with nominally the same semiconductor structure, but grown in 

different epitaxy runs is plot. As can be observed, there exists a remarkable lack of 

reproducibility in these I-V curves.  

   

 

Figure 7.6. Illumination I-V curves of the 
dual-junction solar cells manufactured 
with the semiconductor structure of 
Figure 7.4. 
 

 
 Different parts of the dual-junction solar cell semiconductor structure were modified in 

order to determine the origin of this behaviour, including modifications in the bottom cell 

window layer or examination of the influence of the temperature ramps used to grow the 

tunnel junction. However, this problems was not solved until the growth conditions of the 

tunnel junction were redesigned in order to minimize the interference of the remaining CBr4 

and DETe coming from the tunnel junction growth, on the growth of the top cell, and AlGaAs 

barrier layers were used. This was possible most probably thanks to the elimination of the 

AlGaInP(top cell BSF)/GaAs(tunnel junction anode) heterojunction, as explained in Chapter 6. 

These modifications, together with others in the top and bottom subcells, gave rise to the next 

dual-junction solar cell version, which is presented in the following section. The concentration 
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I-V curves of the dual-junction solar cell being presented in this section exhibited a similar 

shape to that shown in Figure 7.6. Therefore, the series resistance components of this dual-

junction solar cell could not be assessed. 

7.2.2.3. Conclusions 

 In conclusion, the improvements introduced in the top cell at this development stage 

could not be materialized in a better EQE response until the growth conditions were retuned to 

compensate for the effect of the DETe and CBr4 coming from the growth of the 

GaAs:C/GaAs:Te tunnel junction grown at 625 ºC. However a lack of reproducibility was found 

in the effectiveness of this growth conditions retuning. Besides, the illumination I-V curve 

measured revealed an spoiled electrical performance of the dual-junction solar cells 

manufactured, presumably originated in the top cell-BSF/tunnel-junction interface. This 

impeded the analysis of the series resistance components of this solar cell and prompted the 

introduction of modifications in its semiconductor structure, as shown in next section. 

7.2.3. Stage III. Optimized tunnel junction and front grid 

7.2.3.1. Semiconductor structure and EQE 

The semiconductor structure characteristics that can be highlighted in the dual-junction 

solar cell developed at this stage are (see Figure 7.7): 

- The GaAs-based tunnel junction with AlGaAs barrier layers and grown at a low 

temperature, presented in Chapter 6, is used. The barrier layers are added to the GaAs-based 

tunnel junction, in order to eliminate the AlGaInP/GaAs heterojunction which was found to be 

problematic in the previous dual-junction solar cells with GaAs:C/GaAs:Te tunnel junctions. 

Moreover, the tunnel junction is grown at a low temperature (550 ºC) which allows to reduce 

the dopant flows necessary to attain high doping levels in both sides of the tunnel junction. 

Hence, the interaction of these dopants with the growth of the top cell is minimized.  

- The top cell base layer thickness is reduced so as to obtain an improved equilibrium 

of short circuit currents in the top and bottom subcells. A current matching study was carried 

out by analyzing the solar cell EQE for different top cell thicknesses. 

- The top cell window layer thickness is reduced so as to improve the IQE in the blue 

region of the spectrum, as explained in Chapter 5. 

 The EQE of one of the dual-junction solar cells developed at this stage is shown in 

Figure 7.8 together with the EQE obtained at stage II. It can be observed the better 

photorresponse in the top and bottom cell, which give rise to a higher short circuit current in 

both subcells. In the top cell, the photorresponse is improved in general due to the lower 

interaction with the remaining CBr4 and DETe coming from the growth of the tunnel junction, in 
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addition to the modifications in the semiconductor structure commented above. Moreover, it 

was observed that the photorresponse of the GaInP top cell with and without a tunnel junction 

grown underneath was similar, and that it could be made virtually identical by a simple and 

reproducible retuning of the top cell growth conditions, as shown in Chapter 6. As for the 

bottom cell, the difference in the shape of the interference fringes of its EQE is due to the 

 

 

Figure 7.8. Measured EQE of the 
GaInP/GaAs dual-junction solar cell 
with GaAs:C/GaAs:Te tunnel junction 
and barrier layers. The EQE of the solar 
cell developed at stage II is also shown 
for comparison. The Jsc shown 
corresponds to the solar cell developed 
at stage III. 
 

 

Figure 7.7. Semiconductor structure of the 
GaInP/GaAs dual-junction solar cell studied at 
this development stage. 
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different layer thicknesses used in the top cell and to the introduction of the barrier layers in 

the tunnel junction. Finally, as will be shown in section 7.2.3.4, the new growth conditions and 

the introduction of AlGaAs barrier layers in the tunnel junction allowed the elimination of the 

parasitic diode which damaged the I-V curves at the previous development stage. 

7.2.3.2. Current matching and optical transmittance in the dual-junction solar cell 

Once the appropriate control over the growth of the improved tunnel junction design 

and GaInP top cell was attained, by minimizing the interaction between them, the next step 

consisted in the achievement of an improved current matching in the dual-junction solar cell. 

For this, a set of semiconductor structures were grown by varying the top cell base layer 

thickness. The EQE of these semiconductor structures was measured and the current 

matching was assessed by calculating the Jsc of the top and bottom subcells by the 

convolution of the EQE measured with the AM1.5D low-AOD solar spectrum, as usual. The 

results are shown in Figure 7.9. 

 

 

WBASE TC 
[nm] 

Jsc TOP 

[mA/cm 2] 
Jsc BOTTOM 
[mA/cm 2] 

1 720 10.72 9.4 

2 650 10.37 9.358 

3 450 9.894 9.891 

4 335 9.505 10.073 
 

Figure 7.9. EQE of the GaInP/GaAs dual-junction solar cell semiconductor structures used for the 
current matching experiments. The Jsc calculated for the AM1.5D low-AOD solar spectrum are shown in 
the table on the right. 

 
Firstly it can be observed how the Jsc of the bottom cell does not increase but rather 

decreases when the top cell base layer thickness is reduced from 720 to 650 nm. This effect is 

explained in next paragraphs. The resulting Jsc of the current matched GaInP/GaAs dual-

junction solar cell is 9.89 mA/cm2, for a top cell base thickness of 450 nm. If we assume a Jsc 

gain of 35% after the ARC deposition, the final Jsc would be 13.35 mA/cm2. This value is, in 

principle, enough to achieve an efficiency higher than 30% at 1000 X, as will be shown in 

section 7.2.3.4. However, a Jsc above 13.5 mA/cm2 can be expected to be achieved in a 

GaInP/GaAs dual-junction solar cell with a GaAs-based tunnel junction, according to the 
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literature [Bertness94]1 and to our own predictions. On the other hand, as can be observed in 

Figure 7.9, the current matching is obtained for a top cell base thickness as low as 450 nm. 

The usual values are above 600 nm for the AM1.5D low-AOD solar spectrum, although the 

exact thickness depends on the top cell band gap. In our case, the low top cell thickness 

needed to achieve the current matching in the dual-junction solar cell suggests that the light 

transmission to the bottom cell must be improved if higher Jsc in the dual-junction solar cell are 

to be attained. In the following the optical processes involved in the transmission of light to the 

bottom cell are analyzed. 

 The optical properties of the semiconductor stack grown on top of the bottom cell 

(GaInP top cell + tunnel junction) determine the quantity of light that is transmitted to the 

bottom cell. This transmission not only depends on the light absorption in these layers, but 

also on the internal reflections and interferences suffered by the light as it traverses materials 

with different refractive indexes and absorption coefficients. These optical processes are, for 

example, in the origin of the fringes exhibited by the EQE of the bottom cell. In Figure 7.10 the 

calculated transmittance of the top cell + tunnel junction layers of the semiconductor structure 

shown in Figure 7.7 is plotted against the top cell base layer thickness. The optical data used 

are taken from [Sopra06] and the transmittance is calculated using the Transfer-Matrix Method 

[Centurioni05].  

  The spectral transmittance (plot on the left) shows clearly the effect of the reflexions 

and interferences in the semiconductor structure, for the photon wavelength range where no 
                                                
1 The Jsc measured in [Bertness94] under AM1.5G solar spectrum is 14.0 mA/cm2. The EQE of the 
dual-junction solar cell presented in that paper can be calculated using the IQE data provided and this 
Jsc, by assuming a uniform spectral reflectance in the solar cell. Then, using the EQE data, the Jsc 
calculation under AM1.5D low-AOD, yields 13.9 mA/cm2. 

 
Figure 7.10. Calculated spectral transmittance of the top cell + tunnel junction of the semiconductor 
stack shown in Figure 7.7, plotted against the top cell base layer thickness (left), and normalized Jsc of 
the bottom cell plotted against the top cell base layer thickness, for different solar spectra (right). The 
Jsc is calculated using the EQE of the bottom cell, except for the AM1.5D low-AOD spectrum for which 
the Jsc is calculated using both the EQE and IQE of the bottom cell. 
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or little absorption occurs in the top cell and tunnel junction. In that region, the transmittance at 

each wavelength depends on the top cell base thickness, following a periodic function. The 

period of this function is higher as the photon wavelength increases. This makes that the total 

transmission of light to the bottom cell does not monotonically decrease with the top cell base 

thickness, and, consequently, nor does the Jsc of the bottom cell. This can be observed in the 

plot on the right of Figure 7.10. The calculated EQE of a structure similar to that shown in 

Figure 7.7 is used to obtain the Jsc for different top cell base thicknesses and solar spectra. 

For the AM1.5D low-AOD solar spectrum (thick solid line plot), the Jsc vs. top cell base 

thickness curve is clearly non-monotonically decreasing. This gives rise to situations where 

the Jsc of the bottom cell obtained for different top cell base layer thicknesses is the same. 

This explains the result shown in Figure 7.9, where a reduction of the top cell base layer 

thickness from 720 to 650 nm did not produce an increased Jsc of the bottom cell. Moreover, 

the top cell thickness obtained that produce a current matched solar cell (450 nm) can also 

have an important error for the same reason. If the IQE is used to calculate the Jsc, this effect 

does not appear, as shown in Figure 7.10 (thin solid line plot), since the interference fringes of 

the bottom cell are not present any more. Therefore, this effect must be taken into account 

when using the EQE of multijunction solar cells without ARC to design a current matched 

structure. 

The influence of the shape of the solar spectrum on this effect is also illustrated in 

Figure 7.10-right, where the same plots for different solar spectra are shown. On the one 

hand, the AM1.5D low-AOD solar spectrum exhibits irradiance dips at some photon 

wavelengths caused by the light absorption in the atmosphere. This could be expected to 

cause a modification of the bottom cell Jsc, depending of the relative position of its EQE 

interference fringes with respect to the dips in the solar spectrum. To study this, the AM0 

spectrum (which exhibits no dips) was used to calculate the Jsc of the bottom cell (dashed line 

plot), resulting in a similar non-monotonically decreasing shape of the bottom cell Jsc vs. top 

cell thickness curve. On the other hand, all the solar spectra (terrestrial or space) show a 

decreasing irradiance as the photon wavelength increases. This could be expected to cause a 

modulation of the Jsc in the bottom cell as its EQE interference fringes change its spectral 

position in response to a change in the top cell base layer thickness. To analyze this, a “flat” 

spectra is used, in which the irradiance is artificially set to a constant value for all the 

wavelength range of interest for the bottom cell (dotted line plot). The resulting curve has, 

again, a similar non-monotonic shape as with the AM1.5D low-AOD spectrum. Therefore, the 

characteristics of the terrestrial solar spectra do not take part decisively in the non 

monotonicity of the bottom cell  Jsc vs. top cell thickness curve.   
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 Another important issue is the total transmission of light in the wavelength range of 

interest for the bottom cell. As shown above, the current matched GaInP/GaAs dual-junction 

solar cell developed at this stage exhibits a low Jsc due to a low light transmission to the 

bottom cell. The transmission of light from the top cell to the bottom cell in our dual-junction 

solar cell design is determined primarily by the absorption in the GaAs of the tunnel junction. 

This absorption can be reduced mainly by replacing the GaAs by a higher band gap material 

such as AlGaAs or GaInP (see section 7.2.4). However, the light reflections at the 

heterostructure interfaces, where a refractive index change occurs, can also play an important 

role in the light transmission, specially is the reflected light is susceptible of being absorbed in 

a non-photoactive layer in its way back. In Figure 7.11 the calculated spectral reflectance at 

the AlGaInP (top cell BSF)/AlGaAs (tunnel junction barrier) interface, for different thicknesses 

of the AlGaAs barrier layer, is plotted. Note that this reflectivity is calculated for the light 

travelling through the AlGaInP BSF of the top cell, i.e., the incident medium used in the 

calculation is AlGaInP. As can be observed, the reflectivity at this interface is not negligible in 

the range of wavelengths were the light reflected can be absorbed in the GaInP of the top cell. 

However, this is, in principle, not detrimental for the Jsc and current matching of the dual-

junction solar cell, since the higher Jsc obtained in the top cell due to this light reflection can be 

compensated for by tuning the top cell base layer thickness.  

More harmful is the reflection produced at the GaAs(tunnel junction n-side)/AlGaAs 

(tunnel junction barrier) interface, shown in Figure 7.12. Part of the photons whose energy is 

higher than the band gap of GaAs and that have reached this interface (around 3%), are 

reflected back and forced to travel again through the GaAs n-side of the tunnel junction, where 

they can be absorbed. Thus, they do not contribute to the Jsc of the bottom cell. This 

reflectivity can be reduced if the thickness of the AlGaAs layer is increased, or if its aluminium 

composition is reduced, as shown in Figure 7.12. This can be also seen in the transmittance 

 

Figure 7.11. Calculated spectral 
reflectance at the AlGaInP/AlGaAs 
heterointerface formed by the top cell 
BSF and the tunnel junction p-barrier, 
for different AlGaAs layer thicknesses. 
For the calculation, all the layers 
beneath the p-barrier have been taken 
into account. 
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graph of Figure 7.12. A non-negligible increase of the transmittance is attained when 

increasing the AlGaAs layer thickness. Moreover, decreasing its composition is also helpful, 

due to the lower reflectance attained with a less steep refractive index change, although an 

eye must be kept on the absorption in the AlGaAs layer if its aluminium composition is made 

excessively low. In the solar cell semiconductor structure being treated in this section, we 

have roughly 80 nm of AlGaAs with 70% Al composition in the n-barrier plus bottom cell 

window layer. Therefore, according to Figure 7.12 the transmittance of our tunnel junction 

could be increased by an average 5% in the range of photon wavelengths that are not 

absorbed in the top cell and can be absorbed in the bottom cell. Nevertheless, the differences 

that can be expected to exist between the optical data used (taken from [Sopra06]) and the 

actual optical properties of our semiconductor layers, may give rise to different transmittances 

in practice. However, it is reasonable to expect a significant improvement of the bottom cell Jsc 

if the optical properties of the GaAs-based tunnel junction are thoroughly designed. 

In conclusion, it has been shown that not only the absorption but also the internal 

reflections occurring at the heterointerfaces of our dual-junction solar cell semiconductor 

structure can give rise to an additional loss of current in the solar cell. However, the 

experimental work carried out in this Thesis, concerning the improvement of the tunnel 

junction optical transmittance was focused on the reduction of the optical absorption. In fact, 

 

Figure 7.12. Calculated spectral reflectance at 
the GaAs/AlGaAs heterointerface formed by 
the tunnel junction cathode and tunnel junction 
n-barrier (up), and transmittance of the tunnel 
junction, for different n-AlGaAs barrier layer 
thicknesses and compositions. For the 
calculation all the layers beneath the n-barrier 
have been taken into account. 
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the optical transmittance of the tunnel junction in our GaInP/GaAs dual-junction solar cell was 

significantly improved by replacing the GaAs anode of the tunnel junction by AlGaAs, as will 

be shown in section 7.2.4. The optimal optical design for the semiconductor structure of the 

dual-junction solar cell, including all the effects discussed in this section, is currently being 

analyzed theoretically and experimentally in order to assess the current gain achievable in our 

dual-junction solar cell.  

7.2.3.3. Front grid-top cell emitter optimization 

The optimization of the front grid-top cell emitter carried out using the quasi-3D 

distributed model, presented in Chapter 2, was put into practice at this stage of development 

of the dual-junction solar cell. For this, new photolithography masks were designed and 

manufactured. An example is shown in Figure 7.13.  

 

 
Figure 7.13. Photomasks for the front contact (left) and mesa etch definition (right), fabricated after the 
theoretical optimization of the front grid-emitter of the dual-junction solar cell presented in Chapter 2. 

 
Besides the new front grid design adapted for the concentrator GaInP/GaAs solar cell, 

other modifications were included in these masks. Among them, the most important are the 

inclusion of an improved layout for the alignment marks and the much more abundant 

concentrator solar cell devices drawn on the photomask area. The low number of devices 

(below 10) that could be manufactured at a time was an important problem when using the 

previous masks. Moreover, special devices were inserted throughout the whole area of the 

new photomasks: diodes, solar cells without fingers and TLM and Van der Pauw devices. This 

allows the assessment of the quality of the manufacturing process. 

7.2.3.4. Concentration response and manufacturing technology issues 

The dual-junction solar cell semiconductor structures grown at this development stage 

were processed into 1 mm2 concentrator solar cells, using the photomasks presented in last 

section and our standard metallization routines based on the AuGe/Ni/Au system (see 

Chapter 4). However, the solar cell batches manufactured exhibited unexpectedly low short 
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circuit currents, due to the shadowing generated by semiconductor remains that appeared on 

the active area of the solar cell after the etching of the GaAs contact layer. The appearance of 

one of the solar cells manufactured and a detail of one of the fingers can be seen in Figure 

7.14. The origin of these semiconductor remains was found to be in a tiny oil spillage that 

occurred in the compressed air circuit used in the solar cell manufacturing laboratory, which 

was fixed later. Concerning our solar cell development, the outcome of this issue was a Jsc in 

our dual-junction solar cell devices that was much lower than expected from the EQE study 

presented in section 7.2.3.1 and 7.2.3.2, which had been carried out using test solar cell 

devices manufactured by means of electrochemically depositing metal contacts (i.e., without 

being affected by the oil spillage problem). However, the concentrator solar cell devices 

manufactured were still useful to analyze their I-V curves and their concentration response, 

which are shown in Figure 7.15. 

From the results obtained, the first remark to be made is the elimination of the parasitic 

junction effect observed in the previous version of dual-junction solar cell developed, as can 

be seen in the graph on the right of Figure 7.15. For a Isc as high as 0.157 A, which 

corresponds to a concentration above 1100 suns in a device with a Jsc of 14 mA/cm2, the I-V 

curve obtained exhibits a featureless shape, denoting the appropriate performance of the 

tunnel junction. As for the concentration response shown on the left, the Voc, FF and efficiency 

was measured at different Jsc in the  solar cell and the concentration level was then calculated 

for two cases by assuming a 1 X Jsc of 12 and 13 mA/cm2 in the solar cell. If an ARC layer with 

an average reflectivity of 3% was deposited on devices with an inverted square front grid with 

8-finger 3 µm wide (2.7% shadowing factor), then the Jsc calculated for the solar cell with a 

450 nm thick top cell base, i.e., that is current matched (see Figure 7.9), would be around 

13.2 mA/cm2. Therefore, the case of 12 mA/cm2 corresponds to a pessimistic situation while 

  

Figure 7.14. Concentrator GaInP/GaAs dual junction solar cell with 1 mm2 active area, manufactured 
at this development stage, and detail of one finger of the front grid. The semiconductor remains on the 
active area that gave rise to a low Jsc in the solar cell can be observed. 
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the case of 13 mA/cm2 is closer to the achievable Jsc if a defect-free device was obtained. In 

this case, the efficiency obtained for a concentration of 1000 suns would be above 30%. 

Although the concentration measurements carried out must be taken only as approximate, this 

result was quite encouraging since further increases of the dual-junction solar cell Jsc were 

planned to be achieved at that moment, by increasing the light transmission of the tunnel 

junction, as will be shown in next section. 

7.2.3.5. Conclusions  

In conclusion, at this development stage, the use of the GaAs:C/GaAs:Te tunnel 

junction with AlGaAs barrier layers and grown at a low temperature has proven to be 

successful for the elimination of the I-V curve problems found in the previous version of dual-

junction solar cell. Moreover, the interaction of the dopants used in the tunnel junction on the 

growth of the top cell has been minimized by using a lower growth temperature and CBr4 and 

DETe flows for the growth of the tunnel junction. The current matching in the GaInP/GaAs 

dual-junction solar cell has been experimentally studied by modifying the top cell base layer 

thickness. It has been found that the use of the EQE to assess the current matching in the 

dual-junction solar cell without ARC can give rise to an important error in the determination of 

 

 

Figure 7.15. Concentration response of the concentrator dual-junction solar cells manufactured with the 
structure whose EQE is shown in Figure 7.9. The cases assuming a Jsc of 12 and 13 mA/cm2, for defect 
free devices and using an optimized ARC, have been considered. On the right, a detail of some I-V 
curves obtained during the concentration response characterization. 
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the optimum top cell thickness. The low top cell base layer thickness needed to achieve a 

current matched dual-junction solar cell, suggests that the absorption in the tunnel junction is 

high. The theoretical analysis carried out, has demonstrated that not only the absorption, but 

also the internal reflections occurring in the semiconductor structure affect the transmittance of 

the tunnel junction. Technological problems impeded the manufacture of concentrator solar 

cell devices with a Jsc similar to that calculated from the EQE measured on test solar cell 

devices. However, the estimations made using the concentration response measured 

suggested the feasible achievement of efficiencies higher than 30% at 1000 X in the dual-

junction solar cell devices developed at this stage, assuming no technological imperfections. 

7.2.4. Stage IV. Record-performing GaInP/GaAs dual-junction solar cell 

7.2.4.1. Semiconductor structure and EQE 

The major modification in the semiconductor structure of the dual-junction solar cell 

developed at this stage consists in the replacement of the GaAs of the p-side of the tunnel 

junction with AlGaAs and in the 20% reduction of the n-side thickness. This was done aiming 

to increase the light transmittance of the tunnel junction and, consequently, the Jsc of the dual-

junction solar cell. At this development stage, top cell emitter thicknesses of 140 and 180 nm 

were tested, which correspond to emitter sheet resistances of around 600 and 500 Ω/�, 

respectively. According to the results presented in Chapter 5, an emitter of 180 nm should 

give rise to a better concentration response, since the Jsc obtained in the top cell is the same 

as in the case of 140 nm, and the emitter sheet resistance is lower. However, after the post 

processing of the semiconductor structures developed during this stage, the solar cells with a 

140 nm thick emitter resulted to have a higher Jsc, due to the ARC deposition problems 

explained in section 7.2.4.2. Therefore, we are going to focus on these solar cells for the 

analysis presented in this section. Concerning the thinner top cell BSF layer used (75 nm as 

compared to 100 nm), it is the result of a preliminary study carried out in order to assess the 

influence of the BSF thickness on its effectiveness as a minority carrier barrier and on the 

surface morphology of the AlGaInP material. No evidences have been found about a worse or 

better performance of the BSF as its thickness is reduced to 75 nm. However, since reducing 

the thickness in the 15-20% Al AlGaInP BSF implies a (slightly) lower light absorption in it, this 

was the thickness used in the dual-junction solar cell being analyzed in this section. Further 

studies on this issue are pending, though. Finally, the bottom cell emitter thickness is reduced 

from 100 nm to 80 nm, in order to improve its photorresponse in the short wavelength region 

of its EQE.    
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Figure 7.16. Semiconductor structure of one of 
the GaInP/GaAs dual-junction solar cells 
developed at Stage IV, which gave rise to a 
record efficiency. 
 

 

The EQE of this semiconductor structure was measured and it is plot in Figure 7.17 

together with the EQE of the solar cell developed at stage III with the same top cell thickness. 

 

 

Structure Jsc TOP 

[mA/cm 2] 
Jsc BOTTOM 

[mA/cm 2] 

Stage III 10.37 9.358 

Stage IV 10.51 10.13 
 

Figure 7.17. Measured EQE of the GaInP/GaAs dual-junction solar cell semiconductor structure 
developed at this stage, compared to the EQE of the dual-junction solar cell with the same top cell base 
layer thickness (650 nm) developed at stage III. The differences, identified with labels 1 to 3, are 
explained in the text. The Jsc calculated for the AM1.5D low-AOD solar spectrum are shown in the table 
on the right. 
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 The differences that can be observed in the EQE with respect to the previous dual-

junction solar cell are (see the labels in Figure 7.17): 

1.- The improvement in the photorresponse of the GaInP top cell in this region is partly 

due to a better control over the lattice matching of the AlInP window layer than in the devices 

grown at stage III. 

2.- This region of the bottom cell EQE corresponds to the wavelength of photons which 

are not absorbed in the GaInP top cell due to the fact that its thickness is lower than 

necessary to absorb all the photons with an energy higher than its band gap. Since the 

thicknesses of the top cells whose EQE is shown in Figure 7.17 is the same, the differences 

observed are due to the different transmittance of the tunnel junction, as will be shown in next 

section. This gave rise to a higher EQE as compared with the design studied at stage III. 

3.- The higher transmittance of the tunnel junction produces also a higher average 

EQE in the bottom cell, for photon energies below the band gap of GaInP. The differences in 

the composition and thickness of the tunnel junction layers produce also variations in the 

shape of the interference fringes.  

 As commented above, most of the Jsc gain attained in the bottom cell (0.77 mA/cm2 

absolute increase, 8.2% higher than in the previous dual-junction solar cell) is due to the 

higher transmittance of the tunnel junction used. Using the optical data from [Sopra06], the 

transmittance of the tunnel junctions used at stage III and IV of the dual-junction solar cell 

development was calculated and plotted in Figure 7.18. 

 As can be observed, the transmittance of the tunnel junction in the range of 

wavelengths from 678 to 880 nm (those of most of the photons reaching the tunnel junction 

and that can be absorbed in the bottom cell) is increased notably with the new tunnel junction 

design. This transmittance could be further improved if the tunnel junction layer compositions 

 

Figure 7.18. Calculated transmittance 
of the tunnel junctions used at stage III 
and IV of the dual-junction solar cell 
development carried out in this Thesis. 
Note that the transmittance is 
calculated using the Transfer Matrix 
Method [Centurioni05] by considering 
the AlGaInP of the top cell BSF as the 
incident medium, and the GaAs of the 
bottom cell as the medium into which 
the light is transmitted. Absorption, 
reflection and interference processes in 
the semiconductor stack are included 
in the calculation. 
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and thicknesses are adequately tuned, as shown in section 7.2.3.2. However, the Jsc obtained 

in the top and bottom cell was high enough to achieve a Jsc higher than 13.5 mA/cm2 in the 

dual-junction solar cell after ARC deposition, assuming that the reflectivity is reduced by 35% 

average. The ARC optimization and the problems found in its deposition are discussed in next 

section.    

7.2.4.2. ARC deposition and current matching 

The design of an ARC for a single-junction solar cell consists in determining the 

combination of thicknesses of the ARC layers to be used that produce the highest increase in 

the Jsc of the solar cell, for a given solar spectrum. The result of this optimization depends very 

significantly on the optical properties and thickness of the window layer. For example in the 

case of the GaAs single-junction solar cell with AlGaAs window layer, the optimum MgF2/ZnS 

dual-layer ARC was found to be 95/40 nm for a window layer thickness of 20 nm, and 104/47 

nm for a window layer thickness of 50 nm [Rey-Stolle01]. Moreover, it was found that the 

oxide on the surface of the AlGaAs window layer influenced decisively the optimum ARC 

calculation. Therefore, it is necessary to know as precisely as possible, the optical properties 

of the window layer, including the oxide layers on the surface, composition inhomogeneities, 

etc. However, this information is not usually available, given the complexity of characterizing 

these properties in so thin layers. 

In the case of a GaInP/GaAs dual-junction solar cell, the optimization of the ARC must 

also take into account the requirement of current matching between subcells. For a well 

designed wide-band ARC this does not imply a higher complexity in the design, since the 

reflectivity of the solar cell semiconductor structure is reduced homogeneously for all the 

range of wavelengths of interest (in our case from 300 to 900 nm) after the ARC deposition. 

However, for the MgF2/ZnS dual-layer ARC, which is the solution developed at the moment at 

I.E.S. – U.P.M., the reflectivity obtained is not homogeneous in that wavelength range and, 

depending on the combination of ARC layer thicknesses used, the overall reflectivity decrease 

obtained in the top and bottom cell is different. This can be observed in Figure 7.19, where the 

calculated Jsc of the top cell, bottom cell and dual-junction solar cell shown in Figure 7.16 

(using Hovel model and the optical data from [Sopra06]), is plotted against the thickness of 

the MgF2 and ZnS layers. Whilst for the top cell the thicknesses that maximize the Jsc are 

around 80 and 30 nm, for the MgF2 and ZnS layers respectively, for the bottom cell the 

optimum thicknesses are around 105 and 45 nm. The same plot for the Jsc of the dual-junction 

solar cell, obtained taking the least of the top and bottom cell currents at each ARC layer 

thicknesses combination, show that the optimum are 105 and 42 nm. The theoretical 

optimization of Figure 7.19 is approximate, since, as commented above, the optimum ARC 
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depends on the exact optical properties of the solar cell semiconductor structure. In our case, 

we have used the optical data available from [Sopra06] and the semiconductor layer 

properties that produce a reasonable fit of the EQE of the device without ARC, including the 

composition graduality in the AlInP window layer commented in Chapter 5. 

An accurate experimental corroboration of the ARC calculations could not be made, 

due to the difficulties found in depositing the ARC layers, caused by the low reliability and 

reproducibility of the deposition machine available. Our solution consisted in try-error 

iterations, using a considerable number of virtually identical solar cell devices, in which the 

deposited ARC layer thicknesses were varied. Unfortunately, the result obtained in each 

iteration step was usually not useful as a feedback to the process, due to the low 

reproducibility of the deposition machine used. The solar cells obtained were finally screened 

in order to select the ones with highest Jsc. In Figure 7.20 the EQE and reflectivity of the 

GaInP/GaAs dual-junction solar cell with the highest Jsc (under AM1.5D low-AOD solar 

spectrum) after ARC deposition are shown.   

  

 

Figure 7.19. Calculated Jsc of the top cell, bottom 
cell and dual-junction solar cell shown in Figure 
7.16, for different thicknesses of the MgF2 and 
ZnS layers of the ARC. An additional 5 nm 
adherence layer of MgF2 is included in the 
calculations. The AM1.5D low-AOD solar 
spectrum is used. 
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 As can be observed, the top cell Jsc is 3.7% higher than the Jsc of the bottom cell, for 

the uncoated solar cells. After the ARC deposition, the difference increases to 6%, due to the 

ARC deposition problems commented. In spite of the higher fill factor attained thanks to this 

current mismatch, the lower Jsc gave rise to a net efficiency loss (see section 7.3), coherently 

with the theoretical study presented in Chapter 1. However, the Jsc obtained in the dual-

junction solar cell (13.5 mA/cm2) was found to be appropriate for our aim of an efficiency 

higher than 30% at 1000 suns, if reasonable values for the FF and Voc are assumed. A 

preliminary concentration measurement carried out at I.E.S.-U.P.M. showed a FF around 87% 

and a Voc around 2.7 V, which yielded an efficiency of 31.7%. Therefore, these devices were 

sent to the Calibration Lab of the Fraunhoffer Institute for Solar Energy Systems (Freiburg, 

Germany) ISE in order to perform calibrated concentration response measurements. The 

results are shown in next section.  

7.2.4.3. Concentration response 

The semiconductor structure shown in Figure 7.16 was processed into 1 mm2 active 

area concentrator solar cell devices, with the 8-finger inverted square front grid designed (see  

Chapter 2), using the standard manufacturing technique described in Chapter 4. In this 

occasion, no technological problems arose and high quality devices could be obtained. An 

azimuth view of one of the solar cells manufactured, including the connection wires, is shown 

in Figure 7.21. Observe how the mesa trenches can be clearly distinguished next to the front 

grid bus. 

 

Structure  Jsc TOP 

[mA/cm 2] 
Jsc BOTTOM 

[mA/cm 2] 

No ARC 10.51 10.13 

ARC 14.30 13.50 
 

Figure 7.20. Measured EQE of the GaInP/GaAs dual-junction solar cell devices manufactured at this 
development stage, without and with ARC. The reflectivity of the devices with ARC is also shown. The 
table on the right is a summary of the Jsc calculated with these EQE and the AM1.5D low-AOD 
spectrum. 
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Figure 7.21. Appearance of one of the 1 mm2 active 
area concentrator GaInP/GaAs dual-junction solar 
cells manufactured at development stage IV, in 
which the front grid, mesa etching and wire-bonding 
can be clearly observed.  
 

 
The certified concentration measurements (Figure 7.22) were performed using the 

standard AM1.5D low AOD solar spectrum, normalized to 1000 W/m2. The calibration at 1 sun 

showed an Voc of 2.216 V, a Jsc of 13.5 mA/cm2 and a FF of 85%. The relatively low Voc, as 

compared to other GaInP/GaAs solar cells reported with Voc closer to 2.4 V [Bertness94] 

[Takamoto97][Ohmori96], is mostly due to the high perimeter to area ratio in our 1 mm2 solar 

cell, which makes the perimeter recombination affect notably the Voc at low currents. 

 

 

 
 

Figure 7.22. Calibrated concentration measurements, carried out at Fraunhoffer-ISE, of the dual-
junction concentrator solar cells manufactured at stage IV. A peak efficiency of 32.6% is obtained for 
concentrations between 500 – 1000 X. For 3000 X, the efficiency is still above 31%. On the right, 
detail of some of the I-V curves obtained at several concentrations. 
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As can be observed in Figure 7.22, a peak efficiency of 32.6% is achieved for 

concentrations ranging from 500 to 1000 suns. This is, so far, the highest efficiency reported 

for a monolithic dual-junction concentrator solar cell. Moreover, the efficiency at 

concentrations as high as 3000 X is still over 31%. Regarding the Voc, its value is rapidly 

recovered with concentration, as the perimeter recombination becomes less influential, and 

reaches a value of 2.76 V at 1000 X. The fill factor has its peak value of 88.7% at around 

400 X, and remains practically constant up to a concentration of 1000 X. Moreover, the I-V 

curves obtained for higher concentrations (shown on the right of Figure 7.22) do not exhibit 

any feature that could be related to a problem with the tunnel junction. This makes apparent 

its excellent performance after its integration in the dual-junction solar cell. 

The dark I-V curve of the record-efficiency dual-junction solar cell was also measured 

and it is plotted in Figure 7.23 together with the Isc-Voc curve obtained with the data of Figure 

7.22. The first comment to be made on this dark I-V curve is the very low influence of the 

series resistance observed. In fact, the curve bending appearing typically at high currents due 

to the series resistance effect is hardly noticeable in this dark I-V curve. When compared to 

the Isc-Voc curve, the influence of the series resistance is found to start to be significant at a 

current close to that equivalent to the operation of the solar cell at 1000 X. The shape of the 

dark I-V curve at lower currents consists of an single slope (excluding the current range where 

the effect of the parallel resistance is noticeable). The value of the ideality factor (m) 

calculated with this slope is 3.2, indicating that at low currents the dark I-V curve is not 

influenced uniquely by the J02 recombination current at the top and bottom subcells. 

Otherwise, the ideality factor should be 4, as shown in the dark I-V study presented in Chapter 

1 (section 1.3.4.5). At a current corresponding to 1000 X, the ideality factor is also far from the 

value close to 2 expected for a dark I-V curve dominated by the J01 recombination current 

components in the top and bottom cells. This means that the influence of the J02 

 

Figure 7.23. Measured dark I-V curve 
of the record-efficiency GaInP/GaAs 
dual-junction solar cell presented in 
this section. The Isc-Voc curve is also 
plotted for comparison purposes. 
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recombination is significant at that current. In fact, as shown in Chapter 5, the J02 influence in 

our GaInP top cell is important up to currents close to the equivalent to an operation at 

1000 X, while in the GaAs bottom cell, the effect of the J02 current on the dark I-V curve 

vanishes at lower currents [Galiana06]. Moreover, the effect of the series resistance on the 

calculation of the ideality factor cannot be neglected. In summary, values of the ideality factor 

between 2 and 4 can be expected, depending on the semiconductor structure characteristics, 

the solar cell size and even the front grid layout [Domínguez09]. The lack of data in the 

literature, regarding the dark I-V curve of GaInP/GaAs dual-junction solar cells makes a 

comparison with our result not possible. A comprehensive analysis of multijunction solar cell 

dark I-V curves is ongoing now at I.E.S.-U.P.M., to be presented in future works. 

7.2.4.4. Conclusions 

At this development stage, the improvements introduced in the GaInP/GaAs dual-

junction solar cell semiconductor structure, consisting mainly in the achievement of a higher 

light transmittance in the tunnel junction and a higher Jsc in the solar cell, could be 

materialized in a higher solar cell performance. Despite the problematic ARC layer deposition 

and the 6% current mismatch obtained in the dual-junction solar cell, the calibrated 

concentration response measurements carried out externally, showed a peak efficiency of 

32.6% at 1000 suns, which is the highest efficiency reported so far for a monolithic dual-

junction concentrator solar cell. At 3000 suns, the efficiency is still above 31% and the I-V 

curve does not show any evidence of a tunnel junction problem. In next sections, the results 

obtained are analyzed and future improvements of these solar cells are studied and proposed.  

7.3. Parameter extraction from the record-performing GaInP/GaAs dual-junction 

solar cell 

The quasi-3D distributed model presented in Chapter 2 can be used to obtain a fit of 

the concentration response of the record-efficiency dual-junction solar cell developed. For this, 

the semiconductor sheet and vertical resistances where previously calculated using the 

thicknesses and doping levels shown in Figure 7.16, and the carrier mobilities obtained in this 

Thesis (for n-doped GaInP) and others from [Ioffe01]. The short circuit current densities of the 

top cell and bottom cell are those calculated using the EQE measurements presented in 

Figure 7.20, and the AM1.5D low-AOD solar spectrum. The tunnel junction is modelled as a 

resistor in series with the top and bottom cell, with the value corresponding to the series 

resistance obtained from the ohmic region of the tunnel junction J-V curve shown in figure 

6.31. The parameters modified during the fit procedure were the recombination current 

densities of the top and bottom subcells and the front grid sheet and contact resistance. The 
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starting values for the top cell are those obtained in the fit of the GaInP single-junction solar 

cell presented in Chapter 5. As for the bottom cell, the initial values for the recombination 

currents are also taken from the fits of the single-junction devices presented in [Galiana06]. 

The result of the dual-junction solar cell fit is shown in Figure 7.24. As can be 

observed, a very good fit is obtained. The recombination currents that produce such a fit are in 

the range of the usual values found in GaInP and GaAs solar cells. These values may not be 

representing accurately, though, the actual J0 of each subcell since there exist different 

combinations of J0 in the top cell and bottom cell that produce a reasonable fit. Nevertheless, 

the error in the J0 values obtained is expected to be low, since the fit procedure has been 

carried out using initial values for the J0 extracted from the analysis of the component single-

junction solar cells. Moreover, the Voc-Concentration curve (specially its curvature) is quite 

sensitive to the actual combination of J0 values used for the top and bottom cell, and it could 

not be fitted so precisely as in Figure 7.24 if the values of J0 used in the simulation were not 

close to the actual J0 in the solar cell. As for the front grid properties used for the fit, they are 

also quite reasonable for the technology procedure used at I.E.S. – U.P.M., based on the 

 

Top cell 

J01 
[mA/cm 2] 

J02 

[mA/cm 2] 
Jsc(1X) 

[mA/cm 2] 
 

6·10-27 3.5·10-13 14.3  
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[ΩΩΩΩ/�] 
rsBase 

[ΩΩΩΩ/�] 
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600 25500 1.6·10-4 > 1·106 

Bottom cell 

J01 

[mA/cm 2] 
J02 

[mA/cm 2] 
Jsc(1X) 

[mA/cm 2] 
 

1·10-19 4.2·10-11 13.5  

rsEmitter 

[ΩΩΩΩ/�] 
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[ΩΩΩΩ/�] 
rv  

[ΩΩΩΩ·cm2] 
rp 
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200 600 2.3·10-4 > 1·106 

Front grid Tunnel junction 

rsMetal 

[ΩΩΩΩ/�] 
rFC 

[ΩΩΩΩ·cm2] 
rTJ 

[ΩΩΩΩ·cm2] 
 

0.25 3·10-5 1.4·10-4   

Figure 7.24. Concentration response measurement of the record-performing dual-junction solar cell, 
and fit obtained using the quasi-3D distributed model. The parameters producing this fit are shown in 
the table on the right. The data written in italics indicate parameters calculated (semiconductor sheet 
and vertical resistances) or measured (short circuit current densities) before the fitting procedure. 
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AuGe/Ni/Au metal system [Galiana06][Rey-Stolle01]. Note that, in spite of using a front 

contact resistance almost one order of magnitude lower than in the fit of the GaInP single-

junction solar cell presented in Chapter 5, the total vertical resistance in the dual-junction solar 

cell is found to be half the value found for the GaInP single-junction solar cell. This further 

supports the theory of a high vertical series resistance introduced in the GaInP single-junction 

solar cell by the AlGaInP(BSF)-GaAs(Buffer) heterostructure, explained in Chapter 5.  

7.4. Further development of the GaInP/GaAs dual-junction concentrator solar 

cell 

As can be deduced from the results presented in chapters 5 to 7, and despite the 

record efficiency obtained, there is room for improvement of the GaInP/GaAs dual-junction 

solar cell lattice matched to GaAs developed in this Thesis. In this section, a prediction of the 

efficiency attainable by feasible modifications of the semiconductor structure and front grid is 

presented. 

Concerning the semiconductor structure and ARC layers, a higher Jsc can be achieved 

by obtaining a current matched dual-junction solar cell. Moreover, a further increase in the Jsc 

can be attained in the current matched dual-junction solar cell by improving the optical 

transmittance of its tunnel junction. As shown in section 7.2.3, this can be accomplished using 

the GaAs-based tunnel junction and a fine tuning of the layer thicknesses and compositions. 

However, a higher Jsc increase could be attained if a high band gap material is used in both 

sides of the tunnel junction. The research for the development of an AlGaAs/GaInP tunnel 

junction, whose preliminary results were presented in Chapter 6, is ongoing currently in our 

laboratory. In Figure 7.25 an estimation of this short circuit current density achievable when 

using such a tunnel junction is shown. The calculations have been carried out using the Hovel 

 

Figure 7.25. Top cell Jsc calculated for 
the structure of Figure 7.16 using the 
Hovel model and under the AM1.5D 
low-AOD solar spectrum, for different 
base layer thicknesses. For the bottom 
cell, the tunnel junction of Figure 7.16 is 
replaced with an AlGaAs/GaInP tunnel 
junction. The optical data used are 
taken from [Sopra06]. 
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model and the optical data from [Sopra06]. The parameters introduced correspond to the best 

fit to the EQE of Figure 7.17 but replacing the GaAs of the tunnel junction n-side by GaInP. 

The ARC used is assumed to give rise to an average reflectivity of 2%. 

The result obtained suggests that a current matched device with a Jsc of 14.1 mA/cm2 

is attainable using the GaInP material currently developed at I.E.S.- U.P.M (with a band gap of 

~1.83 eV), and a high band gap tunnel junction. This Jsc should be taken only as approximate, 

since the actual optical parameters of our semiconductor materials may differ from the data 

taken from the literature (for example due to the heavy doping levels in the tunnel junction). 

Besides, a similar fine tuning as the one proposed for the GaAs-based tunnel junction in 

section 7.2.3.2., could also be applied to this high band gap tunnel junction in order to obtain 

higher transmittances and, consequently, higher Jsc in the dual-junction solar cell.  

Some modifications on the front grid can also give rise to an improved concentration 

response. On the one hand, in Chapter 2 the inverted square front grid was optimized using 

the quasi-3D distributed model in order to obtain the highest efficiency at 1000 X in the 

GaInP/GaAs dual-junction solar cell. The optimization was carried out assuming a set of 

parameters in the model which were reasonably approximate for the data available in the 

literature and at the I.E.S. – U.P.M. database at that moment. The subsequent development of 

the dual-junction solar cell semiconductor structure showed some discrepancies with these 

data. For example, the dependence of the Jsc on the top cell emitter properties was found to 

be affected decisively by the window layer properties. Besides, the vertical series resistance 

components of the dual-junction solar cell used in the calculations were also overestimated, 

due to the effect of the GaInP(BSF)/GaAs(Buffer) heterostructure, which is only important 

when the top cell is grown as a single-junction solar cell on GaAs (see Chapter 5 for details on 

these issues). On the other hand, the theoretical analysis carried out in chapters 2 and 3 

showed the importance of the front grid metal sheet resistance on the concentration response. 

For a given metal system, the sheet resistance is defined by both the metal thickness and its 

resistivity. In our case, the maximum metal thickness that can be deposited is around 0.75 µm 

and is limited by the quantity of Au that can be loaded in our Joule-effect metal deposition 

machine. This could be increased if, for example, a larger boat for the Au was used. For 

example, doubling the metal thickness to 1.5 µm should be attainable while being not 

problematic for other manufacturing steps such as the lift-off, given the lower metal thickness 

as compared to the photorresist thickness (typically 3 µm in our standard process routines, 

although it can be increased up to 6 µm according to the photorresist manufacturer). This 

would allow to decrease the metal sheet resistance from 0.25 Ω/� to, at least, 0.12 Ω/�. 

In order to assess the performance improvement achievable in our GaInP/GaAs dual-

junction solar cell with the modifications indicated above, the fit of the calibrated concentration 
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response shown in the previous section was used to simulate the concentration response of 

the solar cell after modifying some of the fit parameters. The parameters varied were the Jsc, 

current matching, metal sheet resistance and number of fingers. The results are shown in 

Figure 7.26. In the graph on the left, the experimental results are plotted together with the fit 

shown in Figure 7.24. The parameters obtained with this fit are used to simulate the cases 

where we have a current matched dual-junction solar cell with the same Jsc as in our 

experimental data and a current matched device with a Jsc of 14.1 mA/cm2, which is a feasible 

value to be obtained, as explained in the last paragraphs. The effect of the current matching 

on the fill factor can be clearly observed in the graph. For the same Jsc, if we eliminate the 

current mismatch, the fill factor drop produces an efficiency decrease of 0.8% absolute at 

1000 X and 1% at 3000 X. Obviously this case is plotted in order to clarify the impact of the 

current mismatch on the fill factor and efficiency of our record efficiency dual-junction solar 

cell, but does not represent a practical situation. In fact, when current matching our record-

efficiency dual-junction solar cell by, for example, tuning its top cell thickness, the Jsc of the top 

and bottom cell should decrease and increase, respectively. Therefore, the Jsc of the dual-

junction solar cell must increase and counterbalance the fill factor drop, giving rise to an 

eventual higher efficiency. If we assume the Jsc calculated in Figure 7.25 (14.1 mA/cm2) in the 

current matched solar cell with high band gap tunnel junction, the efficiency increases to 

33.3% and 31.2% at 1000 X and 3000 X, respectively. This represents an absolute increase 

of 0.7% and 0.2%, respectively, from the experimental data obtained in our record-efficiency 

dual-junction solar cell.  

In the graph on the right, the effect of modifications in the front grid, on the 

concentration response of the current matched dual-junction solar cell with Jsc = 14.1 mA/cm2  

is studied. Firstly, a simulation using the same number of fingers as in the experimental 

record-performance solar cell, but with a metal sheet resistance of 0.12 Ω/� was carried out. 

As can be observed, with such a metal sheet resistance, the fill factor and efficiency of the 

dual-junction solar cell is higher for concentrations above 100 X, as compared to the case of a 

0.25 Ω/� metal sheet resistance. The absolute efficiency increase is of 0.2% and 0.9% at 

1000 X and 3000 X, respectively. The effect of increasing the number of fingers is also 

studied. Simulations of solar cells with 10 and 13 fingers are also plotted in Figure 7.26. As 

could be expected, the fill factor at high concentrations increases as the number of fingers is 

made higher. The efficiency at concentrations below 1000 X decreases due to the higher 

shadowing factor. At 1000 X the efficiency is slightly higher with 10 fingers (0.1% absolute) 

than with 8 fingers, but with 13 fingers the Jsc drop due to shadowing is too high and the 

efficiency is lower. For higher concentrations, the efficiency is higher and the maximum is 

reached at a higher concentration as the number of finger increases. However, this maximum  
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Case Eff. 1000 X Eff. 3000 X Max. Efficiency 

Experimental record-efficiency 32.6% 31.0% 32.6% (500-1000 X) 

Current matched, Jsc = 13.5 mA/cm2 31.8% 30.0% 31.8% (~ 900 X) 

Current matched, Jsc = 14.1 mA/cm2 33.2% 31.1% 33.2% (~ 850 X) 

Current matched, Jsc = 14.1 mA/cm2 (graph on the right): 

rsMETAL = 0.25 Ω/�, 8 fingers 33.2% 31.1% 33.2% (~ 850 X) 

rsMETAL = 0.12 Ω/�, 8 fingers 33.4% 32.0% 33.4% (~ 1000 X) 

rsMETAL = 0.12 Ω/�, 10 fingers 33.5% 32.8% 33.5% (~ 1375 X) 

rsMETAL = 0.12 Ω/�, 13 fingers 33.3% 33.3% 33.5% (~ 1850 X) 
 
 
Figure 7.26. Simulations of record-efficiency GaInP/GaAs dual-junction solar cell with the fit 
parameters shown in Figure 7.24 and: current matching with the same Jsc and with the Jsc calculated 
in Figure 7.25 for a high band gap tunnel junction (left); lower front metal sheet resistance and 
increasing number of fingers (right). A summary of the efficiencies obtained at 1000 X and 3000 X, 
and the maximum efficiency obtained (with detail of the concentration at which it occurs) in also 
shown in the table. 
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efficiency is only slightly higher in the case of 10 fingers as compared with the case of 8 

fingers. These results mean that increasing the number of fingers is useful to improve the 

response of the solar cell at concentrations above 1000 X, but a significant increase in the 

maximum efficiency is not achieved. 

Another important issue to be tackled in order to increase the efficiency of our 

GaInP/GaAs dual-junction solar cell is the ordering of the top cell GaInP material. As studied 

in Chapter 1, the maximum theoretical efficiency in a GaInP/GaAs dual-junction solar cell is 

achieved with highly disordered GaInP, thanks to the higher Voc and fill factor obtained. In 

order to assess the efficiency increase achievable by disordering our GaInP material, first the 

characteristics (semiconductor structure and minority carrier properties) of the GaInP top cell 

presented in section 5.4 were used to calculate the evolution of its Voc with the base layer 

thickness and band gap of the GaInP, taking into account only the J01 recombination current. 

The influence of the band gap on the solar cell properties was restricted to the intrinsic carrier 

concentration in this calculation. The result is shown in Figure 7.27. As can be observed, the 

influence of the band gap is more important than the influence of the base layer thickness, for 

the range of these parameters explored. A Voc increase of 36 mV is obtained for a band gap 

increase from 1.83 eV to 1.89 eV, and a base thickness increase from 650 nm to 2000 nm 

(necessary to have a similar Jsc). This estimation must be taken cautiously, since the actual 

effect of the disordering approach used on the electronic properties of the material can 

influence decisively the performance of the GaInP solar cell. Currently, the use of Sb to 

disorder the GaInP material is in its first stages of experimentation at I.E.S. – U.P.M. In 

[Olson06], experimental results on this approach are presented. The band gap was increased 

from 1.80 to 1.89 in GaInP layers grown at 620 ºC and a V/III ratio of 300, when adding Sb to 

the growth surface. The Voc at 1 sun of GaInP solar cells made of these materials was 

observed to increase from 1.35 to almost 1.42 V, for solar cells with the same base layer 

thickness (2000 nm). Assuming that a similar behaviour will be observed in our experiments, 

the Voc increase in our solar cells after GaInP disordering and band gap increasing from 

1.83 eV (Voc=1.38 V) to 1.89 eV (Voc=1.42 V) would be of approximately 40 mV. This Voc 

increase would be even higher if the minority carrier lifetime was not affected by the addition 

of the Sb, as observed in [Fetzer02][Olson06]. On the other hand, for a concentration of 

1000 X, this Voc increase would also be higher, since at this concentration the recombination 

current is most frequently dominated by the J01 component, which depends on the intrinsic 

carrier concentration cuadratically, as compared to the J02 component, for which that 

dependence is linear, as shown in Chapter 1. All these factors indicate that the theoretical 

calculation presented in Figure 7.27 is somehow pessimistic, despite neglecting the influence 
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of the disordering approach on the minority carrier properties. Consequently, for our 

estimation we will choose the Voc increment obtained in this theoretical calculation (36 mV). 

As for the Jsc, the results obtained in [Olson06] for a current matched GaInP/GaAs 

dual-junction solar cell with a GaInP of 1.89 eV showed a Jsc in the top cell of 14.8 mA/cm2, 

with a base layer 2000 nm thick. This means that after disordering, the Jsc = 14.1 mA/cm2 we 

are assuming in our solar cell performance improvement prediction, should be attainable.  

With the Voc estimate obtained for disordered GaInP we can recalculate the efficiency 

at 1000 X of the optimized dual-junction solar cell shown in Figure 7.26. The result is detailed 

in Table 7.1. As can be observed, the efficiency would increase from 33.5% to 33.9%. This 

means that, according to our estimations, a gain of 0.4% absolute in the efficiency at 1000 X 

could be achieved by disordering the GaInP material. 

In conclusion, the improvement in the current matching and Jsc studied, and the 

modifications in the front grid proposed, are expected to allow an efficiency increase of our 

record-performing GaInP/GaAs dual-junction solar cell from 32.6% to 33.5% at 1000 suns. 

The achievement of disordered GaInP may also help to approach a 34% efficiency. While for 

the modification of the front grid only the fabrication of new photolithography masks is 

 

Figure 7.27. Calculated Voc at 1000 X of a GaInP top cell as a function of the base layer thickness and 
the GaInP band gap, and only taking the J01 current into account. The variation of the intrinsic carrier 
concentration was the only parameter dependent with the band gap in the calculations. The 
semiconductor structure and minority carrier parameters correspond to the GaInP top cell presented in 
section 5.4 

Table 7.1. Estimate of the efficiency at 1000 X attainable in our GaInP/GaAs 
dual-junction solar cell after the improvements shown in Figure 7.26 and if the 
GaInP material is grown disordered with a band gap of 1.89 eV. 

Eg = 1.83 eV Eg = 1.89 eV 

Voc [V] Efficiency [%] Voc [V] Efficiency [%] 

2.760 33.5 2.796 33.9% 
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required, the development of the high band gap tunnel junction needed to achieve a Jsc of 

14.1 mA/cm2 and the attainment of disordered GaInP involve time and resources consuming 

experimental work, which is currently ongoing, in order to determine the appropriate growth 

conditions and routines. Note that in this section we have only studied the performance 

improvement achievable when modifying some specific characteristics of the dual-junction 

solar cell, which suggest the possibility of reaching efficiencies approaching 34% at 1000 X. 

However, an optimization of the whole semiconductor structure is expected to allow the 

achievement of even higher efficiencies, as indicated by the results of the modeling and 

simulation work carried out in our research group in the context of other Thesis [Baudrit10]. 

7.5. Summary and conclusions 

In this chapter the evolution in the development of the GaInP/GaAs dual-junction solar 

cell carried out in this Thesis has been treated by dividing it into four development stages. The 

conservative semiconductor structure developed at stage I was aimed to have a first functional 

version of dual-junction solar cell. The low QE, Jsc and Voc obtained were improved at stage II 

mainly by the introduction of a BSF layer in the top cell and the replacement of the zinc dopant 

of the tunnel junction with carbon. However, the use of CBr4 and DETe in the tunnel junction 

gave rise to an interference on the growth of the GaInP top cell giving rise to a seriously 

damaged photorresponse in this subcell. Moreover, the AlGaInP/GaAs heterostructure formed 

by the top cell BSF and tunnel junction was found to introduce a parasitic diode (or any other 

element causing a similar effect) which spoiled the I-V curve characteristics of the dual-

junction solar cell. At stage III, the modification of the tunnel junction growth conditions, in 

order to reduce the dopant flows needed for the achievement of very high doping levels in the 

tunnel junction, and the inclusion of AlGaAs barrier layers surrounding the tunnel junction, 

allowed to circumvent these problems. Moreover, at this stage, the current matching in the 

dual junction solar cell was pursued, by modifying the top cell base layer thickness. The 

analysis of the current matching experimental results, which showed that a top cell base layer 

thickness as low as 450 was necessary to equilibrate the currents in the top cell and bottom 

cell, made apparent the need for a higher optical transmittance in the tunnel junction, if short 

circuit currents approaching 13.5 mA/cm2 were to be attained. The theoretical analysis of the 

tunnel junction optical transmittance revealed that, not only the absorption, but also the 

internal reflections suffered by the light in the semiconductor heterostructure interfaces, are 

important. At any rate, a short circuit current of 9.89 mA/cm2 was obtained in devices without 

ARC. Although this value was estimated to be enough to reach an efficiency higher than 30% 

at 1000 suns in our dual-junction solar cell (given the Voc and FF values obtained), 

technological problems experienced during the post processing of the semiconductor structure 
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impeded the practical realization of a device with such an efficiency. At stage IV, the optical 

transmittance of the tunnel junction was improved by replacing the GaAs of the anode by 

AlGaAs. Thus, a significantly higher Jsc in the bottom cell (10.13 mA/cm2 in the solar cell 

without ARC) could be attained, while keeping the top cell base layer thickness around 

650 nm. The post processing of the semiconductor structure in order to manufacture the 

1 mm2 concentrator solar cells was this time successful and high quality devices were 

achieved. The calibrated concentration measurements carried out at the Fraunhoffer ISE 

showed a record efficiency of 32.6% at 1000 X for a monolithic dual-junction solar cell. 

Moreover, the efficiency at a concentration as high as 3000 X was found to be still over 31%, 

demonstrating the excellent performance at high concentrations of the solar cells developed. 

In Table 7.2 the characteristics of the most representative dual-junction solar cells 

manufactured at each development stage are summarized.  

In the last part of this Chapter, the quasi-3D model is used to study the performance 

improvement attainable in our dual-junction solar cell, by the introduction of some specific 

modifications in the semiconductor structure and front grid. A Jsc of 14.1 mA/cm2 in a current 

matched solar cell, achievable using a high band gap tunnel junction, is predicted to give rise 

to an efficiency of 33.2% at 1000 X. The redesign of the front grid by reducing the front metal 

sheet resistance and increasing the number of fingers to 10, yielded an efficiency of 33.5% at 

1000 X and an improved performance at higher concentrations. Finally, the Voc increase 

attainable by disordering the GaInP of our top cell is estimated to be around 40 mV. This 

higher Voc allows to obtain an efficiency approaching 34% at 1000 X. Besides, further 

efficiency increases are expected if the whole semiconductor structure is optimized.  

Table 7.2. Summary of the characteristics of the most representative dual-junction solar cells 
manufactured at each development stage analyzed in section 7.2. The prediction of future dual-
junction solar cell results is also included. 

Final devices with ARC 

1000 X  Stage 
Top cell 
Jsc (1 X)  

[mA/cm 2] 

Bottom cell  
Jsc (1 X)  

[mA/cm 2] 
Voc [V] FF Eff 

Maximum 
efficiency 

I 9.17 (no ARC) 9.07 (no ARC) 2.674 76% 26.0% 27.6% (165 X) 

II 10.42 (no ARC) 9.3 (no ARC) I-V curve spoiled by parasitic diode 

III 9.89 (no ARC) 9.89 (no ARC) 2.679 
Post-processing problems 
 Eff. > 30% predicted for a  

Jsc = 13 mA/cm2 

IV 10.51 (no ARC) 
14.3 (ARC) 

10.13 (no ARC) 
13.5 (ARC) 

2.760 88.7%  32.6% 32.6%  
(500-1000X) 

Future 14.1 (ARC) 14.1 (ARC) 2.796 86.3% 33.9% 33.9% (1375 X) 
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In conclusion, the theoretical and experimental development of the dual-junction 

GaInP/GaAs solar cell carried out in this Thesis has culminated with the achievement of an 

efficiency of 32.6% at a concentration of 1000 X, which is the highest reported so far for a 

monolithic dual-junction solar cell. Therefore, the objective of this Thesis, consisting in 

achieving an efficiency over 30% at 1000 X has been by far accomplished. Moreover, the 

steps to be taken in order to achieve an efficiency approaching 34% have been identified and 

they are being applied now in the context of the development of GaInP/Ga(In)As/Ge triple-

junction solar cells, to be presented in future Thesis. 
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C.1.  Summary of results and contributions of this Thesis 

The theoretical, technological and experimental developments carried out in this 

Thesis, in the context of the concentrator GaInP/GaAs solar cell study, have been presented 

in Chapters 1 to 7. At the end of each chapter, a section has been included where the most 

important conclusions of the topic treated are detailed. In this section, a global perspective of 

these conclusions is given.  

C.1.1. Theoretical analysis, modelling and design of the concentrator GaInP/GaAs dual-

junction solar cell 

C.1.1.1. Theoretical analysis of the GaInP/GaAs dual-junction solar cell 

As commented in the Introduction chapter, the studies of the limiting efficiency of 

multigap solar cells carried out at I.E.S.-U.P.M. since the 90s are a world-wide reference. In 

this Thesis, similar calculations have been applied to the dual-junction solar cell. The 

Shockley-Queisser assumptions have been used to calculate the limiting efficiencies of dual-

junction solar cells with arbitrary band-gap combinations, and independently or series 

connected subcells, for the AM1.5D low-AOD solar spectrum and a concentration of 1000 X. 

Very similar maximum efficiency values (around 54%) and optimum band-gap combinations 

(around 1 eV and 1.6 eV for the bottom and top cell, respectively) are found in both cases, in 

agreement with the previous studies mentioned above. The same approach was particularized 

for the GaInP/GaAs dual-junction solar cell. It was found that the maximum efficiency (45%) is 

obtained for a band gap in the top cell of 1.95 eV. For the usual band gap value of MOVPE-

grown GaInP for photovoltaic applications, which is closer to 1.85 eV due to the ordering 

phenomena, the limiting efficiency is reduced by 5% absolute due primarily to a lower Jsc in 

the dual-junction solar cell. This stresses the importance of the disordering of GaInP for the 

achievement of high efficiency GaInP/GaAs dual-junction solar cells. By adding the possibility 

of tuning the absorption in the top cell, as occurs in practice by modifying its thickness, this 

efficiency drop is alleviated through the achievement of current matching in the dual-junction 

solar cell. In this case, the limiting efficiency calculation at 1000 X yields a value of 44.6% with 

a fill factor of 91.6% and a Voc of 3.057 V.  

Models based on Hovel’s approach have been developed and used extensively in the 

past in our group to analyze the quantum efficiency of solar cells in the context of the GaAs 

single-junction solar cell. In this Thesis, the upgrade of these models for the analysis of the 

GaInP/GaAs dual-junction solar cell has first been formulated theoretically and, then, 

implemented and used as an indispensable tool to explain our experimental results, assess 
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the characteristics of the different solar cell semiconductor structures developed, and define 

the adequate modifications aimed to improve them.  

The complexity of the series connected multijunction solar cell dark and illumination I-V 

curve treatment has been made apparent in this Thesis. An analytical study of the 

GaInP/GaAs dual-junction solar cell dark I-V curve has been carried out for the cases where 

the top and bottom subcells are biased in their m=1 and m=2 regions. The equivalent m-value 

(“ideality factor”) of the dual-junction solar cell is found to range from 2 to 4, for the cases 

where the J01 and J02 recombinatios dominate in both the top and bottom subcells, and 

intermediate values for the rest of cases. The dual-junction solar cell ideality factor calculated 

from the dark I-V curve can be used to determine the dominating recombination current at a 

given current level. For typical recombination parameters in a GaInP/GaAs dual-junction solar 

cell, the J01 recombination in the top cell dominates the dark I-V curve at a current level 

equivalent to the operation of the solar cell at 1000 X. Care must be taken, though, of 

misinterpretations of the ideality factor obtained from experimental dark I-V curves, due to the 

influence of the series resistance. As for the illumination curve, it has been also studied 

analytically, by deriving expressions for the J-V characteristic, Voc and Jsc, in the current 

matched case. The operation of the dual-junction solar cell under current mismatch was also 

analyzed by computing the subcells voltage against the total applied voltage in the dual-

junction solar cell. 

After a brief review of the operating principles of the tunnel junction, the effect of its 

characteristics on the dual-junction solar cell illumination I-V curve is analyzed. The evolution 

of the biasing voltages in the top and bottom subcells and in the tunnel junction, as the voltage 

in the dual-junction solar cell is increased, is compared for the cases where the tunnel junction 

peak current is higher and lower than the short circuit current of the dual-junction solar cell. 

For the second case, the voltages at the top and bottom subcells are found to accommodate 

to the voltage drop in the tunnel junction, which varies as the current through the dual-junction 

cell varies and the operating point in the tunnel junction moves along its J-V characteristics. 

These studies are the starting point for more complete analyses of the effect of the tunnel 

junction characteristics on the illumination I-V curve of the dual and triple-junction solar cells, 

being carried out currently in our group. 

C.1.1.2. Design and optimization of the front grid for high concentration applications 

In order to study the distributed effects originated at different positions throughout the 

area of the concentrator GaInP/GaAs dual-junction solar cell, a quasi-3D distributed model 

based on distributed circuit units was developed. Based on previous models developed for the 

GaAs single-junction solar cell, it allows to divide the solar cell into an arbitrary number of 
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portions and to assign to each one an electrical model, based on an electronic circuit 

(generally the two diode lumped model). The different regions of the solar cell, i.e., metal, 

active area, perimeter, areas with different illumination intensity or solar cell electrical 

parameters, etc, can be taken into account. In each region, the top cell, tunnel junction and 

bottom cell models are included. The validity of this model was corroborated by the 

comparison between simulation results and experimental dark I-V curves and concentration 

response measurements. 

The quasi-3D distributed model was used to calculate the optimum front grid layout-top 

cell emitter design, for a typical set of semiconductor structure and metal parameters, 

according to the literature and to our experimental results. The trade off existing between the 

emitter sheet resistance and the short circuit current of the top cell was taken into account at 

the same time, and the optimum top cell emitter thickness and doping level were calculated. 

However, the application of the optimized parameters was severely dictated by the 

experimental results obtained in this Thesis. Concretely, the use of doping levels higher than 

1-2·1018 cm-3 in the n-GaInP material was found to cause a Jsc drop in the top cell higher than 

expected, as a result of a faster drop of the hole mobility with the doping level than predicted 

in our mobility model. Therefore, the limitations imposed by practice had to be observed and a 

doping level around 1·1018 cm-3 was decided for the top cell emitter, which yielded an optimum 

thickness for this layer of around 150-200 nm in the calculation.  

The front grid layout analyzed corresponds to the inverted square design with evenly 

spaced fingers. Firstly, the highest efficiencies were found to be achieved with a finger width 

of 2 µm. However, again, the technological constraints in the manufacturing process at I.E.S.-

U.P.M. limits the minimum finger width to be 3 µm, which, consequently, is the value used in 

all the solar cells manufactured in this Thesis. The efficiency at 1000 suns was then calculated 

by simulation of complete dual-junction solar cells, using the quasi-3D distributed models, for 

different number of fingers, and emitter doping levels and thicknesses. The optimum was 

found to be around 9 – 10 fingers. As a result, new photolithography masks were fabricated, in 

which devices of 8, 9, 10 and 11 fingers were included. The manufacturing and measuring of 

the first solar cells with these front grids showed that a number of fingers of 8 gave better 

results due to the beneficial effect of a lower shadowing factor on the first versions of dual-

junction solar cell which exhibited a low Jsc. Thus, the front grid based on the inverted square 

layout, with 8 fingers 3 µm wide was decided to be used in the following developments of the 

GaInP/GaAs dual-junction solar cell. The analysis of the record-efficiency solar cell obtained in 

this Thesis, with a higher Jsc, showed that increasing the number of fingers would give rise to 

a very similar performance at 1000 suns, although a better response can be attained for 

higher concentrations. The possibility of using a current-balanced fingers design instead of the 
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constant pitch fingers design was assessed and it was concluded that no significant 

improvement in the efficiency at high concentration would be achieved.          

  The influence of the bus width on the Voc and efficiency was also studied analytically 

and using the quasi-3D distributed model. The two main conclusions extracted were that the 

ratio of active and bus areas is the parameter driving the dependence of the Voc on the bus 

width and that, for technologically (in our laboratory) and economically feasible values (50 – 

100 µm), the bus width does not have an important influence on the high concentration 

efficiency of our 1 mm2 GaInP/GaAs dual-junction solar cell.   

 The relatively easy extraction of the total I02 recombination current from the solar cell 

dark I-V curve, together with the scarcity of data about J02 perimeter recombination in GaInP 

solar cells, prompted the study of the effect of a given distribution of the total I02 recombination 

current among the perimeter and active area, by using the quasi-3D distributed model. The 

voltage uniformity over the solar cell area determines the influence of this I02 recombination 

current distribution on the solar cell behaviour. As a consequence, it was found that the dark 

I-V curve is not affected by this distribution and the concentration response is affected 

significantly only for relatively high total I02 recombination currents. The lack of perimeter 

recombination data could then be (temporarily) circumvented, and the modelling and analysis 

of our dual-junction solar cell could be carried out by assigning the J02 current density only to 

the active area of the solar cell. 

 Finally, the potential of the quasi-3D distributed models used was (further) illustrated 

with the analysis of the effect of front grid and wire-bonding defects on the dual-junction solar 

cell performance at high concentrations. The robustness of the inverted square front grid 

against different kinds of such defects was made apparent. As for the wire-bonding, the 4 and 

8-wire approaches were compared in terms of solar cell high concentration performance and 

robustness to wire defects.  

C.1.1.3. Assessment of the effect of non-uniform light profiles 

A set of Gaussian light profiles with an average concentration ratio of 1000 X and 

different average to peak concentration ratios (Cmax/Cavg) were used to analyze the effect of 

the non-uniformity of the light on the performance of our 1 mm2 GaInP/GaAs dual-junction 

solar cell with the optimum front grid design explained in last section. The tunnel junction is 

always assumed to be working in the ohmic region (which is the practical situation when using 

the tunnel junction developed in this Thesis). Some interesting results obtained are: 

- the short circuit current can increase or decrease with Cmax/Cavg depending on 

whether the number of finger is even or not, i.e. if a finger is shadowing the inner part of the 

active area, where the highest intensity of the Gaussian profile is present, or not. 
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- the fill factor decreases with Cmax/Cavg. This obvious result is qualified by the fact that 

the main reason for this behaviour is the non-homogeneous distribution of the series 

resistance throughout the inverted square front grid layout and the voltage drop in the fingers. 

- the open circuit voltage decreases with Cmax/Cavg at a rate which depends on the size 

of the dark areas and on the series resistance of the solar cell. This is caused by the internal 

current flows occurring in the solar cell biased at Voc. These currents, whose values depend 

on the dark area of the solar cell and on Cmax/Cavg, produce a voltage drop, which, in turn, 

depends on the series resistance components they flow through. In our optimum solar cell 

design, a Voc drop of 30 mV is obtained for a Cmax/Cavg = 10, with respect to the uniform light 

distribution case. 

- the efficiency drop is only of 0.5% absolute with a typical Cmax/Cavg of 2.5 (obtained 

with an Aspheric+DTIR concentrator). For Cmax/Cavg = 5, the efficiency drop is still only of 1.5% 

absolute. This demonstrates the suitability of our front grid approach for concentrator 

applications.  

In order to minimise the impact of the non-uniform light profiles on the fill factor, caused 

by an increased voltage drop in the fingers, the effect of increasing the number of fingers 

and/or using a variable pitch configuration was assessed. The use of a constant series 

resistance layout was found to allow a significant efficiency increase, as compared to the 

constant pitch configuration (0.6% absolute for the A-DTIR irradiance profile). Moreover, this 

design is also advantageous as compared to the current balanced fingers approach since it 

gives rise to a lower sensitivity of the solar cell efficiency to the light spot movement over the 

solar cell active area occurring throughout a day due to inevitable tracking misalignments in 

the concentrator system.  

C.1.2. Experimental development of the concentrator GaInP/GaAs dual-junction solar 

cell 

C.1.2.1. MOVPE growth of semiconductor materials 

  An intense experimental work was carried out in order to develop the growth of the 

materials and semiconductor structures needed for the formation of the GaInP/GaAs dual-

junction solar cell. More than 900 epitaxy runs were devoted to this task. As for the top cell, 

the mandatory control over the lattice matching of GaInP was attained, as well as the 

assessment of the electronic properties of this material, which was carried out by the analysis 

of the photorresponse in complete GaInP solar cells. The ordering of GaInP was also 

investigated by means of a bibliographic study, which made apparent the complex relation 

between this effect and the MOVPE growth parameters. Moreover it was found that the band 

gap of our GaInP (∼1.83 eV) is lower than the band gap obtained in the GaInP solar cells 
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developed in other laboratories (closer to 1.86 eV), due to a higher ordering. Possible ways of 

increasing the band gap of our GaInP were identified, such as increasing the growth rate, 

using higher substrate misorientations than 2º or adding Sb to the growth surface. The 

ordering of GaInP grown using TBP and its effect on the GaInP top cell properties was 

experimentally studied during a research stay in the Central Technology Laboratory of the 

Philipps Universität of Marburg (Germany), under the supervision of Dr. Stolz. The growth of 

AlInP and AlGaInP was also investigated, including their lattice matching, growth rate and 

doping. The increasing difficulty in p-type doping AlGaInP as its Al-content is raised, reported 

in the literature, was corroborated. This fact, together with the concerns about the majority 

carrier transport through the low doped GaInP(Base)/AlGaInP(BSF) structure of the top cell, 

determined the choice of an Al composition of 15-20% for the AlGaInP material. This 

composition was found to be enough to attain an appropriate barrier height for the electrons in 

the back surface of the GaInP solar cell base layer, according to the data published in the 

literature, while still allowing the attainment of doping levels approaching 1·1018 cm-3.  

 The development of the tunnel junction required the achievement of heavy doping 

levels in the semiconductor materials used. The focus was put mostly on GaAs doped with 

CBr4 and DETe. The carrier concentration and influence of the doping on the growth rate, 

structural properties or surface morphology were assessed, and the optimum growth 

parameters for the tunnel junction application was appraised. An important conclusion drawn 

was the necessity of using growth temperatures below 600 ºC in order to attain p-type doping 

levels above 5·1019 cm-3 with a minimum impact of the CBr4 on the growth rate and surface 

morphology of GaAs. The experiments carried out about heavily Si-doped GaAs, showed the 

necessity of using growth temperatures above 675 ºC to attain the highest doping levels, 

which saturate at a value as low as 1·1019 cm-3. This result is thought to be behind the 

unsuccessful development of tunnel junctions grown with Si-doped GaAs in this Thesis.  

C.1.2.2. Development of the GaInP single-junction solar cell 

A special attention has been paid to the effect of the front and back surface 

recombination on the Isc, Voc and efficiency of the GaInP solar cell. The efficacy of different 

BSF approaches has been assessed. While the use of AlGaInP or AlInP did not produce any 

difference in the solar cell photorresponse, an excessively high series resistance was 

measured in the dark I-V curve of solar cells with an AlInP-BSF. This is thought to be due 

mostly to the hindered hole transport through the AlInP(BSF)/GaAs(Buffer) heterostructure. 

Although lower, the vertical series resistance in the AlGaInP approach was also found to be 

high, for a similar reason. 
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The effect of the front surface passivation (related to the effectiveness of the window 

layer) and the emitter layer properties on the Jsc of the GaInP solar cell was also analyzed 

theoretically. The comparison of this analysis with the experimental results showed that for the 

emitter layer thicknesses and doping levels explored in our semiconductor structure, the 

photorresponse in the “blue” region is primarily defined by the AlInP window layer thickness, 

being little sensitive to the emitter properties. A characteristic of the semiconductor structure 

not contemplated in the Hovel model, used in these studies, was proposed to be behind this 

effect. A composition graduality in the window layer or the formation of intermediate 

compounds, with a lower band gap, during the switching routines used to grow the 

GaAs(contact)/AlInP(window)/GaInP(emitter) heterostructure are postulated as the most 

feasible causes.  

The analysis of the external and internal quantum efficiency of the GaInP solar cells 

developed showed that the photorresponse in the “red” region of the spectrum is limited by the 

base layer thickness and not by the electronic properties of the GaInP material. The analysis 

of the Voc-Eg/q parameter further corroborates the good quality of the GaInP material in the 

base layer of the solar cell. A concentrator GaInP single-junction solar cell with a calculated 

Jsc of around 14 mA/cm2 after ARC deposition was obtained. This value is projected to be 

increased if the photorresponse in the “blue” region of the spectrum is improved. A Voc of 

1.58 V at 1000 suns was obtained in the same device. These values were found to allow the 

achievement of an efficiency higher than 30% in the GaInP/GaAs dual-junction solar cell, as 

was corroborated later. 

C.1.2.3. Development of the tunnel junction for high concentration applications 

Although preliminary experiments about high band gap AlGaAs/GaInP have been 

carried out in this Thesis, the focus has been put on the (Al)GaAs-based design. The 

diffusion-related problems exhibited by the p-dopant Zn, used in the first versions of tunnel 

junction and dual-junction solar cells developed in this Thesis, and the unsuccessful results 

obtained when Si is used as n-type dopant, made us to concentrate on the study of the use of 

C and Te (the other p an n type dopants, respectively, available in our MOVPE installation) to 

grow the semiconductor structure of the tunnel junctions. The challenges arising from the use 

of CBr4 and DETe, namely, the etching and incompatibility with In-compounds of the former, 

and the memory effects and interaction with the GaInP growth of the later, had to be faced. An 

intense experimentation was required to determine the optimum growth conditions for the 

attainment of a high performance tunnel junction with a minimum impact in the growth of the 

GaInP top cell. The use of low growth temperatures was found to be key in attaining this, 

thanks to the lower dopant flows needed to obtain heavy doping levels in the tunnel junction. 
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A peak current density of 8630 A/cm2 and a series resistance in the ohmic region of 1.5·10-5 

Ω·cm2 were obtained in an unannealed GaAs tunnel junction. After an annealing with a 

thermal load equivalent to that suffered by the tunnel junction during the growth of the top cell 

in a GaInP/GaAs dual-junction solar cell, the peak current density dropped to 3150 A/cm2 and 

a series resistance of 2.5·10-5 Ω·cm2 was obtained. Although the exact reason for this 

performance degradation is still unclear, the modification of the properties of the defects 

involved in the trap-assisted-tunneling behind the very high peak current density obtained is 

thought to be a probable cause. At any rate, the performance of the annealed devices are still 

excellent for their application in the concentrator dual-junction solar cell.  

The integration of the first versions of GaAs-based tunnel junction doped with C and 

Te, into the GaInP/GaAs dual-junction solar cell gave rise to the formation of a parasitic diode 

or similar element which spoiled the illumination I-V curve and performance of these solar 

cells. Its origin is thought to be in the (low-doped)AlGaInP/GaAs heterostructure formed by the 

top cell BSF/tunnel junction anode layers, according to similar results obtained by other 

laboratories. This result, the purpose of reducing the effect of the annealing on the tunnel 

junction performance (as suggested by other authors) and the aim to decrease the interaction 

of the dopants used in these first versions of the tunnel junction on the top cell growth, were 

the reasons for our decision of introducing and testing AlGaAs barrier layers in the tunnel 

junction structure. Their use, together with more suitable growth parameters, resulted in the 

elimination of the parasitic diode and the interaction of the dopants on the top cell growth was 

minimized. No better tunnel junction performance or lower sensitivity to the annealing was 

attained with the barrier layers, though. 

Finally, the light absorption in this GaAs tunnel junction was found to be limiting the 

short circuit current achievable in the dual-junction solar cell. Hence, the optical transmittance 

of the tunnel junction was increased experimentally by replacing the C-doped GaAs anode by 

AlGaAs. Moreover, a subsequent theoretical study revealed the importance of the appropriate 

design of the thicknesses and compositions of the semiconductor layers which compose the 

tunnel junction, to optimize its light transmittance and, consequently, the Jsc of the dual-

junction solar cell, in the (Al)GaAs-based tunnel junction. Experimentally, an important 

improvement of the light transmittance was achieved by replacing the GaAs anode with 

AlGaAs, which allowed the attainment of short circuit currents above 13.5 mA/cm2 in the dual-

junction solar cell. In addition, a peak current density of 10100 A/cm2 and a specific resistance 

of 1.6·10-5 were attained in this tunnel junction, apparently due to a higher doping level 

attained in the AlGaAs anode. This performance is unparalleled by any other tunnel junction 

grown either on GaAs or Ge substrates.   



Summary, conclusions and future works 

 

 330 

C.1.2.4. Development of the GaInP/GaAs dual-junction solar cell for high concentration 

applications 

The results of this research topic are, obviously, closely interrelated to the results of 

the MOVPE growth of materials, and GaInP solar cell and tunnel junction development, 

summarized in the previous sections. Among the issues dealt with, specific to the concentrator 

GaInP/GaAs dual-junction solar cell development, the study of the effect of the performance 

and growth characteristics of the tunnel junction, on the performance of the dual-junction solar 

cell must be highlighted. In fact, the progress in the concentrator GaInP/GaAs dual-junction 

solar cell development was constrained by the evolution in the tunnel junction development. 

Only when the appropriate tunnel junction design was attained could the other improvements 

of the dual-junction solar cell be exploited for the achievement of a high efficiency at high 

concentrations. Moreover, the use of the AlGaAs/GaAs tunnel junction with barrier layers 

explained in last section was key in the achievement of a Jsc above 13.5 mA/cm2 in the dual-

junction solar cell, which allowed to attain a record-efficiency in these devices. 

The result of the current matching experiments and complementary analysis carried 

out using the Hovel model demonstrated that using the external quantum efficiency to assess 

the current matching can lead to unexpected results due to the non-monotonically decreasing 

bottom cell Jsc (calculated using the EQE) with the thickness of the top cell base layer. The 

very little controllable and reproducible anti-reflecting coating deposition, caused by the 

dielectric thermal evaporator machine available at I.E.S.-U.P.M., was also an important factor 

influencing the imperfect current matching attained in our most advanced dual-junction solar 

cell.  

The characterization of the dual-junction solar cell required the adaptation of the 

equipments used previously for the measurement of single-junction solar cells. Concretely, the 

method for the spectral photorresponse measurement of multijunction solar cells had to be 

implemented by using laser sources and a voltage source for the independent biasing of each 

junction. The in-house concentration response measurements required also to gain control 

over the spectral content of the flash pulse at each instant so that the correct current matching 

was obtained at each measurement concentration. 

C.1.3. Record-efficiency concentrator GaInP/GaAs dual-junction solar cell 

As a result of the theoretical and experimental developments commented in previous 

sections, a concentrator GaInP/GaAs dual-junction solar cell with a record-efficiency of 32.6% 

at 1000 suns, and 31.0% at 3000 suns was achieved. The special focus put on the 

concentration response in all this design and experimental work gave as a result an excellent 

performance of these solar cells at concentrations of 1000 X and higher. In Figure C.1, the 
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outcome of our high concentration development approach is made apparent by comparing the 

concentrator response of our record-efficiency dual-junction solar cell with the record-

performing solar cells developed in other laboratories. The performance of our solar cells at 

high concentrations can be observed to be markedly superior, being the appropriate design of 

the front grid and the excellent performance of the tunnel junction, the most important and 

distinctive characteristics that allowed us to achieve these results. 

In spite of the record-performance achieved, some improvements can be applied to our 

dual-junction solar cell. Some of them, such as the attainment of current matching, the 

lowering of the front grid metal sheet resistance and the increase of the GaInP material band 

gap, by reducing its ordering, were assessed. First, the Jsc and Voc improvements achievable 

were theoretically estimated. Then, the performance of the solar cell was analyzed introducing 

the parameters obtained, together with the modifications of the front grid, in quasi-3D 

distributed models, in order to simulate the performance of the dual-junction solar cell with 

these improved parameters. A feasible increase of the conversion efficiency to a value 

approaching 34% at 1000 suns was obtained. The theoretical optimization of the whole 

semiconductor structure, carried out in our group in the context of other Thesis, suggest the 

possibility of achieving even higher efficiencies through, primarily, an increased Jsc in the solar 

cell. 

 
Figure C.1. Comparison of the concentration response of our record-efficiency single and dual-junction 
solar cells, with the high efficiency dual and triple-junction solar cells developed in other laboratories.  
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C.1.4. Complementary results 

In addition to the results already mentioned, the work carried out in this Thesis 

produced other complementary contributions. The most important are described in the 

following. Firstly, a software package was developed, which made possible the practical 

application of the quasi-3D distributed model based on distributed circuit units presented in 

Chapter 2. This software allows the drawing and division into portions of any arbitrary front 

grid layout, the automatic assignment of equivalent circuits of any complexity, to each portion, 

and their assembly into a compact electronic circuit ready to be solved in a program based on 

Spice. Moreover, it allows the automatic definition of probes at different points of the circuit, in 

order to tell the solver to output any wanted simulation data at these points. As an example, 

the voltage maps at the solar cell surface, used profusely in part I this Thesis, can be 

obtained. The introduction of non-uniform light profiles (which can be different for each 

subcell), data tables for the device I-V curve description, etc, is allowed. Convenient assistants 

are implemented to ease the process of defining the solar cell layout, illumination, equivalent 

models, etc. In Figure C.2 illustrative screenshots of the program can be seen. 

 Another important contribution consisted in the preparation and collaboration in the 

works carried out to upgrade our AIX200 reactor to the higher capacity version AIX200/4, and 

of the installation of an EpiRAS in-situ monitoring tool, in 2006. Following this upgrade, the 

new reactor system had to be calibrated and characterized to resume the solar cell 

development research. The experiments carried out to study the growth uniformity in the new 

reactor were presented in Chapter 4. Several examples of the use of the EpiRAS instrument, 

such as the monitoring of the surface morphology of the semiconductor layers grown, or the 

calculation of growth rates and compositions, have also been shown throughout this Thesis.  

  
Figure C.2. Two screenshots of the software developed to generate the equivalent circuit of the solar 
cells for their analysis using the quasi-3D distributed models. On the left, the dialog where the front grid 
layout is defined. On the right, a Gaussian illumination profile has been drawn for the same solar cell. 
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C.2. Future works 

This Thesis has contributed to the development of the concentrator GaInP/GaAs dual-

junction solar cell, including its theoretical analysis and modelling, MOVPE growth of the 

semiconductor structure, front grid design for high concentration application, characterization 

methods and device manufacturing, at I.E.S.-U.P.M. This solar cell is primarily intended to be 

the first step towards the achievement of highly efficient multijunction solar cells for high 

concentration applications. Concretely, its growth on Ge substrates, in order to develop high 

efficiency (> 40% at 1000 suns) lattice matched GaInP/Ga(In)As/Ge triple-junction solar cells, 

is the short-term objective. In fact, the theoretical, modelling and experimental work on the 

growth of the GaInP/GaAs dual-junction solar cell on Ge substrates is currently at an 

advanced stage in our laboratory. However, the development of the GaInP/GaAs dual-junction 

solar cell grown on GaAs substrates can continue in parallel to its growth on Ge substrates. 

Thus, the challenges introduced by the growth on Ge substrates are treated separately and a 

faster development of the GaInP/GaAs solar cell, whose results are directly applicable to the 

triple-junction solar cell, can be attained. Moreover, the development of the GaInP/GaAs dual-

junction solar cell may also have an interest in applications where this kind of solar cells are 

used in an standalone way. Examples are the mechanical stacked approaches, the epitaxial 

lift-off strategies and the spectrum splitting configurations.   

 As shown in this Thesis, there exists room for the improvement of the Isc and Voc of our 

dual-junction solar cell. On this respect, the first issues to tackle, related to the MOVPE growth 

of the semiconductor structure, are the attainment of a higher transmittance in the tunnel 

junction, a higher band gap in the GaInP top cell and a current matched solar cell. The 

replacement of the GaAs cathode of the tunnel junction with GaInP, together with a fine tuning 

of the thicknesses and composition (AlGaAs) of the layers which compose the tunnel junction, 

are the methods projected for the accomplishment of the first objective. The achievement of 

the appropriate electrical properties in the tunnel junction (peak current, series resistance), in 

addition to a high transmittance, is also to be pursued in our high concentration approach. The 

band gap of the top cell can be increased by lowering the ordering obtained during the 

MOVPE growth of GaInP lattice matched to GaAs. In addition to an exhaustive study of the 

growth conditions and substrate misorientation vs. ordering obtained in our reactor, the use of 

Sb to disorder GaInP is also projected. The top cell thickness will be the parameter controlling 

the current matching. The experimental work aimed to accomplish these objectives is already 

ongoing at I.E.S. – U.P.M. 

 For our small area solar cells, the influence of the perimeter recombination is 

important. However, an exhaustive study of the perimeter properties of the GaInP single-

junction and in multijunction solar cells is still lacking. The experimental work on this issue, 
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which is in an early stage in our laboratory, is projected to culminate with the development of 

the appropriate routines necessary to evaluate the J02 component associated to the perimeter 

recombination, for a given solar cell semiconductor structure and post processing technology. 

The achievement of this objective will, in addition, pave the way to a better understanding of 

the dark I-V curve of single and multi-junction solar cells, and to the development of more 

accurate models. 

Finally, the growth of multi-junction solar cells on silicon substrates is an exciting and 

stimulating topic being addressed now in our research group. The potential very high 

efficiencies achievable coupled with a lower substrate cost make this approach attractive. 

Moreover, the concerns existing currently about the possibility of a Ge shortage and the 

subsequent increase in the price of the substrates, in the hypothetical case of a massive 

deployment of the concentrator photovoltaics technology, would become irrelevant. Many 

challenges exist, however, for the attainment of high quality epitaxial growth of III-V materials 

on silicon, among which the most important are the lattice and thermal expansion mismatch 

between silicon and most III-V materials. Nevertheless, the first experimental works about 

multijunction solar cells grown on silicon have already been published by other authors 

[Ringel02][Geisz06], with promising results. The involvement of the I.E.S.-U.P.M in this novel 

research topic is another example of its determination in the pursue of a competitive 

photovoltaic technology for the generation of electricity.   
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