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Resumen 

El mundo de la energía solar fotovoltaica ha estado dominado por el silicio durante décadas, 

gracias a la abundancia de este elemento en la corteza terrestre y sus bajos costes de producción 

y fabricación. Sin embargo, sus récords de eficiencia se están estancando por limitaciones físicas 

que lo llevan a tener una eficiencia máxima teórica moderada. Actualmente el récord es de 

26.7% frente al máximo alcanzable de 29.6%. Por esto, debido a que la posibilidad de mejorar 

es complicada, se han ido estudiando alternativas al silicio durante los últimos años.  

Por otro lado, las células solares multiunión formadas por semiconductores III-V han ido 

batiendo repetidamente los récords de eficiencia de conversión fotovoltaica año tras año (47.1% 

en 2019). A pesar de esto, los altos costes de las materias primas y de producción de estas células 

solares han limitado su uso en aplicaciones terrestres, –asequibles sólo con fotovoltaica de alta 

concentración (HCPV)–. 

Debido a esta situación, bastantes líneas de investigación están tratando de conjugar la alta 

eficiencia de los semiconductores III-V con el bajo coste de los sustratos de silicio en la búsqueda 

de una nueva generación de células solares multiunión de alto rendimiento con costes 

asequibles. Sin embargo, la integración de III-V sobre silicio no es directa debido a la necesidad 

de hacer frente a las diferentes propiedades que tienen entre ellos, como el significativo 

desajuste de red o la gran diferencia en el coeficiente de expansión térmica.  

La aproximación más directa es el uso del apilado mecánico entre las subcélulas de III-V y de 

silicio, que han sido producidas independientemente. Pero esta aproximación presenta algunos 

desafíos en términos de costes, fabricación y producción a gran escala. 

Una ruta diferente es la fabricación de estructuras monolíticas, en las que los grupos III-V y IV se 

crecen heteroepitaxialmente en un único sustrato de Si para producir células solares multiunión, 

que son después procesadas e integradas en módulos FV de un modo casi convencional. En la 

mayoría de los casos, el desarrollo de estructuras monolíticas requiere el preciso diseño de una 

capa amortiguadora entre los III-Vs y el silicio para acomodar los distintos parámetros térmicos 

y de red.  

En este contexto, esta tesis tiene la intención de presentar la integración de semiconductores 

III-V sobre sustratos de silicio a través de capas amortiguadoras, tanto de III-V como del grupo 

IV. De esta forma, la primera parte de la tesis engloba el crecimiento de fosfuro de galio, GaP, 

sobre silicio. Este compuesto presenta la constante de red más similar con el silicio de entre 

todas las aleaciones de III-V, lo que facilita en gran medida la integración. Se presentan los 

estudios previos, la preparación preliminar del sustrato y las diferentes etapas en el reactor. Se 

muestra también la caracterización de este GaP nucleado en silicio, incluyendo el desarrollo de 

la célula inferior de silicio. Posteriormente, el resto de subcélulas se podrían crecer encima.  
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La segunda parte de la tesis presenta la integración de los III-V sobre silicio a través de aleaciones 

del grupo IV. Para ello, se ha desarrollado una célula solar tándem de GaAsP/SiGe sobre 

sustratos de silicio. Además, en esta arquitectura la aproximación se lleva a cabo a partir de 

capas amortiguadoras reversas, que no se habían usado para aplicaciones fotovoltaicas. En esta 

parte se presenta la caracterización de material, los resultados de los dispositivos y los diferentes 

problemas que aparecen. También se incluye una posterior mejora con la incorporación de una 

capa de silicio poroso.
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Abstract 

The world of photovoltaic solar energy has been dominated by silicon for decades thanks to the 

abundance of this element on the Earth’s crust and its low costs of production and 

manufacturing. However, its efficiency records are becoming stagnant due to the physical 

limitations which lead it to have a moderate theoretical maximum efficiency. The record is 

currently at 26.7% versus 29.6% of maximum achievable. For this reason, since room for 

improvement is complicated, alternatives to silicon have been studied over the last years.  

On the other hand, multijunction solar cells constituted by III-V semiconductors have been 

repeatedly breaking photovoltaic conversion efficiency records in an ever-ascending climb in 

performance year after year (47.1% in 2019). Despite this, the high raw materials and production 

costs of these solar cells have limited their use in terrestrial applications –affordable only in high-

concentration photovoltaic (HCPV)–.  

Due to this situation, several research lines are trying to conjugate the high efficiency of III-V 

semiconductors with the low cost of silicon substrates in the search for a new generation of 

multijunction solar cells with high performance at affordable costs. However, the integration of 

III-V on silicon is not straightforward, due to its need to face the different properties they 

possess, as their significant lattice mismatch or their large difference in thermal expansion 

coefficient. 

The most direct approach is to use mechanical stacking between III-V and Si subcells that have 

been produced independently. But this approach presents several challenges in terms of costs, 

manufacturability and production yield on a large scale. 

A different route is the fabrication of monolithic structures, where III-V and group-IV compounds 

are grown “heteroepitaxially” on a Si single substrate to produce a multijunction solar cell, which 

is then processed and integrated in PV modules in an almost conventional way. In most cases, 

the development of monolithic structures requires the precise engineering of a buffer layer 

between the III-Vs and the silicon in order to accommodate the dissimilar thermal and lattice 

parameters. 

In this context, this thesis intends to present the integration of III-V semiconductors on silicon 

substrates through both III-V and group-IV buffer layers. In this way, the first part of the thesis 

addresses the growth of gallium phosphide, GaP, on silicon. This compound presents the most 

similar lattice constant to silicon among III-V alloys, which eases this integration. Previous 

studies, the preliminary substrate preparation and the different stages in the reactor are 

presented. The characterization of this GaP nucleation on Si, including the development of the 

silicon bottom cell, is also shown. Subsequently the rest of the subcells could be grown on top.  

The second part of the thesis presents the integration of III-V on silicon through group-IV alloys. 

For this purpose, a tandem GaAsP/SiGe solar cell on silicon substrates has been developed. 
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Furthermore, in this architecture the approach is carried out through SiGe/Ge reverse buffer 

layers, which had not been used in photovoltaic applications. The material characterization, 

device results and the different issues that show up are presented in this part. Moreover, a 

subsequent enhancement with the incorporation of a porous silicon layer is shown.  
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1  

Introduction 

 

1.1. Motivation 

1.1.1. Global warming 

Climate is changing due to human action. Global temperature has raised around 1.0°C since the 

industrial revolution, as can be seen in figure 1.1. This global warming is endangering thousands 

of animal species and is causing desertification or rising the sea level. The consequences are 

visible. For instance, glaciers are known to be strongly affected [Sommer’20]. Many studies show 

that there is a significant mass loss of the glaciers around the world [Tak’20]. Figure 1.2 shows 

photographs of the Muir glacier in Alaska and its shrinking over the years is clearly evident. Polar 

bears are also strongly affected, since they require sea ice for capturing seals and are expected 

to decline range-wide as global warming and sea-ice loss continue [Molnar’20]. 

The main reason of this global warming are the greenhouse gas emissions, as the CO2. Global 

CO2 emissions grew at 0.9% per year in the 1990s and accelerated to 3.0% per year in the 2000s, 

although it has returned to a slower growth rate of 0.9% since 2010, as observed in figure 1.3. 

One of the principal motives is the use of fossil fuels (42% of the emissions from coal, 34% from 

oil and 19% from natural gas). 

In this regard, public attention has grown and some climate policies have fallen into place, 

leading to a rapid progress in the deployment of clean energy technologies. In fact, many 
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analysts have speculated that coal use may have peaked. In 2019, CO2 emissions from coal 

underwent substantial drops in the United States (-10%) and the EU28 (-10%). However, global 

peak in coal use is highly dependent on the pathway in China, which now accounts for 50% of 

its global use [IEA’20]. 

As for the clean energies, the rapid growth in solar and wind energy is helping to reduce the use 

of coal in power generation [Jewell’19] [Peters’20]. To keep global warming within 1.5°C of pre-

industrial levels, there needs to be a substantial decline in the use of coal power by 2030 and in 

most scenarios, complete cessation by 2050 [Jewell’19]. 

Figure 1.1. Global average temperature since 1850. The red line represents the median average 

temperature and the grey lines represent the upper and lower 95% confidence intervals. Source: 

Hadley Center (HadCRUT4). 

Figure 1.2. Photographs of the Muir glacier in Alaska in 1941 (left) and 2004 (right). Source: Nasa, 

Climate 365 project. 
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1.1.2. Photovoltaics in the world 

The increase of photovoltaic (PV) solar energy is of vital importance for the reduction of 

greenhouse gas emissions. The contribution of PV to decarbonize the energy mix is progressing, 

with PV saving as much as 720 million tons of CO2eq. At the end of 2019, PV contributed to 

reduce global CO2 emissions by 1.7% or 2.2% of the energy-related emissions and 5.3% of the 

electricity related emissions, compared to a world without PV. At least 114.9 GW of PV systems 

Figure 1.3. Annual CO2 emissions. Each color represents a region. Source: Carbon Dioxide Information 

Analysis Center (CDIAC), Global Carbon Project (GCP). 

Figure 1.4. Evolution of the annual PV installation in the world. Source: International Energy Agency, 

Photovoltaic Power System Program. 
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were installed and commissioned in the world in 2019. This shows a global annual PV market at 

a slightly higher level than 2018 (102.2 GW) and in 2017 (103.4 GW). The total cumulative 

installed capacity for PV at the end of 2019 reached at least 627 GW and represents around 3% 

of the global electricity demand. Figure 1.4 shows the increasing evolution of the annual 

installation in the world.  

The global PV market (without China) grew from 58.8 GW in 2018 to at least 84.9 GW in 2019, a 

44% of increase. However, the Chinese PV market contracted for the second year in a row; from 

53.0 GW in 2017 to 43.4 GW in 2018 and 30.1 GW in 2019. 

The European Union installed close to 16 GW. The largest European market in 2019 was Spain 

(4.2 GW), followed by Germany (3.9 GW), Ukraine (3.5 GW), the Netherlands (2.4 GW) and 

France (0.9 GW). The US market also increased (13.3 GW). 

Table 1.1 shows the top 10 countries of the world as a function of the installed capacity in 2019 

and the cumulative capacity of PV [IEA’20]. 

Table 1.1. Top 10 countries of 2019 installed capacity (left) and top 10 countries of PV cumulative capacity. Source: 

International Energy Agency, Photovoltaic Power System Program. 

 

1.1.3. Renewable energies and photovoltaic market in Spain 

The increase of the installed renewable energies has raised the electricity generation from these 

technologies up to 37% in Spain (20.9% from wind power). Spain is progressing in the process of 

decarbonization, in fact, the coil participation represented 4.2% of the total generation in 2019 

(14.1% in 2018). One of the main consequences of this boost towards the decarbonization is the 

reduction of CO2 emissions, which marked a historical minimum (25.5% lowest than in 2018). 

Regarding photovoltaic solar energy, the installations in 2019 almost doubled the already 

installed power (4.16 GW were installed against 8.62 GW of the total) and increased the 

percentage of the generation of the total mix in 0.5% (3.5% against 3.0% in 2018) [Sánchez’20] 

[REE’19]. 
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In any case, much remains to be done to fully decarbonize and PV deployment should increase 

by at least one order of magnitude to cope with the targets defined during the COP21 in Paris, 

France.  

1.2. Multijunction solar cells on silicon 

Silicon technology has dominated the terrestrial solar energy market over the last decades 

[Battaglia’16] [Saga’10]. Despite its enormous growth in terms of efficiency and costs, this 

technology presents an issue: experimental devices are practically at a standstill having 

essentially reached their theoretical efficiency limit, thinning the margin for technological 

advancements. The current record of a silicon solar cell is 26.7% [Yoshikawa’17] versus 29.6% of 

the theoretical maximum, which is due to physical limitations [Shockley-Queisser’61] 

[Richter’13]. Figure 1.5 shows the record efficiencies of solar cells. Silicon is represented in blue 

and as can be seen, its records have barely increased in the last years. This means that for 

surpassing the limitation of a single p-n junction is necessary to search for alternatives. 

Multijunction solar cells are cells formed by a stack of p‐n junctions with different bandgaps, i.e. 

subcells, as observed in figure 1.6. This figure shows how a multijunction solar cell selectively 

absorbs the light (a), splitting the solar spectrum in different parts according to their energies 

(b). This strategy minimizes loses: more photons of the solar spectrum are absorbed, since there 

are less photons below bandgap; and thermalization losses caused by photons with excessive 

energy are minimized. For instance, as represented in figure 1.6.b, the GaInP top cell transforms 

its fraction of the spectrum into electricity with lower thermalization losses than a Si single 

junction (there are less photons with excess energy) and a new spectral band is accessible with 

Figure 1.5. Chart of the solar cell records over the years [NREL’20]. 
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the Ge bottom cell (less photons “escape” below bandgap). Multijunction solar cells also present 

an additional advantage that helps mitigate ohmic losses. For an appropriate combination of 

bandgaps, the current produced by each subcell in the multijunction device is typically lower 

than in the case of single junction solar cells (less solar spectrum per subcell is covered). Thereby, 

as ohmic power losses scale with I2, multijunction solar cells are less affected by electrical 

resistance losses [Algora-ReyStolle’16]. Therefore, in this kind of solar cells, the maximum 

efficiency achievable is higher than in a single junction, such as silicon. In figure 1.5 some 

multijunction solar cells are represented in purple lines and these differences of efficiency can 

be clearly seen with the world record of 47.1% [Geisz’20]. 

On the other hand, the development of multijunction solar cells entails higher costs of raw 

materials and manufacturing and in the development of commercially viable high-efficiency 

solar cells, the reduction of their manufacturing costs continues to be an important issue. For 

these reasons, numerous research lines are pursuing the combination the low cost, availability 

and abundance of crystalline silicon with the higher conversion efficiency of multijunction solar 

cells. In this way, the most efficient design uses the silicon as substrate, which takes great 

proportion of the total cost, with subcells on top.  

Several architectures of Si-based multijunction solar cells are being developed: Perovskites on Si 

[Hörantner’17], which have reached efficiencies up to 29.1% [NREL’20]; or CIGS on Si 

[Ramanujam’17]; but the best device results have been reached with III-V semiconductors on Si 

substrates, which have achieved an efficiency of 35.9% [Essig’17]. 

Therefore, the integration of III-V semiconductors on silicon substrates has been the target of 

numerous research lines for decades [Suzuki’91] [Hayashi’94] [Lee’97]. 

(a) (b) 

Figure 1.6. (a) Sketch of a multijunction solar cell where the light is selectively absorbed by each subcell. 

(b) Solar spectrum split in portions of light absorbed by each subcell in a triple junction GaInP/Ga(In)As/Ge.  
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1.2.1. III-V multijunction solar cells on Si substrates 

In view of this situation, different approaches to conjugate the potential of III-V semiconductors 

(purple in figure 1.5) and silicon substrates have been pursued in the search of a new generation 

of multijunction solar cells with high performance at affordable costs [Kurtz’08] [Supplie’18a]. 

These structures avoid the use of costly germanium or gallium arsenide substrates [Haynes’16]. 

1.2.1.1. Mechanical stack 

The most direct approach is to use mechanical stacking or substrate bonding of III-V and Si 

subcells that have been produced independently and are then stacked. This approach has 

yielded excellent efficiencies, including the aforementioned record of 35.9% in a GaInP/GaAs//Si 

triple-junction with four terminals [Essig’17] or 33.3% efficiency of a 2 terminal GaInP/GaAs//Si 

triple-junction solar cell [Cariou’18]. GaInP/AlGaAs//Si has also shown outstanding efficiency 

(34.1%) [Dimroth’20]. On the other hand, they present several challenges in terms of costs (two 

substrates are needed), manufacturability and production yield on a large scale. The economic 

analysis reveals an order-of-magnitude disparity between the costs of III–V//Si solar cells and 

conventional Si solar cells [Essig’17] [Louwen’16]. For this reason, the PV industry is also focused 

on reducing these costs through minimizing the substrate impact with epitaxial lift-off [van 

Geelen’97] or substrate reuse [Ward’16]; and through researching advances in low-cost III–V 

growth techniques, as the use of Hydride Vapor Phase Epitaxy (HVPE). A 29% efficiency has been 

reported from a tandem GaAs//Si cell with 4 terminals grown in this reactor, which is the highest 

efficiency reached without metalorganic vapor phase epitaxy (MOVPE) or molecular beam 

epitaxy (MBE) growth [Vansant’19]. 

Therefore, the maximum theoretical efficiency of silicon (29.6% [Richter’13]) has been 

exceeded, which is one of the purposes of these structures, highlighting the potential of Si-based 

multijunction solar cells.  

1.2.1.2. Monolithic structures 

In the monolithic structures, the III-V are developed (or epitaxially grown) directly on the silicon 

substrate. Although the growth of III-V semiconductors on silicon avoids characteristic issues 

from mechanical stack designs, is not straightforward. It needs to tackle among others their large 

difference in thermal expansion coefficient and their significant lattice mismatch. In most cases, 

the development of monolithic structures requires the precise engineering of a buffer layer 

between the III-Vs and the silicon in order to accommodate the dissimilar thermal and lattice 

parameters. This buffer layers are commonly made up by III-V groups or group IV elements. 

1.2.1.2.1. Adaptation through III-V semiconductors buffer layers 

GaP is a suitable buffer or nucleation layer, acting also as window for the Si bottom cell, for 

subsequent III-V growth. Many structures are being studied, as the tandem GaAsP/Si with 
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promising results. An efficiency of 23.3% has been achieved [Lepkowski’20]. This demonstrates 

that III-V solar cells can be developed on silicon with excellent results. 

Similar architectures have inserted multi-quantum wells (MQWs) embedded in the GaAsP top 

cell. Other authors have incorporated a GaN0.02P0.98 buffer between the GaP nucleation and the 

GaAsP [Geisz’06].  

Variants to these structures have been grown, like the triple-junction Ga0.56In0.44P/GaAs0.9P0.1/Si, 

through MOVPE, but this structure presented moderate results [Grassman’16a]. A triple-

junction Ga0.51In0.49P/GaAs/Si or a tandem AlGaAs/Si have also been grown by MOVPE [Feifel’18] 

[Soga’95]. The GaInP/GaAs/Si has reached efficiencies of 19.7% [Feifel’17], 22.4% to 24.3% 

[Feifel’19] and 25.9% [Feifel’20], which is the highest conversion efficiency for an epitaxial III-V 

on Si to date. 

1.2.1.2.2. Adaptation through group-IV buffer layers 

Several solar cells designs have followed the criterion of integrating the III-Vs through group-IV 

buffer layers instead of III-V. Most of the designs employ a SiGe alloy, which has been deeply 

studied in electronics and in photovoltaics since the 80s [Nakamura’81]. 

The first monolithically-grown triple-junction formed by GaInP/GaAsP/SiGe on Si wafers 

achieved an efficiency of 13.1% [Carlin’15]. Some authors have developed a virtual substrate of 

GaP on the SiGe alloy with promising roughness [Carlin’12]. Others have grown a Ge layer on 

the SiGe alloy to serve as a template [Yang’02] [Groenert’03] [Kwon’05] or quantum wells for 

thermoelectric devices [Cecchi’13]. The tandem GaInP/GaAs solar cell grown on these 

Ge/SiGe/Si buffers has reached 16.8% [Lueck’06]. However, some authors have grown this Ge 

layer directly on the silicon, serving as template. [Wang’17a] grew a GaAs on this template with 

11.9%. 

Other authors have also incorporated tin for a SiGeSn alloy as accommodation between the III-

V and Si substrates [Mbeunmi’20] [Caño’17]. 

Nevertheless, the highest efficiencies with group-IV buffers have been reached with GaAsP/SiGe 

tandems on Si through Si1-xGex graded layers reaching up to 20.6% [Wang’15]. 

1.3. Objectives of this thesis 

In the context of III-V multijunction solar cells on silicon substrates, this thesis intends to develop 

two solar cells with two different approaches.  

On the one hand, this accommodation of III-V on Si can be carried out through III-V 

semiconductors. Most of the aforementioned designs of the last section employ steps which 

make the process more complicated and they could be suppressed or simplified. Steps such as 

a clean process with more time and more sources, the growth of silicon homoepitaxial before 

the GaP nucleation, the use of more than one reactor or resort to wafer bonding. The 



Chapter 1 
Introduction 

 

9 

simplification would lighten the growth stage and would make the manufacturing more 

straightforward and thus, the process could be led to be more industrially scalable. 

For this reason, the first part of the thesis attempts to develop a growth routine of GaP in one 

single step in the same MOVPE reactor, but taking into account that this nucleation is one of the 

key stages in this solar cell development. This stage includes the surface preparation, which 

should be as simple as possible, and the growth itself. At the same time, the creation of a p-n 

junction for the subsequent bottom cell must be carried out, but without interfering in the GaP 

quality.  

On the other hand, the adaptation of III-V on Si can be done through group-IV buffer layers. The 

tandem GaAsP/SiGe on Si has stood out thanks to the versatility of its subcells.  

The second part of the thesis presents a tandem GaAsP/SiGe with the incorporation of a SiGe 

reverse buffer layer, which has advantages compared to other designs and follow an aggressive 

strategy in terms of growth. A full characterization is carried out to examine the behavior of 

these cells and to understand the issues that show up. Once, having knowledge about the cell, 

the incorporation of a more flexible porous silicon is included in order to enhance the solar cell 

performance.  

As a summary, the first part of the thesis: 

- Development of a GaP-on-Si growth in a single MOVPE reactor trying to simplify the 

process. This target entails… 

• A simple surface preparation and a conditioned annealing and pre-exposure. 

• The growth of a smooth and high-quality GaP on the substrate. 

• The creation of a p-n junction for the subsequent bottom cell. 

The second part of the thesis:  

- Development of a tandem GaAsP/SiGe solar cell on Si substrates. This process 

encompasses… 

• The incorporation of the innovative reverse buffer layers to the photovoltaic 

world. 

• A total material and device characterization. 

• The subsequent inclusion of a porous silicon to improve the solar cell 

performance. 
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2  

Toward the nucleation of III-V 

semiconductors on silicon substrates 

2.1. Introduction 

This part of the thesis is devoted to describing our approach to simplify the process to obtain 

high-quality GaP nucleation layers on Si substrates. This step is the cornerstone of the most 

successful process developed so far for the monolithic integration of III-V semiconductors on 

silicon for photovoltaic applications. A GaP/Si virtual substrate is the base of the monolithic 

GaAsP/Si dual junction solar cell which has reached experimental efficiencies over 20% and has 

the potential to exceed 30%. 

In short, our approach targets to mimic what is done to grow multijunction solar cells on Ge by 

MOVPE, namely, to develop a single growth process, using a single MOVPE reactor and 

conventional precursors, to manufacture the complete III-V structure and create,  in the same 

process, the p-n junction on the Si substrate. 

This chapter addresses the introduction to this GaP nucleation routine. It describes the target 

structure of the solar cell to be developed and analyzes the state of the art of this kind of solar 

cells. Then, the difficulties of the GaP nucleation on Si and how they can be faced through the 

pre-growth process are commented. This pre-growth process encompasses the substrate 

preparation prior to GaP growth. After this preparation, the previous works in GaP growth and 

Chapter 
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its options are analyzed. Finally, the starting point of the routine development of this research 

is described.  

2.2. Target structure for the III-V/Si solar cell 

The nucleation of III-V semiconductors on silicon substrates has been the goal of many research 

works since the 1980s [Supplie’18b], because it can conjugate the high efficiency of III-V 

semiconductors with the low cost and abundance of silicon. There are different approximations 

in order to have a III-V compound on a Si substrate:  

1) Through the growth of heteroepitaxial III-V layers directly on Si, which can be carried 

out with the nucleation of GaAs [Soga’95], GaP [Supplie’18a] or dilute nitrides [Volz’15]; 

with a metalorganic vapor phase epitaxy (MOVPE) reactor [García-Tabarés’15a], 

Hydride Vapor Phase Epitaxy (HVPE) [Vansant’19] or Molecular beam epitaxy (MBE) 

[Vaisman’17]; without or with previous Si homoepitaxial growth [Grassman’16a]). 

2) By means of bonding of the III-V layers on Si [Cariou’18]. 

3) Through the nucleation of group-IV alloys [Caño’20]. This topic is addressed in the 

second part of the thesis.  

Regarding heteroepitaxial growth of III-V on Si, which is the topic that concerns here, some 

efforts have been carried out in order to grow a high-quality GaAs layer [Fang’90] [Arpapay’20] 

on a silicon substrate. Due to the high lattice mismatch (almost 4.0%), as observed in figure 2.1, 

a high density of defects shows up, like micro-twins, threading dislocations or stacking faults, 

which are very detrimental for the device performance [Fang’90] [Arpapay’20]. 

The gallium phosphide (GaP) lattice parameter differs only in 0.35% – 0.37% [Olson’86] 

[Narayanan’98] [Dixit’06] [Grassman’09] [Volz’15] to silicon’s at room temperature 

(approximately 5.45 Å vs. 5.43 Å of silicon). This implies that this mismatch is the smallest that 

can be found between III-V semiconductors and silicon, increasing the possibilities for 

minimizing the defect generation and their propagation towards the upper and active layers. 

For this reason, GaP is an ideal candidate for a III-V buffer layer on Si [Beyer’12] [Volz’15], as 

defect-free nucleation is of key importance for the integration of III-V devices: the interface 

between the III-V semiconductor and the underlying Si determines the quality of the subsequent 

layers, onto which devices will be grown [Volz’11]. 

Some authors have studied the introduction of N into this III-V compound in order to 

compensate the slightly different equilibrium lattice constants of GaP and Si. Nitrogen decreases 

the GaP lattice constant and thus avoids the mismatch [Bolshakov’19]; but the incorporation of 

N to this III-V alloy affects negatively the crystalline quality.  

The nucleation of GaP on Si for the integration of III-V compounds has been pursued for decades 

[Samuelson’84] [Olson’86] as it brings monolithic III-V/Si structures closer. Some III-V/Si 

structures using GaP nucleation layers have been already developed, as lasers [Wang’17b], 
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nanowires [Martensson’04],… but, as commented, this thesis is focused on the development of 

III-V/Si structures for multijunction solar cells.  

The development of a multijunction solar cell on silicon through GaP nucleation layers entails 

the growth of a III-V top cell on the GaP/Si. This GaP acts as template or virtual substrate and 

during its growth routine, the p-n junction of the Si bottom cell can be developed. Considering 

silicon as the bottom cell material (1.12 eV), the optimum top cell bandgap of 1.74 eV for a 

tandem [Connonly’14] could be achieved with a GaAsP compound with a 75% As-content, as we 

can see in figure 2.1. However, as this GaAs0.75P0.25 alloy has a larger lattice mismatch than GaP 

or Si (2.8% in the case of the GaAs0.75P0.25), a transparent metamorphic buffer is needed to 

accommodate such misfit and grow the upper layers [Kim’18]. Thus, on the GaP layer, a GaAsyP1-

y graded layer is needed, adding As progressively during the growth until the desired alloy 

composition is reached, as can be also seen in figure 2.1.  

The crystal and surface quality of the GaP nucleation layer and GaAsP graded buffer layer are 

crucial since, if not, the GaAs0.75P0.25 top cell can be degraded due to the propagation of defects, 

lowering the device performance.  

With the same approach through the GaP virtual substrate and the subsequent GaAsyP1-y graded 

layer, a triple-junction solar cell could be developed, instead of the tandem GaAsP/Si. This triple-

Figure 2.1. Bandgap energies vs. lattice constant dependence for the most common semiconductor materials 

used in solar cells. Only materials with the zinc-blende or diamond crystal lattice have been included 

[Algora_Rey-Stolle’16]. 
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junction can be formed by a Ga0.56In0.44P top cell, a GaAs0.90P0.10 middle cell and the Si bottom 

cell [Grassman’16a]. Although the GaInP has been demonstrated to be a highly suitable material 

for a solar cell combination with Si [Schulte-Huxel’18], the structure increases in a significant 

way in terms of complexity. 

A tunnel junction between subcells is necessary in order to connect both p-n junctions but at 

the same time being transparent for the Si bottom cell. Although the optimization of the 

nucleation on Si, metamorphic layer and subcells are important for the tandem solar cell, the 

tunnel junction also plays a crucial role. It is required for the tunnel junction to have a very low 

electrical resistance. Furthermore, it is convenient to grow the tunnel junction lattice matched 

to the GaAs0.75P0.25 top cell after the metamorphic layer. A metamorphic 

Al0.2Ga0.8As0.75P0.25/GaAs0.75P0.25 tunnel junction has been demonstrated to fulfill these 

requirements [Chmielewski’18].  

Therefore, the target solar cell structure into which this research aims to contribute is the one 

depicted in figure 2.2. It consists of a GaAs0.75P0.25 top cell (1.74 eV) which lies on an 

Al0.2Ga0.8As0.75P0.25/GaAs0.75P0.25 tunnel junction grown on a GaAsyP1-y graded layer. 

Figure 2.2. Solar cell structure that is the target of this research. In this 

thesis the layers developed include up to the GaP nucleation.  
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2.3. State of the art of GaAsP/Si solar cells 

Regarding monolithic structures, some examples of the tandem GaAsP/Si have already been 

developed with promising results. An efficiency of 21.8% has been achieved after the 

optimization of the subcells with limited defects [Grassman’19]. In this solar cell, the bottom cell 

was produced independently with a furnace diffusion processing and then the III-V layers were 

grown in a MOVPE reactor. Previous works with the same structure had reached an efficiency 

of 13.1% [Grassman’16a].  

The “top cell” GaAsP as single-junction grown by MBE on a GaP/Si virtual substrate has reached 

an efficiency of 15.3% [Vaisman’17], which demonstrates that III-V solar cells can be developed 

on silicon with excellent results. Previously, an efficiency of 9.8% had been reported for this 

GaAsP single-junction on GaP/Si grown by MOVPE [Geisz’06].  

In some cases, the GaP nucleated on Si has served as window layer for a single-junction solar 

cell, as n-GaP is an ideal window layer for a n-Si emitter due to the offsets of the valence and 

conduction bands and its high bandgap (2.26 eV) [Feifel’16]. Therefore, GaP is a magnificent 

nucleation layer, acting also as window for the Si bottom cell, for subsequent III-V growth. 

Additionally, it could also work as n-emitter in a n-GaP/p-Si hetero-junction [Feifel’17].  

Tunnel junctions for tandems GaAs0.75P0.25/Si grown in a MOVPE reactor have also been 

developed. Al0.2Ga0.8As0.75P0.25/GaAs0.75P0.25 lattice matched to the GaAs0.75P0.25 top cell has 

reached a peak tunneling current of 18.3 A/cm2 and zero-bias resistance-area product of 3.0x10-

4 Ω·cm2. Although, after exposure to thermal load in the subsequent growth these values were 

degraded by up to an order of magnitude, the overall performance is still well above the 

demands of this tandem solar cell for one-sun operation [Chmielewski’18].  

Other similar architectures have inserted multi-quantum wells (MQWs) embedded in the GaAsP 

top cell, which can extend the absorption edge to a longer wavelength, enabling a reduction of 

the As content in the GaAsP and therefore, reducing the lattice mismatch. This implies that the 

thickness of the metamorphic buffer layer can be substantially decreased [Kim’18]. In the GaAsP 

top cell, the emitter and the base has been tested to be exchanged (rear-emitter), but the subcell 

exhibits a high sensitivity to window doping and thickness [Lepkowski’18]. 

Other authors have incorporated a GaN0.02P0.98 buffer between the GaP nucleation and the 

compositionally graded GaAsP, which can annihilate the antiphase domains that can be 

generated at the GaP interface, achieving a smooth surface at the same time. However, the 

threading dislocation density would need to be reduced in these structures [Geisz’06].  

All the variants previously mentioned employ intricate growth processes, as the growth of a 

silicon homoepitaxial layer before the GaP nucleation, the use of more than one reactor or resort 

to wafer bonding. If this growth could be implemented in conventional MOVPE reactor, such 

simplification would lighten the growth stage and would make the manufacturing more 
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straightforward. For this reason, here is presented here a process that intends to carry out the 

growth routine in one single step in the same MOVPE reactor,  but taking into account that the 

GaP nucleation is one of the key steps in this solar cell development. In the next sections this 

nucleation will be studied closer, highlighting the issues that show up, what it has been done in 

the past and the starting point for the next chapters.   

2.4. Difficulties of GaP nucleation on Si  

Despite the close distance in lattice constant, the growth of GaP on silicon is not straightforward. 

The Si substrate needs a surface preparation prior to heteroepitaxy not only to avoid undesirable 

contaminations of the crucial III-V/Si interface but also to prevent certain defect mechanisms 

induced by polar on non-polar growth and achieve a defect-free III-V template [Döscher’11]. In 

the next sections, the challenges in the GaP growth and furthermore, the preparation of the Si 

substrate will be commented. 

2.4.1. Polar on non-polar materials 

Silicon presents a diamond structure, which consists of two face-centered cubic sublattices. The 

two sublattices differ from each other only in the spatial orientation of the four tetrahedral 

bonds that connect each atom to its four nearest neighbors [Kroemer’87]. Both sublattices are 

occupied with the same atoms [Volz’15]. The degree of polarity is determined by the difference 

of electronegativity of the atoms occupying the respective sublattices, being silicon a non-polar 

material.  

On the other hand, III-V compounds, as GaP, exhibit a zinc-blende structure, in which each 

sublattice is occupied by an atom from the group III and group V, respectively [Kroemer’87]. 

Gallium and phosphorus have different electronegativity and thus GaP is a polar material. 

Figure 2.3. a) Diamond cubic structure present in crystalline silicon. b) Zinc-blende structure present in 

several crystalline binary compounds, as gallium phosphide [Paszuk’17a]. 
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Although the crystal structures are analogous, zinc-blende GaP exhibits a reduced symmetry to 

diamond cubic Si [Döscher’08] [Volz’15]. These structures are shown in figure 2.3. 

2.4.1.1. Antiphase domains 

The heteroepitaxial growth of polar semiconductors on non-polar substrates often causes the 

occupancy of constituent atoms in incorrect sublattices, which gives rise to structural issues 

known as antiphase boundaries (APBs) [Fang’90]. APBs form antiphase domains (APDs), which 

contain P-P and Ga-Ga bonds that act as recombination centers [Feifel’16]. APDs have pyramidal 

shape and can be described as consisting of several roofs standing side by side [Farin’19], as 

shown in figure 2.4. 

Commonly, the Si surface is formed by steps and the formation of antiphase disorder or domains 

is favored by mono-atomic stepped surfaces being initiated at each terrace edge [Kunert’08] 

[Fang’90], as can be observed in figure 2.4. As the growth takes place, Ga-Ga or P-P bonds can 

appear, emerging domains where a row of atoms is composed by bonds of the same atom. Apart 

from acting as recombination centers, APDs can be very harmful as they aid the development of 

3D growth and island formation [García-Tabarés’15a]. APDs can also inhibit dislocation glide, 

preventing the efficient relaxation of the misfit strain between the GaP and Si. Such interference 

with interfacial dislocation glide could result in the generation of an excess dislocation density, 

which can be damaging in subsequent growths [Grassman’13]. Detrimental effects of the APDs 

on open-circuit voltage (VOC) and fill factor (FF) have also been demonstrated [Feifel’17].  

For “as-polished” (100)-oriented Si surfaces the most common step height is one atomic layer, 

which eases the appearance of APDs [Döscher’08] [Feifel’17] [Belz’18]. In order to obtain APB-

free growth, it is necessary to achieve two-atom high steps [Kroemer’87] [Fang’90]. For this 

Figure 2.4. Antiphase domain and boundary drawing. They are formed in the GaP due to the presence of mono-layers 

in the Si surface. It is possible to appreciate the pyramidal shape. To avoid them, it is neccesary to generate double-

steps as in the blue circle on the left [Paszuk’17a]. 
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purpose, a previous annealing before the growth can be carried out. During this annealing at 

high temperature (900ᵒC – 1100ᵒC) atoms from the edges with energetically unfavorable steps 

diffuse toward adjacent terraces, until the former has disappeared forming double-height steps 

[Kroemer’87]. This annealing process will be described in detail later.  

Layers specifically designed [Geisz’06] or substrate misoriented toward a specific plane 

[Soga’93] have proven to facilitate the self-annihilation of APDs. APD-free GaP growth on Si (100) 

in hydrogen-based MOVPE ambient was carried out in 1986 for the first time [Olson’86]. 

2.4.1.2. Lack of electrical neutrality 

Another issue related to the polar on non-polar growth is the lack of electrical neutrality. As 

mentioned, APDs in GaP contain Ga-Ga and P-P bonds. Ga-Ga bonds have electron deficiency 

and so act as acceptors, whereas P-P bonds have excess electrons and act as donors [Fang’90]. 

Such bonds represent electrically charged defects with effective charges ±q/2 per bond. In 

general, these homo-bonds will alternate within each crystallographic unit cell, leading to 

perfect local charge compensation. But when deviations from this idealized arrangement occur, 

the lack of exact local charge balance will lead to potential fluctuations that will affect the 

electronic properties [Kroemer’87] and the stability of the heterointerface and its sharpness 

[Supplie’18a]. 

2.4.1.3. Micro-twins and stacking faults 

Stacking faults and twins are common defects in the III-V on Si growth [Grassman’09]. They can 

appear easily during non-optimized growth in cubic zinc-blende III-V semiconductors due to 

their low formation energy in the first stages of the nucleation. Stacking faults and twins lie on 

the [111] planes and can propagate throughout the entire III-V layer grown, if the pure Si (100) 

Figure 2.5. A schematic illustration of a rotational twin domain in III-V on Si (111). The crystal orientation of the twin 

domain is “mirror-like” to the normal domain. The red and green arrows point the difference in the crystal structure 

in the first III-V mono-layer [Paszuk’17a].  
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surface is used for growth. However, they can be avoided by choosing optimized nucleation 

conditions [Volz’15].  

Figure 2.5 shows a “reflection twin” domain, where the crystal is rotated by 180°. In the 

reflection twin, the crystal lattice is like a mirror image of the normal domain [Paszuk’17a].  

2.4.2. Thermal expansion coefficients  

Another problem between Si and III-V semiconductors is the highly different thermal expansion 

coefficient that in the case of GaP is about 2.3 times larger than that of Si [Madelung’02]. 

Because the substrate is much thicker than the growing layer, the upper layer adapts to the 

substrate lattice and a tetragonal distortion of the equilibrium lattice constant of the growing 

film can be observed. Hence, even a small thermal expansion coefficient difference leads to high 

stresses in the epitaxial layers. For this reason, there is a danger that the films crack during 

cooldown [Volz’15] [Caño’20], if the overall thickness of the III-V layer is too large.  

Furthermore, as the polar on non-polar growth issue, the thermal expansion mismatch can 

result in crystalline defects including stacking faults and micro-twins [Grassman’09].  

2.4.3. Slight lattice constant mismatch  

As mentioned, the GaP and Si lattice parameters differ in 0.35% – 0.37% [Olson’86] 

[Narayanan’98]. This small difference allows the monolithic growth with low defect density but 

entails some disadvantage: the GaP grown on top has stresses and strains. Thus, when this layer 

reaches a certain thickness and tends to relax, some cracks could appear due to the slight lattice 

mismatch and the lack of strain that is present then. For this reason, the GaP should not be 

grown over this certain thickness, named critical thickness. It has been observed that such 

critical thickness is between 45 and 95 nm. Furthermore, beyond this thickness, the misfit 

dislocation density increases [Takagi’10].  

2.4.4. Cross-doping  

During growth, the thermal load causes atom diffusions. These diffusions can be produced 

between layers and in this case, Si atoms could diffuse towards the GaP layer and Ga and P 

atoms toward the Si substrate, modifying the doping level of the adjacent layers and hindering 

the reach of the optimum carrier concentrations. This is denominated as cross-doping and can 

also be an issue in the III-V/Si interface, since it could reduce the bottom cell performance due 

to the doping level distortion.  

It has been observed that, to minimize cross-doping, it is beneficial to cover completely the 

substrate with a group-V material before growth [Winterfeld’18] by means of an exposure, for 

instance. An As interlayer was found to reduce the Si out-diffusion [Kohama’88]. Furthermore, 

high V/III ratios can be also beneficial [Winterfeld’18] for this issue. 
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2.5. Overview of the pre-growth process  

In the previous section, a list of the difficulties and challenges that need to be faced when trying 

to nucleate GaP on Si have been presented. These difficulties have spurred the study of the 

surface science and physics of the Si wafer in a MOVPE environment prior to the growth of the 

GaP layer proper. A deep understanding of this surface science is instrumental in the 

development of a high-quality GaP nucleation routine. In this section we summarize the works 

presented over the last years on the surface science applied to GaP/Si heteroepitaxial growth. 

Prior to the nucleation of GaP on silicon the substrate needs a rigorous preparation in order to 

avoid undesirable contaminants as carbon or oxygen at the III-V/Si interface [Henderson’72] and 

to prevent certain defect mechanisms induced by polar on non-polar growth, achieving a defect-

free III-V template [Döscher’11]. If no preparation is carried out, antiphase disorder, stacking 

faults or dislocations would be produced in the subsequent layers, exhibiting poor morphology 

as 3D growth or island formation [Döscher’10a].  

Therefore, prior to putting the substrates into the reactor if the subsequent processes do not 

reach enough temperature to pyrolyze contaminants or oxides, a chemical cleaning can be 

carried out in order to remove this undesired contaminants from the wafer, which is crucial for 

high-quality heteroepitaxy [Brückner’13] [Dixit’06]. Some different treatments can be made, as 

will be commented, as RCA standard clean process [Kern’70] or a HF-dip [Supplie’18a]. 

After or during contaminants removal, a double-height steps on the substrate need to be 

promoted [Kroemer’80], since double-step has been observed to reduce the appearance of 

APDs [Volz’11]. For this purpose, a high-temperature (900ᵒC - 1100ᵒC) annealing can be carried 

out, in which, with an atmosphere of hydrogen, the diffusion of Si atoms generates double-atom 

steps with the same domain [Kunert’08]. In addition, this annealing can eliminate the remaining 

traces of oxide or other contaminants [Döscher’10a] [Samuelson’84]. Some authors include a Si 

homoepitaxial growth before or after the annealing [Grassman’16b] [Brückner’17] [Volz’11] 

[Beyer’12], but such introduces an additional degree of complexity in the epitaxial process. The 

p-n junction can be created like in conventional multijunction solar cells, where it is formed by 

diffusion [García-Tabarés’13b]. 

A short flux of one of the precursors of group III or V atoms prior to GaP nucleation as pre-

exposition is recommended to create a dimerized surface, which improves the wetting of the 

subsequent GaP layer. This pre-exposition favors the formation of a 2D nucleation growth 

[García-Tabarés’15a]. Furthermore, the exposition of precursors at high temperature is able to 

remove contaminants at lower temperatures than usual [Warren’15b] [Hannappel’04] and 

facilitates the reduction of the minimum temperature for deoxidation [Warren’15a]. For these 

reasons, the pre-exposition can be made before the annealing [Paszuk’18b]. But, on the other 

hand, it is very necessary to calibrate this exposition properly since most of the precursors can 
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generate roughness on the surface, which would be very detrimental for the subsequent growth 

[Hannappel’04] [Warren’15b] [García-Tabarés’13a].  

For this issue, some authors have studied a subsequent annealing under hydrogen previous to 

the nucleation (or after the pre-exposition to the III-V precursor). This annealing in H2 without 

precursor supply leads to atomically well-ordered and smooth Si surfaces driving to a 

reconstruction of the surface. Thus, the surface roughening is reversible [Hannappel’04] 

[Paszuk’17b] [Paszuk’18b].  

Then, the GaP nucleation can be made. There is a wide range of possibilities for the GaP 

nucleation, as for reactor used, temperature, pre-exposition, V/III ratio or nucleation mode. The 

nucleation mode involves continuous or pulsed growth, known as atomic layer epitaxy (ALE). 

Each variable plays an important role and what has been reported to be successful for obtaining 

a 2D layer in one case, might lead to a 3D island-type growth in a different system [García-

Tabarés’15a].  

2.5.1. The silicon (100) surface  

Silicon wafers oriented toward (100), the most used in solar cells, are formed by terraces, which 

follow two different domains (2x1)/(1x2) alternatively [Schlier’59] [Brückner’11] [Kunert’08], as 

can be observed in the figure 2.6. These domains alternate Si-Si dimer orientation and are 

separated by a single-atomic step edge [Döscher’08] [Beyer’12] [Swartzentruber’93]. Following 

the criterion of [Chadi’87], the dimer orientation on the terrace parallel to the step edge is 

considered as A-type, whereas perpendicular dimers to the step edge are B-type. B type 

corresponds to a (2x1) and A to a (1x2). As for the steps, single steps are labeled as S and double 

steps as D as seen in figure 2.6. Thus, a Si (100) is commonly formed by SA/SB [Brückner’17] 

[Fang’90].  

As mentioned, the ideal surface for a GaP nucleation is composed of double steps with one single 

domain, i.e. either pure DA or DB, as in figure 2.6.b. So, one of the first processes to be carried 

out before GaP growth is to transform the as-received Si (100) SA/SB surface (figure 2.6.a) into a 

complete DA or DB surface. This can be attained by a thermal treatment as will be discussed 

below. It has been observed that a higher misorientation degree from (100) tends to favor the 

formation of double-steps, so vicinal surfaces are preferred over pure (100) orientations 

[Brückner’17] [Volz’11] [Jaloviar’99] [Swartzentruber’93] [Fang’90]. The reason for this is that in 

vicinal surfaces the required energy to transform single into double steps during the annealing 

process is lower since the atoms at the edge of the less-stable steps will diffuse easier as 

adatoms to the higher-stable steps until the former have disappeared forming double-height 

steps [Kroemer’87]. The surface domain can be controlled in the annealing process as a function 

of the kinetic driving force, also by changing the hydrogen pressure [Brückner’17] [Paszuk’17a]. 

However, predominant double steps have also been accomplished in substrates in almost 

perfect (100), just misoriented about 0.1° [Döscher’08], or without any misorientation 
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[Beyer’12]. But, in these cases, defects as APD or higher density of dislocations [Fischer’86] have 

been observed, regardless. These substrates are of interest for CMOS applications but offer no 

advantage in the case of solar cells where (100) vicinal substrates are used [Volz’11]. 

Several authors have reached a double-step configuration with a single domain with different 

wafer misorientations. For instance, Si (100) substrates towards [110] with different angles have 

been proven to produce double stepped surfaces [Kunert’08] [Brückner’11] [Németh’08]. But, 

in some cases, defects have been observed in the subsequent III-V growth [Takagi’10] or 

different processes not considered in this research has been employed, as Si homoepitaxial 

growth [Grassman’09]. In the case of substrates misoriented toward [011] or [111], several 

Figure 2.6. Upper part: the four possible atomic configurations of a Si (100) surface following the criterion of 

[Chadi’87]: SA (top left) and SB (top right), as well as DA (bottom left) and DB (bottom right) [Paszuk’17a]. Bottom part: 

Sketches of the atomic surface structures of Si (100) defined by the dimmer orientations according to the step edge, 

a) single-stepped structure (2x1)/(2x1) (SA/SB) and b) double-stepped structure with one single domain (DB) [García-

Tabarés’15a]. 
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authors have reported double-step formation [Soga’95] [Bringans’86] [Warren’15a] 

[Hannappel’04]. Although some have also employed different processes or steps [Paszuk’18a] 

[Grasmann’19] not considered in this research, like Si homoepitaxial growth, most of them 

report good values for the RMS surface roughness and no observable defects [Warren’15a] 

[Geisz’06] [Supplie’15b] with similar routines in MOVPE as those studied here [García-

Tabarés’15a]. As mentioned, it is important to take into account that what has been reported to 

be successful in one case, might lead to a failed growth in a different system [García-

Tabarés’15a]. For this reason, in this research line substrates Si (100) toward [111] have been 

primarily studied. 

2.5.2. From the real surface to a Si (100) double-stepped surface 

Unfortunately, the surface of a real (100) silicon wafer will never look as the sketches shown in 

figure 2.6. Si surfaces are almost always covered in a thin SiO2 layer. In the case of epiready 

wafers, this thin layer is formed in a controlled way, so it has the precise thickness to protect 

the underlaying crystal and be readily removable under growth conditions. In addition, there 

might be also other types of contaminants on the surface (typically C) that must be efficiently 

removed too. In this section the cleaning processes and treatments that are used to turn a real 

oxidized surface into a clean Si (100) double-stepped surface are faced. 

2.5.2.1. Wet chemical cleaning  

The first key step in the integration of III-V semiconductors on silicon is the preparation of the 

substrate prior to the introduction of the wafer into the reactor. A chemical cleaning to eliminate 

the silicon native oxide and other contaminants that might be on the surface has been reported 

to be crucial for guaranteeing a high-quality nucleation [Brückner’13] [Kunert’08] [Dixit’06] 

[Döscher’11]. The fact of the matter is that contaminants or traces of SiO2 have the potential to 

induce defect nucleation and non-ideal growth modes, as well as to prevent a full double-step 

surface reconstruction [Grassman’09] [Fang’90]. This is because contaminants form 

thermodynamically preferred bonding sites for impinging Ga and P atoms [Grassman’09]. As a 

result, this ends up degrading the morphological and the electrical quality of the layers [García-

Tabarés’15a]. Furthermore, some other contaminants –as transition metals like Fe– can diffuse 

into the wafer during the annealing, degrading its bulk lifetime [García-Tabarés’15b].  

The chemical cleaning par excellence of a silicon wafer is the so-called RCA standard clean 

process, which has been used for 50 years [Kern’70]. The process consists of two consecutive 

solutions: SC-RCA1 + SC-RCA2. The first is the alkaline solution H2O:H2O2:NH4OH, which removes 

the oxide and organic contaminants combining the solvating action of ammonium hydroxide and 

the oxidizing action of the hydrogen peroxide. Then, the substrates can be dipped in HF in order 

to remove the oxide formed in the previous step. The second solution H2O:H2O2:HCl removes 

any alkali residues and traces of metal. Both steps are carried out at 75-85ºC. Finally, a dip in HF 

to remove the silicon oxide and obtain a H-passivated surface can be made [Kern’70]. Although 
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this process has been proven to be effective [Narayanan’98] [Olson’86] [Paszuk’17a], it is time 

consuming and expensive. 

Some authors have proved the effectiveness of HF based solutions for etching silicon oxide. 

Thus, a brief immersion in HF solution could be enough [Kern’18]. An HF dip dissolves native SiO2 

(which is generally up to 20 Å [Fang’90]) and leads to the passivation of dangling bonds by atomic 

hydrogen, that is more stable that the clean Si (100) [Supplie’18a]. In any case, the surface 

remains susceptible to uncontrolled reoxidation and contamination in air [Döscher’11]. Anyway, 

the HF-based cleaning method offers advantages in terms of simplicity and costs [García-

Tabarés’15a]. 

After the chemical cleaning, when the oxide has been removed, the wafer is hydrophobic (Si) 

instead of hydrophilic (SiO2) [García-Tabarés’15a], which is a good indicator for checking the 

oxide removal.  

Once the chemical clean has been completed, the wafers need to be swiftly loaded into the 

MOVPE reactor where the cleaning and transformation of the surface is completed through 

thermal treatments. 

2.5.2.2. Thermal annealing treatment  

For a complete preparation of the Si surfaces, a thermal annealing should be carried out. This 

removes the remaining traces of contaminants and oxide and favors the formation of the desired 

double-stepped surface with a single domain. As already presented, the ideal surface 

configuration for a high-quality III-V layer epitaxial growth on silicon consists of a set of Si 

terraces of uniform width forming a single domain surface (all oriented coherently) and 

separated by double steps. This is a crucial prerequisite on Si (100) to prevent the formation of 

APDs [Kunert’08] [Brückner’13]. In order to guarantee this and to have a clean surface as well, 

the wafers are submitted to an initial thermal annealing prior to the epitaxial growth under 

hydrogen ambient. 

The interaction between H2 and the Si surface in a MOVPE reactor can be strong, so it is 

important to note that the chamber temperature and pressure will have an important impact 

on the domain and step formation [Paszuk’17a]. The hydrogen interacts noticeably with the Si 

surface at higher pressures (e. g. 950 mbar), which leads to formation of double layer steps with 

A-type majority domain on the terraces through kinetically driven processes. However, at lower 

pressures (e. g. 50 mbar) the kinetic driving force is reduced and the hydrogen interaction with 

the Si surface is lower which results in energetically governed double-layer step formation with 

B-type majority domain [Brückner’17] [Paszuk’17a].  

Regarding the temperature, it depends on the pressure. With ultra-high-vacuum (UHV) 

conditions the deoxidation takes place at 800ᵒC [Supplie’18a] with double-height step 

[Grassman’09], but two domains have been observed at atmospheric pressure at this same 

temperature [Bringans’86]. Under pure H2 environment employed in MOVPE, higher 
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temperatures are required, exceeding 900°C, for a complete oxide removal [Volz’11] 

[Supplie’18a]. At this temperature, the deoxidation of the surface can be achieved in 30 minutes 

[Döscher’11]. Other authors give temperatures of the order of 1000 to 1100°C [Döscher’10a] 

[Olson’86] [Samuelson’84] [Aspnes’86] for around 10 minutes, which is sufficient under a H2 

ambient and a pressure of 950 mbar [Beyer’12] [Döscher’11]. At these temperatures or even at 

950ᵒC with this time, one domain has been observed with double-layer steps [Bringans’86] 

[Sakamoto’86] [Beyer’12]. Therefore, in a MOVPE reactor with H2 ambient the annealing needs 

to be over 950ᵒC for at least 10 minutes in order to achieve a clean surface with double steps.  

Some authors have used an additional precursor, as Tertiarybutylarsine (TBAs) [Paszuk’18a] or 

arsine (AsH3) [Warren’15a] [Hannappel’04], to reduce of the minimum temperature required for 

an effective deoxidation from around 950°C in the As-free case to about 800°C [Warren’15a] 

[Hannappel’04]. However, it is worthy to note that surface roughening may occur 

[Hannappel’04], which is very damaging for the subsequent III-V growth.  

The use of a different carrier gas in the MOVPE process, such as N2 or Ar, does not lead to a 

reduced temperature requirement for an effective Si deoxidation procedure [Supplie’18a].  

Some authors include a Si homoepitaxial growth before the thermal annealing [Grassman’16a] 

[Brückner’17] [Volz’11] [Beyer’12]. This produces the best possible Si surface for the subsequent 

III-V growth at the price of introducing an additional degree of complexity, as for Si homoepitaxy 

the use of a second reactor is considered necessary for avoiding cross-contamination.   

Figure 2.7. RAS signals of  monohydride-terminated Si (100) surfaces with 6° off-cut where the 

samples have been prepared with a specific thermal treatment in order to achieve double-

stepped surface with both A-type domain and B-type domain [Brückner’17].  
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Reflectance anisotropy spectroscopy (RAS) measures the normalized reflectance difference 

between two perpendicular directions on the surface plane at normal incidence configuration 

[Brückner’11]. The preferential orientation of the dimers on the Si surface will follow one of 

these perpendicular directions so, with RAS, it is possible to evaluate in situ the type of surface 

reconstruction in a MOVPE environment. More details about this technique can be found in 

[Barrigón’15a]. For example, in figure 2.7, it is possible to observe the characteristic RA spectra 

of Si (100) surface with a miscut of 6° with the two possible orientations for the double-steps, 

namely, A-type (green) and B-type (red) domains. These spectra were taken in a MOVPE 

environment where the Si surface is passivated with H, therefore it is the so-called monohydride 

terminated Si. So, once this signals have been associated with a given dimer orientation (using 

complementary techniques such as LEED [Brückner’11]) by measuring them, we can detect our 

type of reconstruction and its intensity. On the other hand, the presence of two domains on the 

surfaces join signals and would cancel the RAS signal [Paszuk’17a] as a result of the equitable 

distribution of dimers [Brückner’11]. Moreover, the presence of oxide on top of the silicon 

surface would also turn into a featureless signal since this amorphous material exhibits no 

optical anisotropy. Thus, RAS signals with low intensity (or absence of RAS signal) reveal either 

the presence of oxide or an even distribution of dimers in the two possible domains. Finally, it 

should be noted that RAS signals depend on the temperature and substrate miscut. Therefore, 

calibrations for different temperatures and miscuts are needed in order to identify the relative 

presence of different domains [Brückner’13]. 

2.5.3. Pre-exposure  

In many works, Si (100) substrates are exposed to a short flux of one of the III-V precursors 

before the GaP growth actually starts. This is done to improve the wetting of the subsequent 

GaP layer, favoring in this way, the formation of a 2D nucleation layer [García-Tabarés’15a]. 

Furthermore, this so-called pre-exposure aids in the deoxidation and the elimination of 

contaminants as carbon or oxygen [Paszuk’18a] [Warren’15a] [Hannappel’04]. The pre-exposure 

is also interesting in order to form a p-n junction for the bottom subcell by the in-diffusion of 

the main atom in the precursor. However, as mentioned, this pre-exposure can be detrimental 

as it can etch (i.e. roughen) the surface [Hannappel’04] [García-Tabarés’15a]. For this reason, 

this routine needs to be carefully calibrated.  

2.5.3.1. TBP or PH3 pre-exposure  

Some authors have studied the exposure to TBP or PH3 for guaranteeing a high-quality 

nucleation [Takano’09]. If the growth precursors (PH3 and TMGa) are firstly introduced 

simultaneously into the reactor chamber, it is likely that the nucleation follows a 3D growth-type 

due to the weak interaction between P and Ga with Si atoms [Soga’93]. In this way, the pre-

exposure of the P-precursor to the silicon substrate can cover the surface by P dimmers, 



Chapter 2 
Toward the nucleation of III-V semiconductors on silicon substrates 

 

29 

increasing the wetting of the GaP-Si and in a certain way, capturing the migrating Ga and thus, 

favoring a 2D nucleation [Soga’93] [García-Tabarés’15a]. 

The phosphorus pre-exposure can be carried out at high (650°C - 900°C) [Dixit’06] [Soga’93] 

[Takano’09] or at lower temperatures (400°C - 650°C) [Németh’08] [Yamane’09]. At high 

temperatures, a very rough Si surface is obtained, and the coalescence of GaP islands and a 3D-

growth is commonly observed [García-Tabarés’15a]. In figure 2.8, the RAS spectrum of a Si 

sample exposed to a TBP pre-exposition is shown. It is possible to appreciate the absence of the 

characteristic minimum after the opening of the precursor, which does not show any anisotropy, 

indicating that the surface is either disordered or with two domains [Paszuk’17b]. This is 

confirmed by the Low Electron Energy Diffraction (LEED) pattern from this surface (see inset in 

Fig. 2.8) that exhibits spots at half order along [011] directions, which indicates A-type and B-

type domains respectively. The use of low temperature under these precursors leads to the 

formation of a GaP layer with a lot of defects, especially [111] stacking faults [Navarro’17], and 

equally a rough surface is commonly obtained [García-Tabarés’15a]. 

However, not only the temperature plays an important role in this process. The partial pressure 

of the precursor is an important variable that needs to be studied. Annealing a Si sample under 

high PH3 partial pressure leads to the formation of a SiP compound on the surface with misfit 

dislocations occurring almost every 20 atoms [Hannappel’04]. Moreover, the large amounts of 

PH3 in the reactor degrade the surface morphology of the samples [García-Tabarés’13b]. This is 

due to Si hydration and subsequent dimmer displacement [García-Tabarés’13a]. With low flush 

Figure 2.8. RA spectra of monohydride terminated (green line), TBP annealed Si (100) 

(orange line) and after subsequent annealing in H2 (blue line). The inset shows the LEED 

pattern from the Si (100) surface after annealing in TBP and subsequent H2 ambient 

[Paszuk’17a].  
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of PH3, the morphological quality of nucleation layers presents moderate roughness, which is 

still detrimental for the subsequent growths [García-Tabarés’15a]. 

It is possible to carry out an additional annealing at high temperature in H2 after the pre-

exposure in order to diffuse the P atoms into the silicon and restore the Si surface. But, as shown 

in figure 2.8, the minimum signal exhibits lower amplitude after the additional annealing than 

before the TBP pre-exposition, which indicates that the surface does not show single domain 

[Paszuk’17a].  

This TBP and PH3 pre-exposures lead to a roughened surface, non-single domain [Paszuk’17a] 

and high density of crystal defects in all cases, which is associated to the absence of a Si 

homoepitaxial layer that guarantee a spotless surface [García-Tabarés’15a] [Yamane’09]. But as 

mentioned, in this research the Si homoepitaxial growth is intended to be avoided due to the 

increase of the routine complexity.  

2.5.3.2. TMGa pre-exposure 

Group-III exposure can be also beneficial for the nucleation of GaP. During the pre-exposure 

exactly one monolayer of Ga should be deposited on the substrate, because an excess of Ga 

deposition would result in the formation of metal droplets and silicon etching.  After exposure 

to TMGa, at low temperatures (500°C - 600°C), the nucleation of GaP forms islands that evolve 

over time increasing the roughness drastically. Therefore, the exposure of Si wafers to a group-

III precursor at low temperatures does not favor the GaP nucleation even at optimum conditions 

[García-Tabarés’15a].  At higher temperatures (700°C - 800°C) the formation of the GaP layer is 

heterogeneous with hillocks on the surface presenting a 3D growth-mode.  

Therefore, at this moment the pre-exposure of group-III is set aside due to it has been 

demonstrated not to be optimum approach for ensuring a high-quality GaP nucleation [García-

Tabarés’15a]. 

2.5.3.3. TBAs or AsH3 pre-exposure  

The study of As pre-exposure has also been carried out by numerous authors [Warren’15a] 

[Hannappel’04] [Paszuk’17a] [García-Tabarés’15a]. The purpose of this pre-exposure, as with P, 

is to improve the wetting of the GaP-Si and promote a p-n junction into the silicon substrate 

[Grasmann’13] [García-Tabarés’15a]. On the other hand, in-situ preparation of an adequate Si 

p-n junction is challenging [Paszuk’17b] since As-precursors are also able to increase the surface 

roughening due to the etching of Si through the reaction 3Si(s) + 4AsH3(v) → As4(v)+3SiH4(v) 

[Hannappel’04]. Increasing the time or TBAs/AsH3 flow rate, increases the surface roughness of 

the Si surface [Warren’15b].  

Compared to P-Si, As-Si bonds on Si (100) surfaces are supposed to be more stable [Warren’15a] 

[Paszuk’18b] [Navarro’17] [Kohama’88]. The covalent radius of As atoms is only slightly larger 

than that of Si, which makes As atoms very likely to produce a continuous and stable coverage 
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of Si surfaces [Kohama’88] even at high temperatures (around 800°C), favoring 2D-growth and 

a defect-free interface [Navarro’17]. In addition, As-precursors are able to remove traces of C 

and O contaminants from the surface [Zhong’89] [Navarro’17] [Warren’15a] [Bork’07] 

[Hannappel’04]. Arsenic-assisted in-situ cleaning facilitates the reduction of the minimum 

temperature required for an effective deoxidation from around 950°C in the As-free case to 

about 800°C [Hannappel’04] [Warren’15a]. 

As in the phosphorous pre-exposure, an annealing under H2 can be proceeded after the pre-

exposure in order to achieve single domain. This (1x2) single-domain Si (100):As has been 

demonstrated recently for different misoriented degrees when the Asx pre-exposure is carried 

out before annealing under H2 [Supplie’15b] [Warren’15a]. The subsequent annealing in H2 

without precursor supply leads to atomically well-ordered, smooth Si (100) surfaces with 

prevailing (1×2) surface reconstructions suitable for III-V nucleation [Paszuk’17b].  This has been 

proved both with AsH3 [Warren’15a] and with TBAs [Supplie’15b] [Paszuk’18b], where the pre-

exposures have been made during the heat-up for several misoriented substrates, like Si (100) 

4° and 6° toward [011] [Paszuk’18b] and 4° toward [111] [Warren’15a]. 

But not all the conditions lead to a clean and dimerized Si surface. For instance, the use of low 

temperature using AsH3 has been proven to result in the formation of a GaP layer with no 

smooth surface and a lot of defects [García-Tabarés’15a], especially [111] stacking faults 

[Navarro’17]. On the contrary, at high-temperature (around 800°C) AsH3 pre-exposure results in 

Figure 2.9. RAS signal of Si (100):As with 0.1° (dashed lines) and 4° (solid lines) off-cut 

exhibiting predominant B-type (red) and A-type (green) surface reconstruction domains. 

The pre-exposures were carried out with TBAs precursor [Paszuk’18b]. 
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a defect-free growth [García-Tabarés’15a] with promising roughness [Warren’15a]. In the case 

of TBAs pre-exposure in MOVPE and without Si homoepitaxial, the best results have been 

achieved at high temperature (around 800°C) as well, presenting a defect-free and a smooth 

GaP growth after treatment [Paszuk’18a]. In all these cases, an exposure to H2 with a background 

of Asx was carried out after Asx pre-exposure.  

As mentioned, the annealing of Si (100) beyond 800°C in the presence of TBAs/AsH3 can also be 

applied to create p-n junctions in the Si (100) substrate, but can result in roughened, two-domain 

surfaces [García-Tabarés’13a] if a subsequent H2 annealing is not carried out. The RMS 

roughness of surfaces with P- and As-exposure is lower after additional annealing in H2 ambient, 

but this drop is more prominently for Si:As than for Si:P [Paszuk’17a]. In effect, this indicates a 

recovery of the surface morphology due to the annealing procedures in hydrogen 

[Hannappel’04].  

Furthermore, As atoms accumulated at the GaP/Si interfaces, playing an important role in 

preventing Si out-diffusion into the GaP epilayers [Kohama’88]. 

As we discussed around Figure 2.7, RAS can be used to detect the type of surface reconstruction 

and for the quantification of dimerized domains [Döscher’10b]. As can be observed in figure 2.9, 

for a TBAs exposure after an annealing achieving a (2x1) reconstructed surface, the RAS signal 

shows a broad maximum between 2.0 eV and 2.8 eV, a minimum at 3.2 eV and maximum at 3.8 

eV [Paszuk’18a]. The amplitude of RAS consistently increases with lower offcut angle 

[Paszuk’17a]. The opposite sign is observed for B-type [Paszuk’18b]. If the intensity of the RAS 

peaks at 3.2 eV were much lower, the cause could be different domain ratios on the surface 

[Paszuk’18a]. In the case of AsH3 pre-exposures, the RA spectrum for dimerized As/Si samples 

has peaks with energies at 3.35 eV and 3.85 eV, as shown in figure 2.10 [Warren’15a]. As the 

energy peaks changes as a function of the temperature of the measurements, it is possible to 

affirm that the RAS signals are similar when the pre-exposure is both of TBAs and AsH3. 

Figure 2.10. RAS signal of a Si (100):As with 4° misoriented towards [111] before (black), during 

(red-dashed) and after pre-exposure (blue). The pre-exposure has been carried out with AsH3 

precursor [Warren’15a].  
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In conclusion, when TBAs/AsH3 preflow is used to form an As-stabilized surface on a top of a 

vicinal (100) Si substrate right before GaP growth, the crystalline quality of the GaP epilayers 

improves drastically [Kohama’88]. In this way, achieving a defect-free epitaxial layer for a wide 

range of TBAs/AsH3 pre-exposure times using high growth temperature [Navarro’17]. 

2.6. GaP growth 

Up to nowadays, there is not a well-established routine for a complete nucleation process. 

Several authors have employed pulsed growth mode [Beyer’12] [Grassman’13] [Yamane’09]. 

Although thicker layers cannot be grown due to the appearance of 3D growth [García-

Tabarés’15a], this mode has presented promising results with high-quality growths in MOVPE 

[Voltz’11], achieving even RMS of 0.7 nm [Grassman’13]. This growth mode allows the use of 

lower temperatures, such as 450°C. At these temperatures, the most common precursors used 

in this mode, as TBAs or TBP, can carry out the pyrolysis efficiently as well. But these precursors 

have a higher prize compared to the most common precursors used for III-V semiconductors, 

PH3 and AsH3. Moreover, most of the authors have turned to a prior Si homoepitaxial growth 

[Beyer’12] [Yamane’09] [Volz’11] [Grassman’13]. Figure 2.11.a shows the AFM image of a 

homoepitaxial Si buffer misoriented towards [110] and figure 2.11.b shows the cross-sectional 

a) 

b) 

Figure 2.11.  a) AFM image of a homoepitaxial Si buffer misoriented towards [110]. b) Cross-sectional 

high resolution TEM micrograph of a GaP nucleation layer on Si grown with pulsed mode [Volz’11]. 
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high resolution TEM micrograph of a GaP nucleation layer on Si grown with pulsed mode 

[Volz’11]. As for the continuous mode, growths at both low temperature [Supplie’15b] 

[Németh’08] and high temperature have been developed [Warren’15a] [Dixit’06]. The defect 

density of GaP nucleated at high temperature was found to be strongly reduced when nucleating 

on Si (100):As [Navarro’17]. Some authors have achieved an APD-free GaP growth [Warren’15b] 

[Németh’08] with one single domain [Paszuk’18b]. The V/III ratio also takes part in the quality 

of GaP growth. It has been observed that high V/III ratios are beneficial to reduce island 

formation [Soga’93] [Suzuki’91]. High-quality 2D nucleation have been reported [Warren’15a], 

reaching RMS around 0.27 nm [Paszuk’18a] while employing As-precursors as pre-exposure, 

which are able to reduce Si out-diffusion besides [Kohama’88]. This is the mode that is employed 

in this research, since the temperatures can be higher and cheaper precursors, as PH3 and AsH3, 

can develop the pyrolysis in an efficient way. 

2.7. Starting point and goals for this part of the thesis 

In this chapter, we have introduced the structure for the III-V/Si tandem solar cell that we are 

targeting, and we have discussed the challenges that its growth entails. In particular, an 

instrumental step in this development is the nucleation of a high-quality GaP layer on the silicon 

wafer. We have described in detail the challenges around this heteroepitaxial process and the 

works in the literature that describe our limited understanding of the processes that influence 

the quality of such a heteroepitaxial design. Therefore, it is now possible to present a state-of-

the-art process for GaP/Si nucleation and the IES-UPM process which was developed in a Thesis 

which preceded this one [García-Tabarés’15a]. Table 2.1 telegraphically describes these 

differences. 

As can be observed in the table, as mentioned, the widespread processes develop this 

nucleation routine in a more complex way: The RCA standard clean process takes more time and 

more resources than a HF-dip, which has been demonstrated to fulfill the purpose [García-

Tabarés’15a]. Furthermore, in many works the double-stepped silicon surface is achieved 

through a Si homoepitaxial growth, which entails the use of two reactors in order to avoid cross 

contamination. The MOVPE reactor at IES is set up with a III-V semiconductors configuration and 

therefore, the reachable temperatures are lower than those used in conventional III-V/Si 

integration. As for the growth mode, the pulsed growth is a promising method, but the use of 

expensive precursors limits its industrial possibilities. Thus, in this case, suppressing the Si 

homoepitaxial growth and with this reactor set-up with III-V standard precursors, the nucleation 

would be more straightforward and more industrially scalable. 

Regarding the pre-exposure, in previous experiments [García-Tabarés’15a] it was observed that 

the most promising results were carried out at high temperature (700°C – 800°C) employing 

arsine (AsH3) as precursor, as shown in section 2.5.3.  
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Table 2.1. Comparison between the most standard processes in the GaP nucleation on silicon and the routine process 

that is intended to be developed in this line research. 

Advantages Disadvantages

Cleaning 
RCA + Thermal 

annealing 

HF-dip + Thermal 

annealing

Less expensive 

and time 

consuming

Less efficient

Doble step 

formation

Thermal annealing 

and Si 

homoepitaxy

Thermal annealing

Use of one 

reactor 

instead of two

Lower 

temperatures 

reached

GaP growth Nucleation 
Pulsed mode or 

continuos mode 
Continuous mode

Precursors less 

expensive

Need of higher 

temperatures

Substrate 

preparation 

Process Purpose Most widespread In this research
Comparison

 

In this line, it is intended to deepen in the AsH3 pre-exposure for the GaP nucleation, whose 

results are presented in the next chapter. The chapter 4 shows the results of the GaP nucleation 

following this philosophy and finally, this part of the thesis ends with the presentation in chapter 

5 of some GaP characterization and the first results of a Si bottom cell developed with this 

routine. 
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3  

Pre-exposure of silicon substrates to 

AsH3  

3.1. Introduction 

In the last chapter, the steps prior to GaP growth on the silicon substrate were described. It was 

observed that in addition to a chemical cleaning and a thermal treatment, a pre-exposure of the 

substrate to either PH3 [Hannappel’04] or AsH3 [García-Tabarés’15a] could be beneficial for 

achieving a high-quality nucleation layer. 

On the one hand, arsenic-precursors were claimed to be the best candidates for this pre-

exposure since they form an As-stabilized surface on the Si substrate improving the wetting of 

the GaP-Si, favoring silicon deoxidation and the removal of contaminants from the surface 

[Warren’15a] [Hannappel’04]. These facts induce a higher crystalline quality of the GaP 

nucleation [Kohama’88] [García-Tabarés’15a] and thus, defect-free and smooth epitaxial layers 

can be accomplished [Paszuk’18a] [García-Tabarés’15a]. 

On the other hand, these As pre-exposures, as also happens with others group V precursors, can 

cause Si surface roughness that it is detrimental for the subsequent growth of III-V layers 

[Hannappel’04] [Warren’15b].  

Chapter 
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For this reason, AsH3 pre-exposure needs to be tuned very precisely to give the final boost to 

the in-situ cleaning of the substrate without causing any surface degradation, as well as 

producing a surface perfectly covered in As-dimers forming a single domain. 

This chapter presents our efforts in this optimization. AsH3 pre-exposures are studied in this 

chapter in terms of duration, temperatures and AsH3 flows, considering several misorientations 

for the Si wafer in order to optimize the growth routine in the MOVPE reactor. For these studies, 

the RAS measurements are used as a diagnosis tool taking as a baseline reference signals for 

known surface reconstruction available in the literature [Paszuk’18b] [Warren’15a] 

[Hannappel’04]. 

3.2. On the need of the AsH3 pre-exposure after the initial 

thermal annealing 

As mentioned in the previous chapter, a thermal annealing under H2 is carried out before the 

AsH3 pre-exposure. Thermal annealings have been made between 730°C and 770°C for 30 

minutes under H2 ambient. Temperature values were measured using the pyrometer and the 

upper 770ºC represent the maximum temperature achievable with the heater available at the 

MOVPE reactor of the Solar Energy Institute. This thermal annealing has a twofold target: 1) it 

intends to favor the desorption of stubborn traces of the native oxide and other contaminants 

(C mostly) that might have survived the chemical cleaning; and 2) it aims at reaching the ideal 

surface configuration, consisting of double-stepped terraces. This is a crucial prerequisite on Si 

(100) for preventing the formation of APDs [Kunert’08] [Brückner’13], as commented in the 

previous chapter.  

Figure 3.1 illustrates why we need an AsH3 pre-exposure at all, or, in other words, why it is not 

enough to rely solely on the high-temperature H2 anneal to prepare the surface. The intended 

surface configuration that we are aiming at presents a characteristic RAS peak at 3.2 eV – 3.4 

eV, as depicted for example in figure 2.7 [Bruckner’17] [Paszuk’17a]. Figure 3.1.a shows the RAS 

color plot of a thermal annealing under H2 for 30 minutes and a subsequent AsH3 pre-exposure 

for 6:30 minutes carried out on a Si (100) 4°[111] substrate. In this graph, when at a given 

wavelength the pixels evolve from light to dark colors, it means that a peak in the RAS signal has 

emerged at that wavelength. The blue and green horizontal lines indicate the moment at which 

the spectroscopic measurements of figure 3.1.b were taken, namely, at the end of the H2 

annealing and AsH3 pre-exposure, respectively. These show the characteristic shape of the 

spectroscopic signals for these stages. In the case of the blue line, at the end of the thermal 

annealing, the characteristic peak is much weaker than the observed by other authors, which 

suggests the presence of two domains on the surface [Paszuk’17a] [Supplie’15c]. However, in 

the case of the green line, the hump in the RAS signal is intense and clearly defined. In fact, the 

emergence of the peak can be assessed in the color plot in figure 3.1.a just by tracking the 

change in color of the pixels around 3.8 eV in the vertical direction (i.e. as time flows). About 
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100 seconds after AsH3 is let into the reactor chamber pixels turn from orange-red to brown-

black evidencing the change in the surface configuration. The surface which forms by annealing 

the samples at much higher temperatures of 900°C [Volz’11] [Supplie’18a] [Bringans’86], is here 

achieved at lower temperatures after an AsH3 pre-exposure. 

At this point, it is important to clarify that the RAS measurements carried out in our set-up have 

absolute values, showing the negative signals as positives. So, after having empirically 

demonstrated the need of this pre-exposure, on the following sections we examine the 

influence of different aspects on its effectiveness.  

3.3. Influence of the substrate miscut 

The silicon substrate serves as the base for the III-V structure and therefore, its characteristics 

could affect the III-V quality. The misorientation of the wafers has influence in achieving the 

ideal configuration and a 2D nucleation mode. As the contaminants, the atoms that reach the 

surface tend to deposit on the edges of the steps and then, they produce the step flow while 

Figure 3.1. a) On the left, RAS color plot of a Si (100) wafer 

misoriented 4° toward [111] exposed to a chemical 

cleaning, thermal annealing under H2 and an AsH3 pre-

exposure at 715°C. The steps are separated on the color 

plot and the blue and green lines indicate the moment in 

which the spectroscopics of b) are taken. b) Spectroscopic 

measurements taken at the moment marked by the blue 

and green lines on a), at the end of the annealing and pre-

exposure respectively. It is possible to observe the 

characteristic bulge of one single domain around 3.2 eV 

during the thermal annealing.  



Chapter 3 
Pre-exposure of silicon substrates to AsH3 
 

40 

being nucleated, as can be seen in the figure 3.2. The orientation of the terraces and their angle 

can affect the removal of contaminants and the deposition of the atoms and thus, the growth 

mode. For these reasons, different miscut orientations and angles have been proven to find out 

which favor the 2D growth.  

In the previous chapter we discussed that high miscut angles favor the annihilation of APBs. In 

addition, it has been reported that higher degrees of misorientation from (100) surfaces ease 

the formation of double-steps [Fang’90] [Volz’11] [Brückner’17] [Jaloviar’99] 

[Swartzentruber’93]. The required energy during the annealing process is lower since the atoms 

at the edge of the less-stable steps will diffuse faster as adatoms to the higher-stable steps until 

the former have disappeared forming double-height steps [Kroemer’87]. Si (100) substrates with 

different angles towards both [110] [Németh’08] [Kunert’08] [Brückner’11] and towards [111] 

or [011] [Bringans’86] [Soga’95] [Warren’15a] [Hannappel’04] have been proved to produce 

double-stepped surfaces after thermal treatments. As the maximum temperature of our process 

is limited to around 780°C, it could we concluded that we should directly opt for the largest 

miscut available. However, it should be noted that going to higher miscut angles, increases the 

number of steps and decreases the mean terrace width. The relative concentration of steps 

determines the capability of the Si surface to adsorb foreign species (i.e. contaminants) or be 

etched by atomic hydrogen (i.e. AsH3). Therefore, in our case, where our so called “simple III-V 

on Si process” cannot rely on a high temperature cleaning, an optimum misorientation must 

(a) (b) 

(c) (d) 

Figure 3.2. Sketches of the misorientation criterion of silicon wafers. (a) Crystalline orientations of Si (100) wafers. 

(b) Stereographic projection of f Si (100) wafers. (c) Steps misoriented towards [111] in a Si (100). (d) Steps 

misoriented towards [110] in a Si (100). 
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exist where 1) APBs are minimized; 2) double step formation is achieved; 3) the medium 

temperature anneal + AsH3 pre-exposure cleaning is optimum; and 4) AsH3 induced roughening 

is minimum. Thus, in this research Si (100) with 2° and 4° towards [111] and 6° towards [110] 

have been explored in order to find the best options. These misorientations are represented in 

figure 3.2.c and d.  

3.3.1. RAS Analysis  

In this set of experiments, Si (100) wafers with the aforementioned misorientations were 

subjected to our standard initial routine. These wafers were chemically cleaned with a HF dip; 

loaded into the MOVPE reactor and a thermal anneal under H2 was carried out for 30 min; then 

the temperature is adapted to the target, prior to letting arsine into the reactor for the pre-

exposure. Meanwhile, RAS measurements are taken in order to characterize the process in-situ. 

The RAS signals of the different miscuts are then compared to ascertain the quality of each 

surface. 

The first comparison has been carried out between Si (100) wafers with both 2° and 4° 

misoriented toward [111], that have been subjected to a pre-exposure at 725°C. Their RAS 

signals are depicted in figures 3.3.a (after the first 20 seconds of exposure) and 3.3.b (after 2:30 

minutes of exposure). Figure 3.2 shows the characteristic RAS signatures of dimerization 

previously observed by other authors [Warren’15a] [Supplie’15c] [Hannappel’04], except for the 

case of 2°[111], where the hump is weak even after 2:30 min of pre-exposure (figure 3.3.b). This 

is also in agreement with the characteristic signals observed during the thermal annealing (not 

shown here). As discussed, the lower misorientation angle entails a less favorable situation for 

double-step achievement with one single domain [Volz’11] [Jaloviar’99] [Swartzentruber’93] 

[Fang’90] and this seems to dominate the compromise, being the lower cleaning capability or 

etching by AsH3 a secondary issue. 

Figure 3.3. RAS measurements of Si (100) with 2° and 4° toward [111] during the AsH3 pre-exposure at 725°C after a) 

20 seconds and b) 2:30. 
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The second comparison has been made with Si (100) wafers with 6° toward [110] and 4° 

misoriented toward [111], which were pre-exposed to arsine at 715°C. Their RAS signals are 

depicted in figures 3.4.a for the first 20 seconds of exposure and 3.4.b after 2:30 minutes, as in 

figure 3.3. It is also possible to see here evidence of the characteristic RAS signature of 

dimerization, but in this case the intensities are lower than at 725°C (figure 3.3). Perhaps, this is 

just due to the temperature, that influences in the measurements [Warren’15a]. The signals for 

both substrates are similar, which does not allow to come to any conclusion, making it necessary 

to evaluate these substrates further. 

As it has been observed that a higher temperature leads to a higher RAS signals, two Si (100) 

wafers with these misorientations have been exposed to arsine at 750°C. Their RAS signals after 

20 seconds of pre-exposure are depicted in figure 3.5. The characteristic RAS shape is present 

Figure 3.4. RAS measurements of Si (100) with 6° toward [110] and 4° toward [111] during the AsH3 pre-exposure at 

715°C after a) 20 seconds and b) 2:30. 

Figure 3.5. RAS signals of Si (100) with 6° toward [110] and 4° toward [111] during 

the AsH3 pre-exposure at 750°C after 20 seconds. 
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with even higher intensities than in figure 3.3; being slightly higher the amplitude for the Si 

substrate with 4° misoriented toward [111]. For this reason, Si (100) 4° [111] will be our prime 

choice, although 6° → [110] will not be put aside since more variables need to be evaluated. 

3.4. Influence of the AsH3 flow  

Another variable to take into account is the flow of arsine. A low flow could not be enough to 

cover the whole surface with As dimers, not facilitating the removal of contaminants, whereas 

a high flow could generate undesirable roughness on the silicon surface [Warren’15b]. For these 

reasons, it is important to calibrate the optimum flow to be introduced into the reactor chamber 

during the pre-exposure. To this end, some identical routines have been carried out, only varying 

the AsH3 flow, and their RAS signals are studied searching for the best dimerization in the 

shortest time in order to avoid surface degradation. As other parameters, to compare our results 

with other works is intricate, due to differences in reactor configuration and design which 

definitely affect the variables.  

3.4.1. RAS analysis 

Again, in this set of experiments, Si (100) wafers 4º→[111] were chemically cleaned with a HF 

dip; loaded into the MOVPE reactor and a thermal anneal under H2 was carried out at 770°C for 

30 min; then an AsH3 pre-exposure takes place at 740°C for 0:30 and 4:30 min. Meanwhile, RAS 

measurements are taken in order to characterize the process in-situ.  

The first comparison has been carried out between surfaces exposed to AsH3 flows of 10 

standard cubic centimeters per minute (abbreviated as sccm) and 50 sccm, which are the 

Figure 3.6. RAS signals of Si surfaces during the AsH3 pre-exposure with 

fluxes of 10 sccm (in red) and 50 sccm (in blue) 

 flow: 
flow: 
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minimum and maximum flows considered in this research. Flows higher than 50 sccm have been 

reported to generate surface roughness in a short period of time due to Si etching by As-H 

compounds [Hannappel’04]. As in the previous section, in figure 3.6 the RAS signals of these two 

routines at 30 seconds of pre-exposure are depicted. It can be observed that the dimerization is 

higher with the lowest arsine flow of 10 sccm at this temperature, which discards the use of 

flows higher than 50 sccm because they seem to be unnecessary for our purpose and the risk of 

surface deterioration is increased.  

Both in figure 3.7 and figure 3.8, the RAS measurements of silicon wafers exposed to a flow of 

50 sccm, to rule out definitely such high flow, and 30 sccm are shown after the first 20 seconds 

of the pre-exposure (figures a) and after 2:30 min (figures b). In figure 3.7 the AsH3 pre-exposure 

Figure 3.7. RAS measurements of Si samples exposed to an AsH3 flow of 30 sccm (green) and 50 sccm (blue) for 20 

seconds (a) and 2:45 mins (b) at 710°C.  

 
flow: 

flow: 
 

flow: 

flow: 

Figure 3.8. RAS measurements of Si substrates exposed to an AsH3 flux of 30 sccm (green) and 50 sccm (blue) for 20 

seconds (a) and 2:45 mins (b) at 720°C. 

 flow: 
flow: 

 
flow: 
flow: 
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was conducted at 710°C. Although the RAS signals are lower at this temperature as observed in 

the previous section, the characteristic peaks of dimerization are clearly visible [Hannappel’04] 

[Warren’15a] [Supplie’15c] in the samples with 30 sccm, unlike samples exposed to a flow of 50 

sccm, even at the first stages of the pre-exposure. In figure 3.8 the AsH3 pre-exposure was made 

at 720°C and the tendency observed in figure 3.7 is the same: the humps associated to 

dimerization in the curves are clearly apparent with flows of 30 sccm of AsH3  even in the first 

seconds (figure 3.8.a). Therefore, it seems logical to discard definitely the flow of 50 sccm since 

the dimerization can be obtained with lower flows, minimizing the risk of surface damage on the 

silicon surface [Warren’15b].  In view of this situation, flows over 30 sccm are dismissed and the 

range of flows that will be used is 10-30 sccm.  

3.5. Time and temperature of AsH3 pre-exposure 

The time and the temperature of the pre-exposure are critical variables because they must be 

long and high enough to decorate the silicon surface with dimers or remove the contaminants 

but not excessive to avoid surface degradation. Temperature and time are studied together 

since both are intimately connected: AsH3 interacts more intensively with the Si surface at higher 

temperatures and therefore, the time of the pre-exposure must be shorter to prevent superficial 

roughness. On the contrary, the As-Si interaction is lighter at lower temperatures and thus, the 

time needs to be longer, considering constant the other variables.  

For the determination of these variables, several AsH3 pre-exposures have been carried out at 

different temperatures being monitored by in-situ RAS measurements. Typically, the transient 

evolution of the RAS signal is monitored until the characteristic signatures for dimerization reach 

a stable point which describes the level of dimerization achievable under the conditions studied. 

Such time determines the duration needed for pre-exposure at that particular temperature. 

However, the dimerization or pre-exposure time and temperature can vary depending on 

substrate or AsH3 flow. For this reason, the substrate and arsine flow have been kept constant 

in these experiments, being employed those that showed the most promising results in the latter 

sections. 

3.5.1. RAS measurements analysis 

Again, in this set of experiments, Si (100) wafers 4º→[111] were chemically cleaned with a HF 

dip; loaded into the MOVPE reactor and a thermal anneal under H2 was carried out at 770°C for 

30 min; then an AsH3 pre-exposure with a flow of 30 sccm takes place at conditions reported in 

each case. Meanwhile, RAS measurements are taken in order to characterize the process in-situ.  

In figure 3.9, the characteristic RAS signals of a Si (100):As surface is represented by color plots 

(from white to black through reddish tones) as a function of energy and time during the arsine 

pre-exposure. In all the graphs, the stabilization of the signals indicates that the dimerization 

level is stabilized. However, the degree of oxide removal can only be checked after the 
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subsequent growth or by means of other methods. Figure 3.9.a shows the RAS signals of an AsH3 

pre-exposure carried out at 685°C. The peak at 3.6 – 3.8 eV is stabilized after around 2 minutes. 

However, the characteristic peak at 3.2 eV takes more time and reaches a stable value after 

Figure 3.9. Color plots of RAS signals of Si (100) 4° [111] substrates that have been subjected to a previous HF-dip 

chemical cleaning and thermal annealing under H2 for 30 minutes and, as shown, an AsH3 pre-exposure at 685°C (a), 

700°C (b), 710°C (c) and 720°C (d) in order to study the times and temperatures at which the dimerization is 

completed.  
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almost 3 minutes. In the case of the pre-exposure at 700°C, in figure 3.9.b, the stabilization of 

both peaks takes less time, around 1:40 for the peak at 3.6 – 3.8 eV and 2 minutes for the one 

at 3.0 – 3.2 eV. At 710°C both peaks are stable after 1:30 minutes, figure 3.9.c, and their signals 

are higher than at lower temperatures. In the case of the pre-exposure carried out at 720°C, in 

figure 3.9.d, the signals are as high as at 710°C, but the stabilization of the peak at 3.0 – 3.2 eV 

is slightly earlier, around after 1 minute of pre-exposure. Higher temperatures have not been 

considered because of the risk of surface damage [Hannappel’04]. 

These four graphs confirm the close relationship between time and temperature in this step of 

the growth routine. As mentioned, higher temperature fosters the interaction between As, and 

Si, due to the higher interaction and the greater effectiveness of arsine pyrolysis. This entails a 

shorter required time for the dimerization. On the contrary, it has been observed that lower 

temperatures require longer pre-exposures for achieving the dimerization.  

Although dimerization has been observed, we have no information about the complete removal 

of trace contaminants. Consequently, further characterization needs to be carried out after the 

growth of the GaP nucleation layer, in order to check that the traces of silicon oxide or carbon 

are not present.  

3.6. Reversibility of the AsH3 pre-exposure 

The process of silicon surface dimerization with AsH3 and AsH3-induced surface roughening have 

been proven to be reversible [Hannappel’04]. This means that after the AsH3 pre-exposure, an 

annealing in a H2 ambient without arsine supply, plus the background arsenic in the chamber, 

can remove As dimers from the silicon surface. Moreover, this “extra” thermal annealing can 

also partially reconstruct the silicon surface after the possible increase of roughness, favoring 

an atomically well-ordered and smooth Si surface [Paszuk’17b]. But the impact of this second H2 

annealing in the subsequent growth will be shown in the next chapter.  

In this section, the reversibility of the dimerization, i. e. if the dimers can be removed with a 

subsequent thermal annealing and if the surface can be dimerized again afterwards is studied. 

For this purpose, two AsH3 pre-exposures have been carried out alternating between them a 

thermal annealing without arsine supply, but with residual As. RAS measurements have been 

taken in order to monitor the dimer generation and dimer removal.  

Figure 3.9 (top) shows the RAS color plot of a Si (100) sample exposed to a thermal annealing at 

775°C and consecutive AsH3 pre-exposures. Between AsH3 pre-exposures, a thermal annealing 

of 20 mins just under H2 ambient (and background As) was made at 775°C. The bottom part of 

the figure shows four RAS spectra which have been obtained from the average of 3 consecutive 

spectra in order to reduce signal noise and compare them more accurately. The moment at 

which were taken is marked in the color plot by colored boxes. Figure 3.9 (a) depicts the RAS 

spectra at the end of both annealings whereas Figure 3.9 (b) shows the RAS spectra at the 
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midpoint of the pre-exposures. It is possible to observe the characteristic peak of the silicon 

substrate at 3.2 – 3.3 eV at the end of the first annealing. When the AsH3 precursor is supplied 

(min. 46), the dimerization through the characteristic RAS shape can be seen, presenting peaks 

Figure 3.10. Top: RAS color plot of a Si (100) substrate exposed to a H2 thermal annealing and two AsH3 pre-exposures 

with a thermal annealing in between. Bottom left (a): RAS spectra obtained from three consecutive spectra marked 

in the color plot by colored boxes at the end of both annealings. Bottom right (b): RAS spectra obtained from three 

consecutive spectra marked in the color plot by colored boxes at the midpoint of the pre-exposures. 
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both at 3.2 eV and 3.8 eV. This dimerization signal fades rapidly when the arsine precursor is 

closed (min. 56) and the second thermal annealing is in progress. Figure 3.9.a reflects that both 

signals at the end of the annealing are very similar, indicating that the surface has been de-

dimerized and could have be reconstructed by the second annealing. In this case, in the absence 

of a continuous AsH3 supply, As atoms are re-evaporated and the surface swiftly returns to a Si-

H terminated condition. In the second arsine pre-exposure (min. 83), the dimerization peaks 

show up again but with lower intensity this time (figure 3.9.b), which means that the Si surface 

is covered again with As dimers but in a less efficient way (i.e. a higher share of two domains is 

present). Therefore, it can be said that the surface is de-dimerized with a second annealing 

showing the characteristic peak of a hydrogen-terminated Si surface, but on the other hand, the 

second pre-exposure does not dimerize the surface as efficiently as the first one. 

Furthermore, it is worthy to say that the second annealing could favor the diffusion of As into 

the silicon, being able to create the p-n junction of the Si bottom subcell [García-Tabarés’13a] 

[Grassman’14]. The impact of this second thermal annealing in the GaP growth will be evaluated 

in the next chapter.  

3.7. Summary of the AsH3 pre-exposure studies  

Silicon surfaces need to be thoughtfully prepared in order to accommodate subsequent III-V 

growths with high-quality. For this purpose, a HF-dip can be made to remove the oxide and some 

contaminants. Once in the MOVPE reactor, a thermal annealing under H2 must be carried out in 

order to create two-stepped silicon terraces with one single domain to avoid the generation of 

APDs. Following this, an AsH3 pre-exposure of the silicon surface has also proven to be beneficial. 

The presence of As reduces the temperature required for silicon deoxidation and favors the final 

removal of the most stubborn contaminants. As will be discussed in the next chapter, the 

presence of As atoms as dimers on the silicon substrate improves the wetting of the surface 

when it receives the first atoms of phosphorus in the growth stage. Furthermore, the exposure 

of Si to a group-V precursor can create a p-n junction by diffusion into the silicon surface for the 

bottom subcell. On the other hand, the interaction of AsH3 can lead to an undesirable 

roughening of the surface due to the etching produced on it, which would be very damaging for 

subsequent III-V growths.  

It should be pointed out that the pre-exposure must be perfectly calibrated in terms of 

temperature, time, substrate employed and arsine flow so that all the benefits mentioned are 

not counterbalanced by the possible degradation of the silicon surface. For this reason, several 

AsH3 pre-exposures on Si substrates have been carried out, sweeping the different variables, in 

order to reach the optimum routine for the GaP growth. As the RAS signature of a dimerized 

Si:As surface presents characteristic peaks at 3.2 – 3.35 eV and 3.6 – 3.85 eV, it is possible to 

check the state of the surface in situ during pre-exposures and thus, study the impact of the 

different variables. 
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After the chemical cleaning in HF and thermal annealing, different misoriented silicon substrates 

were employed, monitoring the RAS signals during the pre-exposures. It was observed that the 

best and quickest dimerization was achieved with Si (100) with 4° towards [111] substrates, 

although Si (100) 6° towards [111] substrates showed an easy dimerization too. For this reason, 

Si (100) 4°→[111] are primarily studied.  

AsH3 flow was also evaluated. The RAS signals showed that the dimerization can be 

accomplished with as low as 10 sccm but the best results were reached with 30 sccm, whereas 

50 sccm showed much weaker signals (if any). For this reason, flows over 30 sccm will not be 

used. 

Time and temperature of the pre-exposure were studied together due to the close relationship 

between them. Higher temperatures increase the As-Si interaction, reducing the time needed 

and vice versa, but an excess of one can cause surface deterioration. The range of temperatures 

that showed a high dimerization are between 700°C and 720°C. For those temperatures, the 

required times to reach a dimerization were between 1 and 2 mins. Higher temperatures or 

longer exposures can increase the etching on the silicon and thus, the surface roughness. 

The process of dimerization in the pre-exposure was proved to be reversible since a subsequent 

thermal annealing under H2 ambient erases the characteristic RAS spectrums showing the 

signals for Si substrate. A second pre-exposure showed weaker characteristic signals and so, it 

does not dimerize the surface as efficiently as the first one.  

Finally, wrapping up all the knowledge presented in this chapter, we can conclude that the best 

dimerization has been reached with Si (100) 4°→[111] substrates; the best AsH3 flows for the 

pre-exposure are between 10 sccm and 30 sccm; being the best range of temperatures and times 

are 700°C-720°C and around 1 min – 2 mins, respectively. A final thermal annealing of 2-3 

minutes under pure H2 could be beneficial to reduce the roughness and boost the diffusion of 

As into the Si substrate. However, these variables must be confirmed after the growth of GaP 

since the dimerization and oxide removal can be achieved but the generation of crystalline 

defects may not be avoided.
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4  

GaP nucleation on silicon substrates 

4.1. Introduction 

After the study of the AsH3 pre-exposures, this chapter is focused on the nucleation of gallium 

phosphide (GaP) on the silicon substrates. GaP compound lattice parameter differs in 0.35% - 

0.37% to that of silicon at room temperature (around 5.45 Å vs. 5.43 Å of silicon). This makes 

GaP one of the best candidates for integrating III-V semiconductors on silicon substrates 

[Beyer’12] since crystallographic defects could be reduced, acting as virtual substrate and 

guaranteeing a high performance of the devices developed on top. On the other hand, as 

explained before, GaP nucleation on Si has to tackle some issues and difficulties, like 1) the 

different polarity that can cause defects as antiphase domains [Fang’90], stacking faults and 

twins [Grassman’09]; 2) the different thermal expansion coefficients [Kohama’88]; or 3) cross-

doping between compounds [Winterfeld’18]. For these reasons, as commented in previous 

chapters, the growth sequence needs to include a substrate preparation routine consisting of a 

chemical cleaning [Kunert’08] in order to remove contaminants and oxide; a thermal annealing 

[Döscher’11] promoting double step terraces on the silicon substrate and a pre-exposure of one 

of the III-V elements to improve the surface wetting and remove contaminants or residual 

oxides.  

Therefore, prior to GaP growth, the Si substrate has been exhaustively prepared, being clean 

and oxide-free, with terraces with double steps and surfaces with single domain. However, this 

preparation does not guarantee a defect-free and smooth 2D GaP growth. This is because the 

pre-growth preparation is not perfect throughout the substrate surface. Here and there, a 

Chapter 
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minute amount of atom contaminants might be still present or a few single steps might still 

occur, or a residual fraction of the substrate area could be oriented in a secondary domain. We 

need to devise a GaP nucleation process that can cope with these minor imperfections and does 

not amplify them ruining the layer morphology.  

This growth includes a heteroepitaxy and a homoepitaxy: the first one consists in the nucleation 

of a thin layer of GaP (around 5 – 10 nm) directly on the silicon and the second one is the growth 

of GaP on the nucleated GaP. These two steps have to be designed independently since they 

have two different objectives.  

The purpose of the first step in this routine is to create a virtual substrate with the lowest 

morphological defects as possible, and a surface with sufficient smoothness on the silicon. This 

nucleation has to tackle the presence of small superficial imperfections, defects or a non-

perfectly prepared silicon surface. These defects, as the GaP is nucleated, could be buried. For 

this, the reactor conditions must be adapted as will be shown in the next sections.  

The homoepitaxy of GaP is carried out in order to achieve a smoother surface for the subsequent 

III-V growths. This step intends to leave the superficial imperfections behind. For this re-growth, 

the reactor conditions become similar to the standard III-V conditions. These two steps are 

represented in figure 4.1.  

In this way, in this chapter, in the search for the optimum window for GaP growth, we present 

a study of the influence of different parameters in the MOVPE reactor, which include some 

variables of the arsine pre-exposure. Then, the GaP re-growth is studied for the development of 

the GaP/Si virtual substrate.  

In our case, we have additional limitations to accomplish this target we intend to develop a 

simple GaP/Si nucleation process that mimics the nucleation of III-Vs on germanium used for 

multijunction solar cells, which uses conventional precursors and commercial MOVPE reactors. 

This routine is intended to be carried out in the simplest and most straightforward way possible. 

As a result, apart from the initial chemical cleaning, the process is developed in a single-run in a 

single reactor.  

Figure 4.1. Schematic representation of the GaP growth routine for the virtual substrate formation. Both 

steps are shown in orange. Surface states, defects and contaminants are roughly represented for 

understanding.  

GaP nucleation 

GaP re-growth 
Smoother surface 

Smooth surface 

Defects and imperfections 
on the Si 
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In the following sections we review the state of the art of GaP on Si nucleation and then we 

present a study where we sweep the MOPVPE parameter space in the search for the best 

window to nucleate GaP/Si. 

Finally, it should be noted that apart from serving as a virtual substrate for the subsequent III-V 

growth, the GaP nucleation on silicon can create a p-n junction into the silicon and form a 

bottom cell during the process. For that, the nucleation must supply sufficient thermal load to 

favor P and As diffusion into the silicon substrate. An “extra” thermal annealing under H2 

ambient after the As-exposure can be carried out in order to promote this diffusion. This role as 

a bottom cell will be analyzed in the next chapter. 

4.2. State of the art for GaP nucleation on Si 

The growth of a crystalline material, like GaP, on a different substrate in a MOVPE reactor, 

known as heteroepitaxy, can occur under three different growth modes [Ayers’07]. a) Volmer-

Weber (VW); b) Stranski-Krastanov (SK); and c) Frank-van der Merwe (FM), as depicted in figure 

4.2. The Volmer-Weber mechanism (figure 4.2.a) is characterized by a three dimensional (3D) 

growth, where isolated islands are formed and a high surface roughness is produced. The 

Stranski-Krastanov mechanism starts with a two dimensional (2D) growth covering all the 

surface, but when the critical thickness is reached, the growth turns into a 3D mode with islands 

Figure 4.2. Heteroepitaxial growths, classified according to the nucleation mode: 

a) Volmer-Weber, b) Stranski-Krastanov, and c) Frank-van der Merwe. Adapted 

from [García-Tabarés’15a]. 
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(figure 4.2.b). On the contrary, the Frank-van der Merwe mechanism, also known as layer-by-

layer growth, is characterized by a two dimensional growth, where each monolayer covers all 

the surface before the nucleation of the next monolayer, figure 4.2.c. For the case of GaP 

nucleation on Si, the ideal mode that must be accomplished is the FM mechanism (2D growth) 

in order to guarantee the best surface for the growth of subsequent III-V layers [García-

Tabarés’15a]. 

The strain energy, caused by the slight lattice mismatch between GaP and Si (0.35% – 0.37%), 

increases with thickness. Over the critical thickness, the high strain starts to be energetically 

balanced with the appearance of misfit dislocations. Furthermore, the slight lattice mismatch 

leads to the growth of islands on the initial layer after a certain thickness. Therefore, the GaP 

should not reach the critical thickness (up to 95 nm [Takagi’10]) in order to reduce the defect 

density and accomplish a defect-free layer-by-layer growth with a smooth surface [García-

Tabarés’15a]. 

The nucleation of GaP on Si substrates has been widely studied for the integration of III-V 

semiconductors on Si [Olson’86] [Suzuki’91] [Narayanan’98] [Dixit’06] [Döscher’08] [Volz’11] 

[Grassman’13] [Warren’15a] [Supplie’18a]. The main purpose of this research is to achieve a 

defect-free GaP layer with limited roughness for the growth of the subsequent III-V layers and 

this is achieved by defining conditions that promote Frank-van der Merwe growth mode. 

Prior to growth, most of the studies agree in the use of a wet-chemical pretreatment providing 

a well-defined surface as a starting point for further processing in the reactor environment 

[Supplie’18a] [Grassman’13] [Hannappel’04] [Döscher’11] [Brückner’13] [Dixit’06] [Kunert’08]. 

Then, a thermal annealing at high temperature under H2 ambient is indispensable for achieving 

the ideal silicon surface [Doscher’10a] [Kunert’08] [Laracuente’03] [Bruckner’11] [Beyer’12] 

[Supplie’18a]. A pre-exposure of one of the III-V elements before the GaP growth itself has been 

demonstrated to be beneficial [Warren’15a] [Supplie’15b] [Hannappel’04], although a following 

second annealing can be also positive [Hannappel’04] [Paszuk’17b]. The best results have been 

obtained with the use of TBAs [Paszuk’17b] or AsH3 [García-Tabarés’15a] [Warren’15a] 

[Supplie’18a] as As-precursors. Several lines have also implemented the growth of a 

homoepitaxial Si layer on top of the Si substrate [Kunert’08] [Grassman’16a] [Brückner’17] 

[Volz’11], but this step introduces an additional degree of complexity in the routine and thus is 

suppressed in this research. As for the GaP growth itself, several growth parameters have been 

employed, as the growth mode (continuous or pulsed), temperature or V/III ratio, for instance.  

To date, the best-established routine for GaP/Si nucleation is pulsed growth mode at low 

temperatures, such as 450°C, which forces the use of special precursors as TBP with efficient 

pyrolysis in this temperature range [Volz’11] [Beyer’12] [Grassman’13] [Yamane’09]. This mode 

has presented excellent results with high-quality growths in MOVPE [Voltz’11], achieving even 

RMS of 0.7 nm [Grassman’13]. However, this process needs a prior Si homoepitaxial growth to 

achieve such high quality layers [Beyer’12] [Yamane’09] [Volz’11] [Grassman’13]. As this step 
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creates a high Si background contamination, subsequent epitaxial growth needs to proceed in a 

different reactor or, at least, in a different chamber. So low temperature pulsed growth of GaP 

on Si yields the best results in a process with special precursors and reactors.  

As for the continuous mode, there is a wide heterogeneity in the conditions reported in different 

studies. Growths at both low temperature [Supplie’15b] [Németh’08] and high temperature 

have been developed [Warren’15a] [Dixit’06]. The defect density of GaP nucleated at high 

temperature was found to be strongly reduced when nucleating on Si (100):As [Navarro’17]. 

High-quality 2D nucleation has been reported [Warren’15a], reaching RMS around 0.27 nm 

[Paszuk’18a] while employing As-precursors as pre-exposure, which are able to reduce Si out-

diffusion too [Kohama’88]. Some authors have achieved an APD-free GaP growth [Warren’15b] 

[Németh’08] with one single domain [Paszuk’18a]. This GaP sublattice orientation can be chosen 

as desired for further processing by controlling the Si dimer orientation prior growth, by 

modifying the Ga and P chemical potential [Supplie’15c], by adding As [Warren’15a] and by 

controlling the As-modification [Paszuk’18b]. The V/III ratio also takes part in the quality of GaP 

growth. It has been observed that high V/III ratios are beneficial to reduce island formation 

[Soga’93] [Suzuki’91]. 

GaP nucleation was also performed on As in-diffused Si p-n junctions [Paszuk’17b], which is 

interesting with regard to single-run MOVPE solar cell processing [Supplie’18a]. 

4.3. Goal and general conditions of the experiments 

As already mentioned, in this research, we intend to develop a simple GaP/Si nucleation process 

that mimics the nucleation of III-V compounds on germanium used for multijunction solar cells, 

which uses conventional precursors and commercial MOVPE reactors. As a result, no Si 

homoepitaxy can be carried out and the use of low temperature precursors is discarded.  

Accordingly, all the epitaxy experiments reported in this chapter have been grown in an 

AIXTRON MOVPE AIX200/4 reactor with PH3 and TMGa as precursors for the GaP growth, AsH3 

for the pre-exposures and, in some processes, DETe has been used to study the n-type doping. 

The reactor chamber has been “dirty” in all the epitaxies –i.e. all reactor quartzware and vacuum 

system has not been cleaned between runs– with the usual background As, Ga and P, from 

previous runs. In-situ RAS measurements have been carried out during the routines with a 

LayTec EpiRAS tool. Process temperature has been controlled using a pyrometer. Morphology 

and roughness assessment has been carried out using AFM, being the tool employed a Bruker 

multimode Nanoscope III A in tapping mode.  

In the following sections, a routine for the growth of GaP is investigated by assessing the impact 

on the quality of layers obtained of different variables of the MOVPE process. In particular, we 

present experiments describing the influence of: 

• The substrate orientation 
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• The conditions of the AsH3 pre-exposure 

• The process pressure 

• A second H2 annealing 

• The growth temperature 

• GaP homoepitaxy conditions  

4.4. Influence of the Si (100) substrate misorientation 

4.4.1. Introduction 

The orientation of the silicon substrate plays a crucial role in the nucleation of GaP on Si since it 

constitutes the base for the complete III-V structure. As mentioned, the ideal surface for a 

defect-free GaP nucleation is composed of double steps with one single domain and the 

misorientation of the wafer intervenes in this purpose. In this research, Si (100) is used as the 

base wafer orientation. As for the misorientation degree, it has been reported that a higher 

misorientation degree eases a double-step achievement [Brückner’17] [Volz’11] [Jaloviar’99] 

[Swartzentruber’93] [Fang’90]. Regarding the misorientation direction, Si (100) substrates 

towards [110] with different angles have proven to produce double steps [Kunert’08] 

[Brückner’11] [Németh’08]. In the case of substrates misoriented toward [011] or [111], several 

authors have reported double-step formation too [Soga’95] [Bringans’86] [Warren’15a] 

[Hannappel’04]. In the previous chapter, after the chemical cleaning and thermal annealing, the 

AsH3 pre-exposure was assessed for different misoriented silicon substrates monitoring the RAS 

signals during the process. It was observed that the best and quickest dimerization is achieved 

with Si (100) with 4° towards [111] substrates, although Si (100) 6° towards [110] substrates also 

showed an easy dimerization.  

In this section we summarize our findings about the impact of wafer miscut on the quality of the 

GaP growth. To this end, we have analyzed Si (100) substrates with 2° and 4° toward [111] and 

6° [110] since our previous experiments about AsH3 dimerization yielded comparable results on 

these surfaces. The next table summarizes the common experimental conditions used in these 

experiments. The main parameters that have been varied are shaded in gray. 

Table 4.1. Data of the routines that are compared to evaluate the substrate misorientation. 

Substrate: Si (100) 

Miscut: 2° → [111] ; 4°→ [111] ;  and 6° →[110] 

Chemical clean: HF dip 

Process pressure 100 mbar 

Anneal (T, t, gas) 770°C, 30:00, H2  

AsH3 pre-exposure (T, t, flow): 720°C, 2:30, 50 sccm 

GaP growth (T, t, V/III): 720°C, 5:30, 1500 
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Atomic Force Microscopy (AFM) and Scanning Electron Microscope images have been used to 

evaluate the GaP surface roughness and morphology, and decide which option yields the best 

results. 

4.4.2. Atomic Force Microscopy assessment  

Figure 4.3 shows 5 µm x 5 µm AFM scans of three GaP/Si samples grown on Si substrates with 

different miscuts. The GaP shown in Fig. 4.3.a was grown on  Si (100) 6° → [110];  the GaP of Fig. 

4.3.b on Si(100) 2°→[111], whereas the GaP on Fig. 4.3.c on Si (100) 4° → [111]. In all cases, it 

can be seen that the growth of GaP occurs in 3D mode with island formation, apparently keeping 

some silicon surface virgin, without any growth between islands. However, the extent of the 

silicon surface without growth seems to be lower in the sample with 4° [111] (4.3.c). 

Furthermore, its RMS roughness value is also the lowest among the three, which are anyhow 

bad in all cases. The islands formed on Si (100) 4° → [111] are also shorter than in the other two 

cases. In the three cases of Figure 4.3, the islands grow elongated, with their major axis running 

parallel to step edges. 

Figure 4.3. AFM scans of 5 µm x 5 µm of GaP growths on Si substrates with different miscut. a) Si (100) →6° [110]; b) 

Si (100) →2° [111]; c) Si (100) →4° [111].  

4.4.3. Scanning Electron Microscopy assessment  

In order to make sure that the GaP has not nucleated on the silicon substrate on the flat parts 

of the images in Figure 4.3, Scanning Electron Microscopy (SEM) employing Energy-Dispersive 

X-Ray spectroscopy (EDS) has been used at some specific points. Figure 4.4 shows the SEM scan 

(a) and the EDS spectra taken in two different points: on a GaP island (b) and on a flat zone (c), 

which is suspected not to be covered by GaP. It is clear from the graphs that whereas the island 

presents Ga and P elements (b), the flat zone has barely any gallium.  

a) 

6°→[110] 

RMS = 56.4 nm 

b) 

2°→[111] 

RMS = 63.5 nm 

c) 

4°→[111] 

RMS = 37.4. nm 

→ 
Steps 
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Although the routines are far from optimum yet, it can be deduced that the most promising 

substrate is with 4° misoriented towards [111]. 

4.5. Influence of the AsH3 pre-exposure  

4.5.1. Introduction 

Prior to GaP growth, AsH3 pre-exposures can be beneficial for achieving a high-quality nucleation 

on Si, since they increase the wetting of the substrate for the phosphorus atoms that reach the 

silicon or reduce the minimum temperature for a deoxidation or contaminants removal 

a) 

b) c) 

Figure 4.4. a) SEM scan where the EDS spots are located for both spectra (spot 1 for b) and spot 2 for c)). b) EDS 

spectra for a GaP island. c) EDS spectra for a flat zone.  
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[Warren’15a] [Hannappel’04]. However, As-precursors and As4 can generate surface roughness 

[Hannappel’04] [Warren’15b]. For this reason, in the previous chapter the influence on Si 

substrate morphology of AsH3 pre-exposure time and intensity were assessed. Regarding the 

flow, it was observed that flows around 30 sccm are enough to get a complete As dimerization 

on the surface, while higher fluxes could damage the silicon surface [Warren’15b]. Regarding 

the pre-exposure time, it was observed that, depending on the temperature, the time for 

dimerization is between 1 and 2 minutes. As for the temperature in this step, it is not analyzed 

independently since in all the experiments it has been kept constant between the pre-exposure 

and GaP growth. In this way, this variable is evaluated in the section 4.8 for the whole process.  

In this section we summarize our findings about the impact of changes in the parameters that 

define the AsH3 pre-exposure, namely, the AsH3 flow and its duration. The next table summarizes 

the common experimental conditions used in these experiments. The main parameters that 

have been varied are shaded in gray. 

Table 4.2. Data of the routines that are compared to evaluate the influence of the AsH3 pre-exposure flow and time. 

Substrate: Si (100) 

Miscut: 4°→ [111] 

Chemical clean: HF dip 

Process pressure 250 mbar 

Anneal (T, t, gas) 770°C, 30:00, H2  

AsH3 pre-exposure (T, t, flow): 685°C, variable duration and flow 

GaP growth (T, t, V/III): 685°C, 0:30 – 5:30, 1500 

 

Atomic Force Microscopy (AFM) has been used to evaluate the GaP surface morphology and 

roughness and decide which option yields the best results. 

4.5.2. AsH3 pre-exposure flow 

Figure 4.5 shows the surface of two GaP/Si samples with a pre-exposure of arsine with 50 sccm 

(figure 4.5.a and b) and 30 sccm (figure 4.5.c and d). The 50 sccm sample presents isolated GaP 

islands with a high percentage of uncovered silicon surface. This could be due to certain 

roughness generated on the substrate that could act as anomalous nucleation sites for the first 

atoms of the growth. In this way, the growth follows a Volmer-Weber mode (3D growth). On the 

contrary, the sample with 30 sccm presents a surface totally covered by GaP (figure 4.6.c) with 

steps following the surface orientation (figure 4.6.d). These terraces between steps have a RMS 

roughness of 3-4 nm. However, mesas with around 30 nm high and some islands sprinkled over 

the surface are present. Another epitaxy with the same conditions but with a shorter growth 

time shows that these features appear in the first seconds of the growth. These experiments 
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confirm that the 30 sccm optimum found in the previous chapter to optimize As coverage, still 

holds to optimize GaP morphology.  

4.5.3. Influence of the AsH3 pre-exposure time 

Figure 4.6 shows AFM scans of four GaP/Si samples grown with AsH3 pre-exposures using 30 

sccm and run for different times. Figures 4.6.a and b correspond to the sample with the shortest 

pre-exposure with a duration of 00:45. The images show that the surface is slightly covered by 

nucleated grains (figure 4.6.b) but most part of the material has nucleated in islands 60 – 80 nm 

high, presenting a RMS of 13.9 nm. The sample in Figures 4.6.c and d use 01:35 of pre-exposure 

and it can be seen that its surface is smother (RMS of 7.9 nm) but still hillocks have grown with 

heights around 50 nm. As for the samples with 2:45 pre-exposure (figure 4.6.e and f) the 

coverage of GaP seems more homogeneous and the hillocks that have formed, which have a 

Figure 4.5. AFM images of GaP/Si samples after HF-dip 

chemical cleaning, H2 thermal annealing, AsH3 pre-

exposure during 0:52 at 685°C with different arsine 

fluxes and subsequent GaP growth. a) AFM image of 10.0 

µm x 10.0 µm of the sample exposed to 50 sccm of arsine. 

b) AFM image of 1.4 µm x 1.4 µm of the sample exposed 

to 50 sccm of arsine. c) AFM image of 10.0 µm x 10.0 µm 

of the sample exposed to 30 sccm of arsine. d) AFM 3D 

of 1.2 µm x 1.2 µm of the sample exposed to 30 sccm of 

arsine. 

a) 

d) 

 

b) 

c) 
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height of 35 nm, are less numerous and smaller. This sample presents the lowest RMS roughness 

of 3.0 nm. Regarding the sample with the longest AsH3 pre-exposure of 03:15 (figure 4.6.g and 

h), the silicon surface has barely been covered and the GaP mainly nucleated as isolated islands 

with 50 – 70 nm in height, following a Volmer-Weber mode. The RMS of this sample is 11.3 nm. 

 

Figure 4.6. AFM scans of GaP/Si samples grown with different pre-exposure times and under 30 sccm of AsH3. The 

top row always corresponds to a 7.5 µm x 7.5 µm scan, whereas the bottom row corresponds to the same sample 

with a higher magnification (1 µm x 1 µm).  a) and b) 00:45; c) and d) 01:35; e) and f) 02:45; g) and h) 03:15. 

These samples show that longer AsH3 pre-exposures do not favor the 2D growth of GaP, 

probably due to the generation of excessive roughness on the surface, which creates unwanted 

nucleation centers on high index planes where the P and Ga atoms find a more energetically 

favorable place to nucleate. On the other hand, samples with too short pre-exposures cannot 

take advantage of the benefits of this step, since the As coverage cannot be complete and/or 

the remaining contaminants or oxide traces are not removed. In the case of these samples, it 

has been shown that the most promising pre-exposure time for the growth of GaP under these 

conditions is 2:45.  

4.6. Influence of the reactor pressure 

4.6.1. Introduction 

In our routine, without Si homoepitaxy and without a deep cleaning process, the surface 

preparation is not perfect. There is high probability for the presence of superficial defects and 

contaminants. The adatoms have a higher tendency to reach nucleation sites created by 

contaminants or roughness and if the mobility of adatoms is high, they can eventually find and 

nucleate on any defect present on the surface. As observed in the previous sections, this causes 

an ease of island formation in the first moments of the nucleation. These small islands (in the 

first steps) present high index planes where the nucleation is quick and efficient causing an 
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unequal growth. However, an increase of the reactor pressure entails a reduction of superficial 

diffusivity of adatoms on the growing surface [Dapkus’81]. This could reduce its mobility 

nucleating in a more homogeneous way and not gathering around zones more energetically 

favorable. 

In this section we summarize our findings about the impact of changes in the reactor pressure 

during the whole process. The MOVPE reactor at the Solar Energy Institute can work between 

50 mbar and atmospheric pressure. The next table summarizes the common experimental 

conditions used in these experiments. The main parameters that have been varied are in bold 

font and shaded in gray. 

Table 4.3. Data of the routines that are compared to evaluate the influence of the reactor chamber pressure. 

Substrate: Si (100) 

Miscut: 4°→ [111] 

Chemical clean: HF dip 

Process pressure 100, 250, 400 and 950 mbar 

Anneal (T, t, gas) 770°C, 30:00, H2  

AsH3 pre-exposure (T, t, flow): 685°C, 0:45 or 1:35, 30 sccm,  

GaP growth (T, t, V/III): 685°C, 1:00, 1500 

Atomic Force Microscopy (AFM) has been used to evaluate the GaP surface morphology and 

roughness and decide which option yields the best results. 

4.6.2. AFM results 

Figure 4.7 depicts the AFM scans of such experiments. The sample in figure 4.7.a was grown at 

100 mbar, the one in figure 4.7.b at 250 mbar, and the one in figure 4.7.c at 950 mbar. Figure 

4.7.d represents the AFM image in more detail of one part of the sample from figure 4.7.b, which 

is grown at 250 mbar. These three samples were grown after an AsH3 pre-exposure of 0:45. 

The only GaP/Si sample that has been fully covered by the nucleated GaP is the one in figure 

4.7.b (at 250 mbar). The other two present extensive zones without GaP coverage with isolated 

islands of up to 140 nm high and 60 – 70 nm high (a and c, respectively), showing a VW growth 

mode (3D). However, the sample of 4.7.b also presents hillocks. Their height is 40 – 150 nm 

surrounded by flat zones with GaP nucleated with steps following the silicon substrate terraces 

(figure 4.7.d). These flat zones present 1 nm of RMS, but the hillocks would ruin the subsequent 

growth in terms of quality. 

In figure 4.8 more GaP/Si samples can be seen. They have followed the same steps as in figure 

4.7, but they have been exposed to a longer AsH3 pre-exposure (for 1:35), and have been grown 

at different pressures: at 250 mbar (figure 4.8.a and b), at 400 mbar (figure 4.8.c and d) and at 

950 mbar (figure 4.8.e and f).  
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It is possible to observe the worst morphology in the sample grown at 950 mbar (figure 4.8.e 

and f) as in the figure 4.7.c. Its hillocks are 50 – 60 nm high and it presents the higher roughness. 

However, the samples grown at 400 mbar and 250 mbar present better morphology, with lower 

density of hillocks (specially at 250 mbar) and the complete silicon substrate covered by a thin 

layer of GaP. Even so, they present a high roughness, which would be detrimental for 

subsequent GaP re-growth.  

But in this respect, it has been possible to deduce that the 100 mbar commonly used in the 

MOVPE reactor at the Solar Energy Institute is not the optimum pressure. The sample grown at 

950 mbar neither. Higher pressures, as 250 mbar or 400 mbar, present more promising results. 

As mentioned in the introduction, this could be due to the lower mobility of the adatoms that 

reach the silicon surface, which nucleate more homogeneously instead of gathering altogether 

around the favorable nucleation centers provided by defects. It is important to consider that 

Figure 4.7. AFM images of GaP/Si grown at different pressures with an AsH3 pre-exposure for 0:45. a) 5 µm x 5 µm 

AFM image of a GaP/Si sample exposed to a 100 mbar. b) 5 µm x 5 µm AFM image of a GaP/Si sample exposed to a 

250 mbar. c) 5 µm x 5 µm AFM image of a GaP/Si sample exposed to a 950 mbar. d) 1 µm x 1 µm AFM image of a 

GaP/Si sample exposed to a 250 mbar. 
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higher pressures in our MOVPE reactor impact the radial homogeneity of the growth across the 

wafer. In the following experiments, this rise of pressure will be implemented.  

4.7. Influence of a second H2 thermal annealing 

4.7.1. Introduction  

It has been just shown that the use of higher reactor pressures improves the morphology. 

However, hillocks still exist revealing that the morphology of the surface prior to the onset of 

GaP growth is still not good enough. We hypothesize that the AsH3 annealing needed to clean 

up the surface does so at the expense of producing too much roughening.   

It has been reported that a second annealing under H2 ambient mitigates the roughening created 

by an annealing in the presence of group-V precursors [Hannappel’04] [Paszuk’17b]. Such 

second annealing in H2 without precursor supply, but with background pressure of As or P 

coming from coated parts in the reactor chamber, leads to atomically well-ordered and smooth 

Si (100) surfaces suitable for III-V nucleation [Paszuk’17b].  

For these reasons, in this section a thermal annealing under H2 ambient after the AsH3 pre-

exposure has been implemented in several routines in order to study its influence. For this, some 

Figure 4.8. AFM images of GaP/Si samples grown at different pressures  with an AsH3 pre-exposure for 1:35. The top 

row always corresponds to a 7.0 µm x 7.0 µm scan, whereas the bottom row corresponds to the same sample with a 

higher magnification (1 µm x 1 µm).  a) and b) at 250 mbar; c) and d) at 400 mbar and e) and f) at 950 mbar. 
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identical routines have been carried out but adding this extra annealing in some of them. The 

thermal annealing duration has also been studied.  

Table 4.4. Data of the routines that are compared to evaluate the influence a second H2 thermal annealing. 

Substrate: Si (100) 

Miscut: 4°→ [111] 

Chemical clean: HF dip 

Process pressure 250 mbar 

Anneal (T, t, gas) 770°C, 30:00, H2  

AsH3 pre-exposure (T, t, flow): 685°C, 1:35, 30 sccm 

Second anneal (T, t, gas) No anneal – 685°C, 2 min – 4 min, H2 

GaP growth (T, t, V/III): 685°C, 1:00, 1500  

c) 

Annealing = 3 min 

RMS = 11.3 nm  

a) 

No annealing 

RMS = 17.8 nm  

b) 

Annealing = 2 min 

RMS = 7.9 nm  

d) 

Annealing = 4 min 

RMS = 23.4 nm  

Figure 4.9. 5 µm x 5 µm AFM images of GaP/Si samples without (a) and with a second H2 thermal annealing at 685°C 

prior the GaP growth. b) Thermal annealing of 2 minutes. c) Thermal annealing of 3 minutes. d) Thermal annealing of 

4 min.  
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4.7.2. AFM results 

Figure 4.9 depicts four samples for these experiments. Figure 4.9.a shows a sample which has 

been subjected to the routine with the GaP growth at 685°C on the Si (100), but without a second 

H2 thermal annealing. It is not the case of the rest of samples, which have been exposed to the 

second annealing under H2 ambient after the AsH3 pre-exposure for 2 minutes (figure 4.9.b), for 

3 minutes (figure 4.9.c) and for 4 minutes (figure 4.9.d).  

It is clearly noticeable that a second H2 thermal annealing longer than 2 minutes does not 

improve the GaP nucleation. In these samples (figure 4.9.c and d), the growth does not fully 

cover the silicon substrate and isolated islands nucleate between some GaP grains. These islands 

are 50 – 70 nm and 60 – 90 nm high (3 mins and 4 mins of annealing). However, in the case of 

the 2 min annealing, the improvement is perceptible. In both cases (without second annealing 

and with 2 minutes) the Si substrate has been fully covered by GaP; hillocks are still there (fig. 

4.9.b) but their density and height are lower (50 nm vs. 80 – 100 nm), reducing also the RMS.  

For this reason, although the routine is not optimized yet and more variables need to be 

checked, a second thermal annealing under H2 after the AsH3 pre-exposure and before the GaP 

growth is implemented. However, the As dimerization on the Si substrate is partially removed 

in these 2 minutes of annealing, as observed in the figure 3.9. Therefore, the PH3 supply is 

opened 5 seconds before the TMGa for improving the wetting lost in this step [Soga’93], since 

the P-Si bonds are more stable than the Ga-Si, even though less than As-Si bonds [Kohama’88]. 

4.8. Influence of the temperature on the GaP growth 

4.8.1. Introduction 

The growth temperature is one of the most important variables in a MOVPE reactor, since it has 

a huge influence in the growth regime [Galiana’06]. In the range of temperatures for GaP 

nucleation that has been studied here (approximately between 685°C and 730°C [Warren’15a]), 

the reaction kinetics are faster than the mass transport, which became the limiting mechanism 

in the process [Alonso’93]. Other authors have experimented with temperatures out of this 

range also in a MOVPE reactor, as over 800°C [Dixit’06] [Samuelson’84] or at low temperatures 

[Grassman’13] [Beyer’12]. However, these authors implement different routines not studied 

here, as the silicon homoepitaxial growth or pulsed growth; or different precursors, as ethyls, 

TBP or TBAs, which are decomposed at lower temperatures. At these lower temperatures, the 

growth becomes limited by reaction kinetics [Stringfellow’99]. 

In the range of temperatures studied here, the TMGa is fully decomposed whereas the pyrolysis 

of the PH3 is not complete [Larsen’86]. For this reason, the V/III ratios employed are high 

(between 1350 and 4050). This is due to our intention to avoid the incorporation of carbon 

coming from the TMGa metalorganic, which can be neutralized by the atomic hydrogen from 
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the PH3 and AsH3. In the case of the AsH3, at these temperatures its pyrolysis is complete 

[Stringfellow’99]. 

Several routines have been developed maintaining all other variables unchanged, except for the 

temperature, to study its impact on GaP nucleation on Si. 

Table 4.5. Data of the routines that are compared to evaluate the impact of temperature. 

Substrate: Si (100) 

Miscut: 4°→ [111] 

Chemical clean: HF dip 

Process pressure 250 mbar 

Anneal (T, t, gas) 770°C, 30:00, H2  

AsH3 pre-exposure (T, t, flow): 685°C, 700°C and 720°C, 1:35 and 2:45, 30 sccm 

Second anneal (T, t, gas) 685°C, 700°C and 720°C, 2 min, H2 

GaP growth (T, t, V/III): 685°C, 700°C and 720°C, 0:30 and 1:00, 1500 

c) 

RMS = 2.0 

nm  

a) 

RMS = 7.9 nm  

b) 

RMS = 5.5 

nm  

d) 

Figure 4.10. AFM images of GaP/Si samples grown as 

indicated in Table 4.5: a) 685°C (7.5 µm x 7.5 µm), b) 

700°C (7.5 µm x 7.5 µm) and c) 720°C (7.5 µm x 7.5 µm). 

d) 1 µm x 1 µm inset of the sample b). 
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4.8.2. AFM results 

Figure 4.10 depicts three GaP/Si samples which have been subjected to an AsH3 pre-exposure 

for 1:45 and subsequent GaP growth at 685°C (figure 4.10.a), at 700°C ( figure 4.10.b) and at 

720°C (figure 4.10.c). Although the three samples present the full silicon surface covered by GaP, 

at 685°C and 700°C the hillocks grown are more abundant and higher (50 nm, 35 – 40 nm and 

15 nm for a, b and c respectively). This means that for these conditions (arsine flow, time, second 

annealing, substrate,…) the optimum temperature is over 700°C. 

More epitaxies were grown increasing the pre-exposure time to reach the most promising time 

deduced from section 4.5.3 (around 2:45). Figure 4.11 shows the AFM images of these samples, 

which have followed the same routine as indicated in Table 4.5, with pre-exposures of 2:45, and 

again at different temperatures: 685°C for figure 4.11.a, 700°C for 4.11.b and 720°C for c. As 

seen, the best GaP/Si samples have been grown at 700°C and 720°C apparently not showing any 

3D growth or defects and with a RMS roughness below 1 nm. These samples also show again 

c) 

RMS = 0.85 nm  

b) 

RMS = 0.77 nm  

a) 

RMS = 3.0 nm  

Figure 4.11. 7.5 µm x 7.5 µm AFM images of GaP/Si 

samples with a AsH3 pre-exposure of 2:45, second H2 

thermal annealing for 2 minutes and GaP growth at: a) 

685°C, b) 700°C and c) 720°C. 
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that the AsH3 pre-exposure time of 1:35 is not enough, corroborating what was observed in 

section 4.5.3. 

GaP growths shown in figures 4.11.b and c could fulfill the requirements for subsequent III-V 

growth, but further characterization needs to be carried out to rule out the possible presence 

of oxide, crystallographic defects at the GaP/Si interface, as well as the formation of a p-n 

junction by diffusion in the bottom subcell.  

As both GaP/Si samples from figures 4.11.b and c present similar roughness, the GaP nucleation 

time has been increased to reach thicker layers. This would guarantee enough cohesion for 

subsequent temperature reduction for III-V growths avoiding the appearance of peelings and 

flaws, and at the same time, assessing the roughness evolution. Figures 4.12.a and b show the 

AFM images of the aforementioned samples, where it is possible to see their different evolution. 

Whereas the sample grown at 720°C continues having a homogeneous growth with a RMS of 

1.2 nm, the sample grown at 700°C starts having a SK growth mode (3D), shooting up its 

roughness. For this reason, it has been considered that the optimum temperature growth for 

these conditions is around 720°C. 

4.9. Consolidated routine of GaP nucleation on Si (100) 

substrates  

The previous sections have intended to illustrate our pathway to an optimized routine for GaP 

nucleation on Si substrates in a MOVPE reactor in one single-run. For that, the different variables 

that play a role in the routine have been studied. Si (100) with 4° misoriented towards [111] 

substrates have accomplished the best results. After the HF-dip chemical cleaning for removing 

a) 

T = 700°C 

RMS = 10.3 nm  

b) 

T = 720°C 

RMS = 1.2 nm  

Figure 4.12. 10 µm x 10 µm AFM images of GaP/Si samples after HF-dip chemical cleaning, H2 thermal annealing, AsH3 

pre-exposure for 2:45, second H2 thermal annealing for 2 minutes and the GaP growth at: a) 700°C and b) 710°C. 
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the contaminants and oxide, a H2 thermal annealing has been carried out for 30 minutes to 

remove the remaining oxide or contaminants and promote the ideal surface configuration, 

consisting of double-step terraces with one single domain. An AsH3 pre-exposure has been 

observed to be beneficial to improve the wetting of the substrate aiding the elimination of oxide 

and contaminants. A time of 2:45 with 30 sccm of arsine flow has been considered to be enough 

for a complete dimerization with a homogeneous nucleation. A second thermal annealing under 

H2 ambient without arsine supply for 2 minutes has been observed to be advantageous for the 

surface reconstruction and subsequent GaP growth, but the As dimerization could be lost in this 

step. In this way, the AsH3 pre-exposure is believed to serve primarily for oxide and contaminant 

removal. The GaP growth is carried out with a V/III ratio of 1500 in the best cases and, as the 

arsine pre-exposure, at 720°C. The reactor pressure that has achieved the best results is 250 

mbar. The resultant GaP nucleated on Si has presented a RMS around 1 nm. All these steps are 

presented in the table 4.6. 

Table 4.6. Data of the routine that have achieved the best results in terms of surface smoothness. 

Substrate: Si (100) 

Miscut: 4°→ [111] 

Chemical clean: HF dip for 3 minutes 

Process pressure 250 mbar 

Anneal (T, t, gas) 770°C, 30:00, H2  

AsH3 pre-exposure (T, t, flow): 720°C, 2:45, 30 sccm 

Second anneal (T, t, gas) 720°C, 2 min, H2 

GaP growth (T, t, V/III): 720°C, 1:00, 1500 

 

4.10. GaP on GaP growth 

4.10.1. Introduction 

At this point, a GaP nucleation layer has been grown on the silicon substrate with high 

crystallographic quality and limited roughness. In Fig. 4.1 this was represented by the thin 

orange line on top of the gray substrate. The next step is to grow a homoepitaxial GaP cap layer 

to provide a film with maximum morphological quality (i.e. minimum roughness and defects), 

thereby producing a true GaP/Si virtual substrate. Nevertheless, such GaP cap must have limited 

thickness, since over the critical thickness the high strain starts to be energetically balanced with 

the appearance of misfit dislocations. Furthermore, the slight lattice mismatch between silicon 

and GaP alloys leads to the growth of islands after a certain thickness. Therefore, the GaP should 

not reach the critical thickness (up to 95 nm [Takagi’10]) in order to reduce the defect density 

and accomplish a defect-free layer-by-layer growth with a smooth surface. 
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Thus, the goal of this section is to determine the optimum conditions for such GaP on GaP 

growth. For this purpose, in a first phase, GaP homoepitaxies have been made on GaP wafers 

with the intention to calibrate the key variables of the MOVPE process. Then, in a second phase, 

these growths are implemented on the GaP nucleated on the silicon substrates.  

4.10.2. GaP growth on GaP wafers 

Prior to the epitaxy, the thermal desorption of the oxide on the GaP wafer is of fundamental 

importance. The oxide can be pyrolyzed at around 600°C in a N2 atmosphere. However, in 

MOVPE ambient, the onset of GaP oxide desorption has been found to take place at 500°C under 

hydride stabilization. Above 540°C the GaP surface is largely oxide free and starts to form a 

(2x1)/(2x2) reconstruction with hydrogen termination [Kato’91] [Kaspari’16]. In this case, the 

RAS signal increases at 600°C under hydrogen ambient, which means that the amorphous 

material is being removed, clearing the way for the crystalline material beneath. Therefore, 

deoxidation is taking place. Thereby, temperatures above 600°C will be used for GaP 

homoepitaxy. 

In the epitaxies, different temperatures have been tested with a V/III ratio of 150 (Ga flow of 40 

sccm), where the roughness is still one of the most important parameters in these layers.  

Our initial goal was to precisely calibrate growth rates of GaP on GaP. To this end, some growths 

were made in which aluminum phosphide (AlP) delineation layers were intercalated with GaP, 

to provide refractive index contrast and thus use optical reflectance to determine the growth 

rates. Different temperatures have been employed for these experiments and thus, the target 

thickness for the GaP re-growth can be controlled for various cases. Table 4.7 shows the growth 

rates for different temperatures. The growth rate increases moderately as temperature 

increases. 

Table 4.7. Growth rates of GaP as a function of different temperatures with a V/III ratio of 150. 

Temperature

Growth rates (µm/h)

600°C 630°C 660°C

0.6 ± 0.06 0.65 ± 0.04 0.75 ± 0.05  

Figure 4.13 shows the AFM image a GaP homoepitaxial growth on a GaP wafer grown at V/III = 

150. The sample was grown at 630°C and with a reactor pressure of 250 mbar, simulating the 

conditions of the best GaP nucleation on Si. The target thickness of the GaP homoepitaxial layer 
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was 40 nm. It is possible to see that under these conditions the growth is homogeneous, 

presenting RMS roughness lower than 0.5 nm. 

4.10.3. GaP growth on GaP nucleated on Si (100) substrates  

The growth in figure 4.13 was implemented on the GaP nucleated on a Si (100) 4° [111] 

substrate. The GaP nucleation followed the routine described in section 4.9, presenting an RMS 

roughness of around 1 nm. 

Figure 4.13. GaP growth on GaP substrates at 630°C under 250 mbar after a H2 

thermal annealing at 750°C for 3 minutes. The V/III ratio was 150.  

a) 

RMS = 0.48 nm  

Figure 4.14. GaP grown on GaP nucleatead on a Si (100) substrate. 

a) 

RMS = 22 nm  
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Figure 4.14 shows the AFM image of the re-growth on the GaP/Si, with a V/III = 150. It can be 

seen that, despite the implementation of a low-roughness-growth on smooth surfaces, both 

morphologies evolve in a 3D growth, with high roughness. This fact could be due to the 

superficial atomic orientations generated on the GaP nucleated. These configurations could not 

be identical to the GaP wafers and therefore, the growth takes place in different conditions. This 

possibility has not been studied yet. Furthermore, the slight rough surface of the GaP nucleation 

layer can have small hillocks of up to 5 nm, which can behave as nucleation centers for the atoms 

that reach the surface, becoming higher hills in a matter of seconds. At least, the growths seem 

homogenous, since many AFM images were taken at different parts of the samples showing 

similar morphologies.  

These surfaces are not suitable for subsequent growths, since the remaining layers would grow 

with poor quality and thus, low photovoltaic performance. For this reason, the GaP 

homoepitaxial growth needs to be further studied in order to understand accurately the 

processes involved.  

4.11. Summary and conclusions  

In the previous chapter, we optimized the preparation of the substrates prior to growth. In this 

chapter, all the variables affecting the nucleation of GaP on silicon have been explored with the 

goal of developing a “one-reactor process”. AFM measurements have been used to assess the 

surface roughness to evaluate the different variables. The misorientation of the substrate has 

been tested again to confirm what was observed in the last chapter. The best GaP growths have 

been achieved with Si (100) misoriented 4° towards [111] substrates. With regard to the AsH3 

flow in the pre-exposure and its duration, smooth GaP surfaces can be obtained by using 30 

sccm of arsine during 2:45. Longer or shorter times with this flow at the temperatures studied 

do not generate as smooth surfaces. The reactor pressure also determines the GaP growth 

mode, as it affects the mobility of the adatoms. Thus, different reactor pressures have been 

tested and the best GaP quality has been obtained with 250 mbar. The implementation of a 

second annealing under H2 ambient after the arsine pre-exposure was demonstrated to 

reconstruct the silicon surface. In this sense, some epitaxies have included this second annealing 

showing an improvement when it is around 2 minutes long. However, the As dimerization could 

be partially lost in this step and therefore, the AsH3 pre-exposure could only serve to remove 

oxide and other contaminant traces when this routine is applied. The temperature is of great 

importance since it can determine the growth regime. Our best results were achieved at ~720°C 

under the aforementioned conditions. 

The GaP nucleated on Si, following the routine described, has achieved a RMS roughness of 

lower than 1 nm. After this nucleation, a homoepitaxial GaP growth should provide a layer with 

even better morphology, producing a GaP/Si virtual substrate. For this purpose, GaP 

homoepitaxies have been made on GaP wafers to calibrate the variables of the MOVPE process, 
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achieving  GaP on GaP layers of 40 nm reaching less than 0.5 nm of RMS roughness at 630°C. 

Such homoepitaxial recipe was used on the GaP nucleated on the Si (100) substrates, but the 

morphologies obtained were totally degraded, evolving in 3D growths with high roughness. In 

this situation, these surfaces are not suitable for subsequent III-V growth and thus, the GaP 

homoepitaxial growth needs to be further studied to understand the processes involved and 

improve the routine for solar cell development.  

In the next chapter, this GaP nucleated on Si (100) surfaces is further characterized in terms of 

PV device quality. Some samples were processed in order to evaluate the bottom cell developed 

in the GaP nucleation routine.
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5  

Characterization of the GaP/Si virtual 

substrates and solar cells 

5.1. Introduction 

In chapters 3 and 4 the development of a MOVPE routine for GaP nucleation on silicon substrates 

was studied. This routine is intended to be carried out in one single run in a standard MOVPE 

reactor since such approach can be scalable to an industrial level. However, as thoroughly 

discussed, this GaP nucleation is not straightforward since it has to tackle several challenges and 

at the same time needs to achieve a smooth surface acting as a virtual substrate for subsequent 

III-V integration. The routine developed in this research includes a chemical cleaning, a thermal 

annealing, an arsine pre-exposure, a second thermal annealing and the GaP nucleation itself, 

followed by a GaP homoepitaxial growth to produce an actual GaP/Si virtual substrate.  

Our routine involves the exposure of the Si substrate to high temperatures and Group-V 

precursors (AsH3 and PH3). This will produce the in-diffusion of As and P into the p-type wafer 

creating a p-n junction, in a similar way as it occurs in conventional triple-junction solar cell 

technology on germanium. Moreover, some GaP/Si epitaxies have included the incorporation of 

DETe during the growth of GaP, since tellurium is an n-type dopant, and have integrated a highly 

doped GaAs:Te cap layer on top, in order to have a contact layer. This allows to manufacture 

some devices and study the behavior of the future bottom cell in a GaAsP/Si tandem.  

Chapter 
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In this chapter, such basic bottom cell design is characterized. In particular, transmission 

electron microscopy (TEM), Raman spectroscopy and the diffusion profile generated for the p-n 

junction are shown. Finally, the first GaP/Si bottom cells are fully processed and characterized 

to provide the first results about the photovoltaic performance of the design.  

5.2. Material characterization 

Prior to the processing of the devices, some parameters need to be studied and quantified, as 

the quality of the GaP nucleated or diffusion caused by the thermal load.  

5.2.1. Cross section: Transmission Electron Microscopy (TEM)  

Transmission Electron Microscopy was used to observe and characterize the GaP nucleated on 

the silicon substrate. In this way, the purposes of these measurements are: 1) to evaluate the 

continuity of the GaP layer, 2) to observe defects at the GaP/Si interface or in the GaP layer; 3) 

to detect if there is presence of other compounds apart from GaP and 4) to check if oxide or 

other contaminants are present at the interface.  

The sample presented in this experiment followed the routine showed in table 4.6, but with 30 

seconds of GaP growth. This sample showed a roughness of 0.85 nm and it was described in the 

10 nm 

7.4 nm 

5  n m5  n m
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substrate 

GaP 

Silicon 
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Figure 5.1. a) and b) TEM images of the GaP nucleated on Si. Both 

materials are labeled. c) FFT of the sample.  
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section 4.8 (figure 4.11.c). In figures 5.4.a and b is possible to observe cross-sections of this 

sample with different magnifications. Then, fast Fourier transform (FFT) technique has been 

carried out to see the regions presented in the sample using inverse FFT method from the 

pattern obtained (figure 5.1.c). At first sight is possible to see that the GaP layer is continuous 

and homogeneous with a thickness of around 7.4 nm. Some degree of surface roughness is also 

noticeable from figure 5.1.a. Apparently, there are not defects –as stacking faults– present in 

the layers. Furthermore, no oxides or contaminants have been detected. From the reciprocal 

pattern, shown in figure 5.1.c, only regions of GaP and silicon have been detected. So, other 

compounds as GaAs or GaAsP have not been formed during the growth.  

Obviously, TEM analysis is necessarily very local in the sample and from these images it cannot 

be concluded that the full wafer is free of contaminants or flaws at the GaP/Si interface or crystal 

defects in the GaP layer. Anyhow, this TEM analysis brings further evidence indicating that our 

process seems robust. The HF-dip, the annealing under H2, the pre-exposition of 2:45, the final 

H2 annealing of 2 minutes, and subsequent GaP growth have fulfilled their duties in the process. 

5.2.2. Crystallographic quality: Raman spectroscopy 

Raman spectroscopy is a technique based on inelastic scattering (the frequency of photons 

changes after the interaction) of monochromatic light in a sample, usually from a high intensity 

laser light source with a frequency ν0, studying the vibrational mode of the atoms. Most of the 

scattered light is actually at the same wavelength as the laser source and does not provide useful 

information – this is called Rayleigh Scattering. However, the frequency of the reemitted 

photons can be shifted up or down (+νr or -νr) in comparison with the original monochromatic 

frequency, which is called the Raman effect (sometimes known as the Smekal-Raman effect in 

the German literature [Colthup’90]). This small amount of light (typically 10-7 %) is scattered at 

different wavelengths, which depends on the chemical structure of the analyte – this is called 

Raman Scattering. This scattering can be Stokes or anti-Stokes scattering depending if the 

scattered photons have lower or higher frequency, respectively. This shift of wavelength 

provides information about vibrational, rotational and other low frequency transitions in 

molecules [Colthup’90] [Wolverson’08] [Cardona’83]. Therefore, the frequency modulation is 

specific to molecular vibrations and the phonons in crystals. The general spectrum profile (peak 

position and relative peak intensity) provides a unique chemical fingerprint which can be used 

to identify a material and distinguish it from others. The intensity of a spectrum is directly 

proportional to the concentration. Raman scattering was first reported in 1928 [Russell’65]. 

In this context, Raman spectroscopy has been measured on several samples for the following 

purposes: 1) to detect if impurities or other compounds are present breaking the crystal 

symmetry and thus leading to disorder-induced Raman scattering; and 2) to evaluate the quality 

of the crystal comparing with a state-of-the-art GaP/Si template. 
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Figure 5.2 shows the Raman spectra of GaP samples both grown on Si and on GaP substrates, 

including a GaP/Si virtual substrate grown by NAsPIII-V, which is considered as state-of-the-art. 

This GaP-on-Si-template is free of dislocations, stacking faults and twins and possesses an anti-

phase domain (APB) free surface with excellent surface morphologies [Volz’11] [Beyer’13]. 

Therefore, this sample, represented in red, is taken as benchmark for the analysis of GaP growth 

on GaP, that is represented in blue, whereas the GaP on Si are plotted in green and purple 

tonalities. The difference between GaP/Si samples lies in the GaP re-growth that has been 

carried out on the sample in green. 

Analyzing the GaP/GaP sample (in blue) two peaks are clearly visible that represent the 

longitudinal and transverse optical vibrations of the GaP in the first order spectrum (labelled TO 

and LO in the figure, respectively). These two peaks are typically at 364 – 366 cm-1 for the 

transverse optical (TO) (Γ) and 402 – 404 cm-1 for the longitudinal optical (LO) (Γ) [Russell’65] 

 

Figure 5.2. Raman spectroscopy of GaP samples. In blue: GaP on GaP substrates. In red: GaP/Si template from NAsPIII-

V. In green: GaP grown on GaP nucleated on Si. In purple: GaP nucleated on Si. 

 



Chapter 5 
Characterization of the GaP/Si virtual substrates and solar cells 

 

79 

[Krishnan’65] [Barker’68], as can be observed in this case. Commonly, the LO vibration mode is 

much higher than the TO [Russell’65] [Pelosi’07], as in the figure. A tiny shoulder is intuited at 

465 cm-1, which is assigned to a O or N impurities [Hon’70]. The measurement of this sample, 

having the LO and TO characteristic peaks, serves as reference for the analysis of the rest of 

samples.  

In the case of the samples of GaP grown on Si substrates, the silicon first-order LO Raman 

vibration mode is clearly visible at 517-520 cm-1 [Dolling’66] [Parker’67] [Songmuang’06] 

[Yoo’14]. In the sample from NAsPIII-V, just the LO mode of the GaP stands out, but with high 

quality (red). As for the GaP re-growth on Si, represented in green, both TO and LO GaP vibration 

modes are visible [Hobden’64] [Mooradian’66], although with different relative intensities 

comparing to GaP/GaP samples. The TO GaP peak is also asymmetrical [Russell’65]. On the other 

hand, the two GaP vibration modes are not visible in the sample of GaP nucleated (purple). 

However, this sample is comparable to the state-of-the-art, since there is not disorder or defects 

that would cause stranger signals. This lack of peaks could be due to the limited thickness of the 

layer grown, since in the GaP/GaP/Si sample (in green) they are visible even though it has lower 

intensity. Nevertheless, in these samples another peak at around 300 cm-1 stands out in all 

GaP/Si samples (and in the sample with the GaP regrowth). The origin of this peak may be due 

to the transverse and longitudinal acoustic TA + LA (L) of GaP, which exhibits a shoulder around 

these frequencies as it has been reported [Russell’65]. Although, this peak could be also caused 

by the LA (χ) GaP [Krishnan’65], but it seems too intense for this motive.  

Our goal with this analysis was to detect extra features in the Rama signals in our GaP/Si samples 

that could be related to defects breaking the crystal symmetry and thus leading to disorder-

induced Raman scattering. We have not detected the such so we conclude that the GaP 

nucleated on Si shows evidence of being defect-free –at least to a large extent– and with high 

quality since no scatter signals show up as in the GaP from NAsPIII-V. This was also observed in 

the TEM images, but they covers only a small area of the sample in comparison to Raman, whose 

light beam has a diameter of hundreds of microns or even millimeters, assessing a wider area of 

the sample.  

5.2.3. p-n junction formation: diffusion in the nucleation process 

The high temperature at which the samples are exposed after the pre-exposure triggers the 

diffusion of atoms into the Si wafer. After the arsine pre-exposure, GaP nucleation takes place 

at 710 – 720°C, which could be enough for the diffusion of As, P and Ga (or even Te, depending 

on the routine employed) into the substrate, whereas Si could out diffuse to the III-V layers.  

As, P and Te can act in silicon as donors, making the silicon an n-type semiconductor. The silicon 

substrate employed has been p-type, doped with boron with a concentration of around 1 – 2 x 

1015 cm-3. In this way, if a significant diffusion of As or P effectively occurs, the bulk of the 

substrate can become the base of the solar cell, with a wide space charge region, and the emitter 
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can be created by diffusion of these elements due to the thermal load. In this case, the n-GaP 

nucleated would act also as a window layer, since it provides almost ideal offsets at the valence 

and conduction bands for a n-Si emitter and it has high bandgap [Feifel’16]. On the contrary, Ga 

atoms would act as acceptors, counterbalancing the n-type doping created by the donor atoms 

also diffused. In the absence of diffusion, the GaP as n-type semiconductor can also work as an 

emitter and therefore, the bottom cell would be a n-GaP/p-Si heterojunction device [Feifel’17].  

The active carrier concentration of the samples has been measured by electro-chemical 

capacitance voltage (ECV). This technique is based on creating a depletion region in an 

electrolyte/semiconductor Schottky contact, which behaves as a capacitor. Measuring the 

capacitance, the information about the electrically active carriers is provided. This parameter 

can be measured as a function of the depth by electrolytically etching the semiconductor. 

In the samples where DETe has not been employed, the measurements have not been able to 

detect any n-type doping due to the diffusions are not enough for compensating the boron 

doping of the silicon substrate. However, in the samples where the Te was introduced, the n-

type carrier concentration is high enough to be detected over the p-doping of the wafer. Figure 

5.3 shows the ECV profile of a sample in which GaP was grown on a Si substrate without (circles) 

and with the use of 29 sccm of DETe flow (triangles). Then, the GaP was etched off with aqua 

regia (HNO3 : HCl – 1:3) in order to measure the carrier concentration generated by the diffused 

dopants in the silicon substrate. In the figure, it is possible to see that the n-type region depth 

Figure 5.3. Electro-chemical capacitance voltage (ECV) of a silicon substrate as a function of the depth, on which 

a GaP:Te and a GaAs:Te layers were grown on top after the substrate preparation. These layers were etched 

for measuring the n-dopants diffusion into the silicon substrate. 
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(i.e. the emitter thickness) is around 300 nm when DETe is employed. As for the carrier 

concentration, it presents an initial region (<100nm) where it starts with an initial ramp and then 

stabilizes in a plateau of ND~5·1014 cm-3, which is a low value for a typical silicon solar cell emitter. 

This region can be explained considering a shallow diffusion of Ga into the silicon just the first 

nm, as what occurs in Ge in MOVPE ambient [Barrigón’18]. In this way, counterbalancing the n-

dopants and thus, reducing the negative charge in the semiconductor at the surface, creating 

the ramp observed. Then, when the P starts to dominate the dopant concentration, the n-type 

silicon increases reaching steady values. 

The interpretation of why we only get n-type diffusion when DETe is used in the growth is not 

straightforward. In the sample analyzed in Figure 5.3, a Te-doped n++ GaAs layer was grown on 

the n:GaP(Te). It has been reported that n++ layers are very effective introducing point defects 

that boost diffusion processes in the structure. So the cause of the increase in doping level, as 

compared with samples not using Te, could not be Te diffusion but the boost in the diffusion of 

As or P triggered by the generation of point defects by the introduction of Te [Hinojosa’19] 

[Deppe’88]. In any case, this measurement shows that in our reference GaP/Si nucleation 

routine a p-n junction can be created into the silicon, forming a homojunction while the GaP 

would act as a window layer.  
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5.3. Bottom cell development and characterization 

5.3.1. Device processing  

a) p-Silicon wafer b) Chemical cleaning 

c) Annealing under H2 at 770°C d) Pre-exposure at 720°C 

e) Second annealing at 720°C f) n-GaP nucleation and growth at 720°C 

and 630°C 

g) n-GaAs growth at 630°C h) Metallization 

i) Mesa etching 

Figure 5.4. Diagram of the fabrication flow of the solar cells schematically represented. 

 Si substrate 
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The GaP was nucleated on Si (100) substrates with a miscut of 4° toward [111] following the 

optimized routine described in chapter 4 (table 4.6). A DETe flow of 29 sccm was introduced in 

the reactor chamber during GaP nucleation with the purpose of doping this GaP and improving 

its role as a window layer. Then, on the smooth GaP nucleated surface (grown for 1 min), the 

GaP re-growth was made at 630°C for 3:00 with a target thickness of 40 nm. In some GaP/Si 

samples a heavily doped n-GaAs front contact layer was grown in order to create a simple device 

structure to assess the photovoltaic properties. In this way, this solar cell does not correspond 

to a real design but to a functional solution. This GaAs cap was also grown at 630°C for 6:00 with 

a DETe flow of 29 sccm in order to generate a heavily n-type doped contact layer to facilitate 

the formation of good electrical contacts at the front grid. The thickness of this layer was 350 

and its target doping level was around 1·1019 cm-3.  

These GaAs:Te/GaP:Te/Si samples were processed into 3 x 3 mm2 solar cells. The front contact 

was made with electroplated gold (around 500 nm thick), reaching a specific contact resistance 

(ρc) of 3.5·10-3 Ω·cm2. This value is higher than other Au/n-GaAs contacts exposed to the same 

thermal load, which can reach values around 10-6 Ω·cm2 [Hinojosa’18], but this specific contact 

resistance can be just enough for one-sun operation. The back contact was made with 1 µm-

thick aluminum evaporated through electron beam physical vapor deposition (EBPVD) on the 

silicon. Then, it was annealed in a Rapid Thermal Annealing (RTA) oven over the Al-Si eutectic 

point at 685°C for 80 seconds under forming gas ambient. This metallization is further described 

in Annex 1. Subsequently the solar cells were electrically isolated by means of a mesa etch. The 

GaAs was etched with H2O2:H2O:NH4OH (2 : 1 : 10) solution, then the GaP with aqua regia 

(HNO3:HCl – 1 : 3) and finally around 600 nm of silicon were removed with HNO3:HF:H2O (1 : 1 : 

 

Figure 5.5. Structure of the solar cells that have been processed and serve as bottom cell in the 

targeted GaAsP/Si tandem solar cell.  
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1). No antireflecting coating was deposited on top of the cells. The whole process is represented 

in figure 5.4 and is summarized in table 5.1. The final structure is sketched in figure 5.5. 

Table 5.1. Summary of the device processing to produce the Si bottom cell. 

Substrate: Si (100) 

Miscut: 4°→ [111] 

Chemical clean: HF dip 

Process pressure: 250 mbar 

Anneal (T, t, gas) 770°C, 30:00, H2  

AsH3 pre-exposure (T, t, flow): 720°C, 2:30, 30 sccm 

Second anneal (T, t, gas): 720°C, 2:00, H2  

GaP nucleation (T, t, V/III): 720°C, 1:00, 1500 

GaP growth (T, t, V/III): 630°C, 3:00, 400 

GaAs growth (T, t, V/III):  630°C, 6:00, 150 

Front contact (metal, process, alloy) Au, electroplating, non-alloyed 

Back contact (metal, process, alloy) Al, EBPVD, at 686°C for 80 s under forming gas 

5.3.2. Solar cell device characterization  

5.3.2.1. External Quantum Efficiency  

The quantum efficiency (QE) is a measure of the ratio between the number of photons of a given 

energy that reach the device surface and the carriers that are photogenerated and collected by 

the solar cell. In this case, the external quantum efficiency (EQE) was measured, which takes 

into account all the photons whereas the internal (IQE) only the photons that are absorbed by 

the semiconductor, omitting those reflected. 

The measurements have been made using a custom-made setup based on a 1000 W Xe lamp of 

white light which passes through a triple-grating monochromator (JOBIN-YVON) and a filter 

wheel. The monochromatic light is chopped at a frequency of 481 Hz and optically guided to the 

device under test and to a monitor cell. Two different low noise current preamplifiers (SR570) 

convert the output currents into voltages, which are measured by a two-channel lock-in 

amplifier (Anfatec 203). The monitor cell is always measured and corrects the lamp fluctuations 

that may take place during the measurement [Barrigón’15a]. Neither light-biasing, nor voltage 

bias of the device under test were used in this case. In this way, the solar cell is exposed only to 

a monochromatic light, measuring its short circuit current for each wavelength. Then, the 

quantum efficiency is obtained from this relation which is the so-called spectral response.  

The EQEs measured are shown in figure 5.6. The curve in blue squares shows the EQE of one of 

the best devices in the batch. In soft pink, the measurements of the rest of the GaAs/GaP/Si 

devices in the batch are shown and denote a reasonably low dispersion. The EQE of the best 

GaP/Si solar cell reported in the literature so far –developed by M. Feifel and coworkers from 



Chapter 5 
Characterization of the GaP/Si virtual substrates and solar cells 

 

85 

Fraunhofer ISE in 2016 [Feifel’16]– is depicted in a dashed green line with its structure for 

comparison. The short circuit current densities under spectrum AM1.5D of the two designs have 

been included in the graph, being JSC= 18.8 mA/cm2 for the GaAs/GaP/Si design; and 

24.3 mA/cm2 for the GaP/Si reference cell by Feifel. 

A first striking fact about figure 5.6, visible to the naked eye, is that the peak EQE of our 

GaAs/GaP/Si solar cell virtually reaches values as high as Feifel’s design at approximately 925nm. 

The big difference among both curves in the shorter wavelength range stems from the fact that 

our design includes a 350 nm thick GaAs filter, which, despite its limited thickness, absorbs a 

great proportion of the spectrum, as expected from its moderate bandgap (Eg = 870 nm, blue 

dashed line in the graph) and high absorption coefficient. The bandgap of GaP is indicated by 

the red dashed line. Regarding the differences in response in the infrared ( > 950 nm), we 

believe they are originated by different rear side passivation strategies. Whereas Feifel used a 

rather elaborate approach with two dielectric layers, we relied on a classic Al BSF alloyed at at 

moderate temperature. Both these differences impact the JSC in our design, which anyhow 

presents a reasonable value. 

Figure 5.6. External Quantum Efficiency of our Si solar cell in blue squares and [Feifel’16] in dashed green, whose 

structures are also represented. 



Chapter 5 
Characterization of the GaP/Si virtual substrates and solar cells 
 

86 

For a further understanding of the solar cell behavior, simulations of both our design and Feifel’s 

have been made using Hovel equations. Figures 5.7.a and b show the simulation of both solar 

cells. In both figures is possible to see the fit of the EQE in orange. The rest of lines represent 

 

Figure 5.7. (a) EQE of our solar cell in blue squares. (b) Feifel’s EQE in dashed green line. In both figures: simulated 

EQE in orange, simulation of the base in red, emitter in blue and SCR in green. 

(b) 

(a) 
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the contributions to the EQE of the base (red), the space charge region (green) and emitter 

(blue). The associated parameters are shown in table 5.2. The backside of Feifel’s EQE has been 

difficult to fit and suggests a base with lower Eg than silicon’s but it can be explained by the 

reflectance produced by the aluminum rear contact [Feifel’16]. 

The emitter of our design barely collects, as can be seen in blue, probably due to the low 

thickness achieved. In Feifel’s case, the emitter shows a regular collection since it has a thickness 

of 1 µm and a doping of 5.5 x 1019 cm-3, but it has been produced through an optimized diffusion 

process prior to the MOVPE growth.  

In the cells the GaP is acting as window layer, but with different surface recombination velocities. 

Our cell has presented a surface recombination velocity in the emitter of around 104 cm·s-1, 

which means that the GaP is passivating the front part in a reasonable way. The front part of M. 

Feifel is worse passivated since higher surface recombination is necessary to fit the curve (105 

cm·s-1), which they explain with the presence of a significant density of antiphase boundaries 

[Feifel’16]. This fact suggests again that our GaP/Si interface presents high quality as observed 

in TEM and, indirectly, in Raman. 

Regarding the minority carrier parameters of the cell (included in Table 5.2), they have shown 

good values, even though lower than those obtained from the simulation of Feifel’s cell in the 

base. In his case, electron lifetime in the p-silicon was 400 s, whilst in our case we reached e = 

200 s. We hypothesize that this difference comes from a different concentration of lifetime 

killing impurities in both cases. It is known that MOVPE growth environments can degrade the 

lifetime of silicon wafers as a result of metallic impurities diffusing into the wafer from the 

heated graphite susceptor [García-Tabarés’15b]. This effect can be minimized if the rear side of 

the wafer is protected with a Si3N4 during the MOVPE growth, as Feifel did. Unfortunately, we 

did not have access to such protection in our experiments so we expect a higher loss in lifetime, 

which could be easily avoided in future experiments by using coated wafers.  

Table 5.2. Values of some parameters obtained from the simulations of the devices.  

Layer

Our design Feifel Our design Feifel Our design Feifel Our design Feifel

n-GaAs 120 - 1.6 ns - 1.3 - 1 · 106 -

n-GaP 33 60 45 ns 45 ns 4.0 4.0 1 · 105 1 · 106

n-Si emitter 300 1000 40 µs 30 µs 210 175 1 · 104 1 · 105

p-Si base 250000 300000 200 µs 400 µs 680 1020 1 · 103 120

Thickness (nm)
Minority carrier

 lifetime

Surface 

recombination 

velocity

(cm · s-1)

Diffusion

 lenght (µm)

 

Finally, both designs present a large difference in back surface recombination velocity, which is 

behind the differences IR response (>950) between both cells in Figure 5.6. As commented, 

this is due to the well-prepared passivation in the rear part of Feifel’s cell. Our simulations have 
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shown a surface recombination velocity in the rear part of 103 cm·s-1 for our design, whereas in 

Feifel’s cell this parameter has reached 120 cm·s-1.  

In summary, we believe that our GaP/Si solar cell design shows a performance comparable to 

that of Feifel’s, with room for improvement using better rear side protection and passivation. 

An obvious question that follows is how would this design perform in a real GaAsP/Si tandem 

solar cell. We try to answer this question in figure 5.8. In this figure we plot the simulation of 

the EQE of the Si cell under a GaAsP layer with the same thickness as the top cell, as shown in 

figure 2.2. The minority carrier parameters and surface recombination velocities have remained 

unchanged (i.e. as in Table 5.2), but it is important to take into account that subsequent thermal 

load in the reactor could affect these values. The EQE of the GaAs/GaP/Si cell developed is 

superimposed in blue squares for comparison. It can be observed that the JSC presents a 

moderate value (11.8 mA/cm2) that could be attributed to the imperfect IR response, which is 

more critical in this multijunction. However, this bottom cell would be better than the one 

manufactured in [Grassman’16a] (plotted in a purple dashed line), which is a reference result 

for GaAsP/Si tandems and has a more complex process in its development [Grassman’13]. In this 

 

Figure 5.8. Simulated EQE of the Si cell with a hypothetical GaAsP cell filtering on top in orange, base in red, SCR in 

green and emitter in blue. The blue squares represent the experimental Si cell. Dashed purple line represents the Si 

bottom cell from [Grassman’16a]. 
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way, the solar cell EQE is acceptable and promising for a bottom cell in a multijunction GaAsP/Si 

solar cell. 

5.3.2.2. I-V curves 

Dark and one-sun I–V curves were measured using the four-probe method with a Keithley 2602 

source-meter instrument and a homemade AAA solar simulator based on a 1000-W Xe-lamp and 

an ORIEL 68820 stabilized power supply. 

Figure 5.9 represents the I-V curves of the solar cell under one sun. The table shows the 

parameters from this curve. The short-circuit current (JSC) is in agreement with the EQE. The fill 

factor (FF) presents a moderate value (73.8%). This value is lower to Feifel’s and could be 

attributed to the lack of rear passivation and their effective contacts to the back side made by 

laser fire contacts, since the shunt resistance is similar. The lack of rear passivation can partially 

explain the moderate VOC in the cells (488 mV) as compared to Feifel’s (over 615 mV). However 

the difference is larger than expected suggesting that we suffer from additional recombination 

mechanisms yet to be clearly identified. 

Dark I-V curve was also measured and is depicted in figure 5.10. The slope of the ideality factors 

of n = 1 and n = 2 are also shown (kT and 2kT respectively). The parameters of the fit to the dark 

I-V curve are shown in table 5.3. These values show that the n=2 recombination (i.e. the space 

charge region and at the perimeter) is dominating the cell. The dark saturation current, J02, is 

Figure 5.9. I-V curve under one sun of the solar cell. The table shows the parameters from this curve. 
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higher than in Feifel’s, which also explains the lower voltage. We need to do further research on 

this but the large perimeter to area ratio of our small cells might be behind this fact. 

Table 5.3. Parameters calculated from a fit in the figure 5.10. 

J01 n1 J02 n2

Blue line (with GaAs) 1.7 · 10
-11 1 4.5 · 10-8 2  

5.4. GaP on Si: Summary, conclusions and future works 

In the aim of integrating III-V semiconductors on silicon substrates for photovoltaic applications, 

GaP is an available compound for carrying out this purpose. This compound, used to implement 

a virtual III-V substrate, is the base of the monolithic GaAsP/Si dual junction solar cell which has 

reached experimental efficiencies up to 25% and has the potential to exceed 30%. 

In this research, the approach is to follow what is done to grow multijunction solar cells on Ge 

by MOVPE: to develop a single growth process, using a standard MOVPE reactor and 

conventional precursors, to manufacture the complete III-V structure and create, in the same 

process, the p-n junction on the Si substrate. 

But this GaP/Si integration is not straightforward and it has to face the difficulties of growing 

polar on non-polar materials, the different expansion coefficients, cross-doping or the issues 

 

Figure 5.10. Dark I-V curve of the solar cell represented in blue with its fit in purple. The dashed grey lines 

represent the slope of the lines with ideality factos of 1 and 2.  
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caused by the slight lattice mismatch. For these reasons, before the growth, the silicon substrate 

must be rigorously prepared. In this preparation, many groups have employed complex 

processes, which are avoided in this approach to ease a potential industrial production.   

For this substrate preparation, it is necessary to remove the contaminants from the substrate. 

For this purpose, a wet chemical cleaning can be carried out if in the reactor the temperature 

does not reach over 1000°C to pyrolyze the oxides and contaminants. Although the RCA 

standard clean process has been used par excellence for decades, a HF-dip has been observed 

to be also effective and it is used in this research since it is less time consuming and expensive. 

Then, a thermal annealing under H2 ambient needs to be carried out in order to promote the 

ideal surface configuration, consisting of double-stepped terraces with one single domain. For 

this, some authors have observed that in a MOVPE reactor the annealing needs to be over 950ᵒC 

for at least 10 minutes. However, it has been demonstrated that the presence of a precursor as 

TBAs or AsH3 leads to a temperature reduction down to 700°C-800°C for this purpose. In this 

research, given our MOVPE reactor configuration, the thermal annealings have been made at 

770°C for 30 minutes under H2 ambient and a background of As, Ga and P (present in the reactor 

chamber and walls).  

The misorientation of the silicon surface also plays an important role. The best results in this 

research have been achieved with Si (100) 4° misoriented towards [111].  

Many works have reported an improvement when Si substrates are exposed to a short flux of 

one of the group-V precursors before the GaP growth actually starts. This improves the wetting 

of the subsequent GaP layer and furthermore this pre-exposure aids in the deoxidation and the 

elimination of contaminants as carbon or oxygen. The pre-exposure is also interesting in order 

to form a p-n junction for the bottom subcell by diffusion. In previous works, it was 

demonstrated that the best candidate for this pre-exposure is based on As, either arsine or TBAs. 

In this work, the best results have been obtained when the substrates are exposed to arsine 

during 2:45 at 710°C – 720°C with a flux of 30 sccm. However, an excessive pre-exposure can be 

detrimental as it can roughen the surface.  

A subsequent second thermal annealing under H2 ambient minimizes the roughening created by 

the pre-exposure in the presence of group-V precursors. Although, the As dimerization on the Si 

substrate is partially removed in the first 2 minutes of annealing, the best results have been 

accomplished with the implementation of this second annealing for 2 minutes. For 

counteracting this desdimerization, in the growth step the phosphorus supply is opened 5 

seconds before the gallium for improving the wetting lost. 

The GaP growth has been carried out with TMGa and PH3 precursors. To date, there is not a well-

established routine for a complete nucleation process. Several authors have employed pulsed 

growth mode. However, most of these authors have turned to a prior Si homoepitaxial growth 

and expensive precursors, not considered in this research. As for the continuous growth mode, 

high quality 2D nucleation has been reported. In this work a GaP nucleated on Si with a RMS 
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below 1 nm has been achieved at 720°C with a V/III ratio of 1500 and 250 mbar of reactor 

pressure.  

After the nucleation of GaP on Si, GaP is homoepitaxially re-grown to improve the morphology 

but not surpassing the critical thickness. Different temperatures were studied but roughness 

minimization could not be achieved and this would be detrimental for subsequent III-V growths.  

The GaP/Si nucleation was characterized. By the addition of a dopant in the GaP growth (using 

DETe), it was possible to observe the diffusion of donor elements into the silicon and a p-n 

junction was created. The GaP/Si heterostructure was characterized by TEM and it was possible 

to observe that no oxygen nor other contaminants were present.  The Raman spectra measured 

did not reveal all the characteristic shapes of GaP sample, but it was quite similar to that of state-

of-art GaP/Si samples.  

Some samples with the p-n junction created in the silicon were processed into solar cells to study 

the photovoltaic behavior of this device. The EQE and I-V measurements showed that, although 

the emitter has not been optimized and the silicon passivation has not been studied yet, the 

solar cell response is acceptable and promising for a bottom cell in a III-V/Si multijunction solar 

cell.  

For future works, the GaP nucleation routine should be improved further. The GaP on GaP over-

growth should be studied in depth, since 3D growth is evident at this step. For this, the 

parameter space provided by MOVPE should be surveyed as different V/III rations, temperatures 

and reactor pressures could lead to better results.  

As for the p-n junction formation, diffusion should be studied in detail since the exact 

mechanisms behind it are far from clear as of now. In this way the diffusion profile and thus the 

bottom cell emitter design could be optimized. For this purpose, a deeper study regarding the 

role of Te could be carried out.  

Another aspect to be improved is the silicon rear side protection to improve the minority carrier 

lifetime of the silicon bulk. Lifetime is notably reduced during the MOVPE process due to metallic 

impurities that diffuse from the graphite susceptors towards the wafers as could be observed in 

the EQE comparing with other reports.  

After the complete development of this nucleation routine, the growth of the remaining layers 

of the multijunction solar cell on silicon could be continued.  
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6  

Introduction to the integration of III-V 

compounds on Si substrates through 

group-IV buffers 

6.1. Introduction 

The first part of this thesis was focused on describing our approach to integrate III-V 

semiconductors on silicon through the nucleation of GaP. This approach intends to simplify the 

process mimicking what is done to develop multijunction solar cells on Ge by MOVPE, i.e., a 

monolithic growth of III-V semiconductors on silicon. In contrast, in this second part, the 

integration of III-V compounds on silicon is also carried out monolithically, but the intermediary 

layers are formed by group-IV elements.   

These intermediary layers, known as buffers, seek to accommodate the dissimilar parameters, 

as the lattice mismatch, between the materials. In this way, Ge and a SiGe alloy can be grown 

on the Si substrate and serve to produce lattice constant accommodation and as a bottom cell. 

In some designs, a SiGeSn alloy have also been employed [Caño’17]. Then, a GaAsP subcell can 

be grown on top. This GaAsP/SiGe tandem on Si has reached efficiencies over 20% [Pitera’11] 

[Wang’15] and has de potential to exceed 40% [Kurtz’08].  

Chapter 
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This chapter addresses the introduction to this tandem approach. It describes the target 

structure of the solar cell to be developed and analyzes the state of the art of this GaAsP/SiGe 

on Si solar cells. In addition, the group-IV buffer layers are described as they follow an innovative 

routine, their advantages are disadvantages are analyzed.  

In the following chapters, the first results are shown, including an implementation for 

improvement and the way of more enhancements are commented.  

6.2. Target structure for III-V/IV on Si solar cell 

As mentioned in chapter 2, the nucleation of III-V semiconductors on silicon substrates has been 

the goal of many research works since the 1980s [Supplie’18a]. However, the integration of III-

V semiconductors on silicon substrates through group-IV layers has only awakened interest since 

some years ago [Ringel’02] [Groenert’03].  

In most of the cases, a Si1-xGex alloy is grown directly on the silicon as a graded layer in which 

the composition varies linearly from pure Si to the desired Ge content. This alloy covers a wide 

range of lattice constants and bandgaps as can be observed in figure 6.1. In this way, this layer 

provides a degree of freedom of bottom cell bandgap tunability (depending on the composition 

of the Si1-xGex alloy) and thus allows to approach the optimum bandgap combination for a dual-

Figure 6.1. Energy gaps as a function of the lattice constant of different III-V compounds and group IV 

elements. It is possible to see the “path” that this design follows: Ge buffer on Si, graded SiGe, SiGe bottom 

cell and GaAsP top cell. The optimum bandgap combination is marked with a GaAs0.9P0.1 top cell and a 

Si0.15Ge0.85 bottom cell.  
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junction solar cell [Connolly’14]. Accordingly, this kind of graded buffer layers are known as 

forward buffers.  

In our designs, the development of the group-IV buffer layers follows a different philosophy, so 

far only tested in transistors. Firstly, a germanium layer is directly grown on the silicon substrate, 

despite the large lattice mismatch (around 4.2% [Haddara’17]). Then, a subsequent Si1-xGex 

graded buffer layer is grown, changing its composition from pure Ge to the desired final target 

(again Ge ~80%). This kind of graded buffer layers are known as reverse buffers and possess 

some advantages and disadvantages that will be analyzed in next sections. 

In this context, the goal of this work is to develop a hybrid tandem solar cell formed by a III-V 

top cell and a group-IV bottom cell grown on reverse buffer layers on silicon substrates. The 

combination of a III-V alloy as top cell (GaAs1-xPx in this case, which also covers a wide range of 

bandgaps and lattice constants) with a group-IV alloy as bottom cell (Si1-xGex) opens a wide 

palette of bandgap combinations. The iso-efficiency contour map on figure 6.2 shows that the 

maximum theoretical efficiency attainable under one sun is 45.7% for a tandem solar cell with a 

1.52 eV top cell (reachable with GaAs0.9P0.1) and a 0.92 eV (reachable with Si0.15Ge0.85) bottom 

cell [Kurtz’08], marked in figure 6.1. Such compositions of GaAsP and SiGe are not lattice 

matched, as can be seen in the figure 6.1, which would imply a metamorphic design. In order to 

avoid the need of extra buffer layers, we adopted the quasi-optimum design marked with the 

green diamond in figure 6.2. This design reaches a maximum theoretical efficiency of 42.4%, 

while being a lattice matched structure, which combines a 1.66 eV top cell using GaAs0.8P0.2 and 

a 0.98 eV bottom cell using Si0.24Ge0.76. 

Figure 6.2. Iso-efficiency contour map of a dual junction solar cell vs top and bottom cell bandgaps 

assuming detailed balance considerations [Kurtz’08]. In the graph the maximum efficiency 

achievable with a tandem cell (in blue) and our designs (in green) are depicted.  
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Therefore, after the growth of the reverse buffer layers, a Si0.24Ge0.76  bottom cell (0.98 eV) is 

grown with a 5 µm-thick base with a subsequent lattice matched GaAs0.8P0.2 top cell. Both 

subcells are developed with adjusted thicknesses ensuring enough absorption while maintaining 

a high crystalline quality. With respect to prior art, in this work we target notably thicker subcells 

[Faucher’13] [Wang’15] [Schmieder’15] to unleash the potential of reverse graded buffers and 

thereby maximize optical absorption and subsequently JSC. The structure can be seen in figure 

6.3 with the lattice constants schematically represented and thicknesses and doping levels 

labeled. The different layers grown are also depicted in figure 6.1, where the path that the design 

follows in terms of bandgaps and lattice constants can be observed.  

Further designs would be able to include a III-V triple junction on the reverse buffer layers 

increasing the potential of the solar cell up to 50.6% [Kurtz’08]. 

6.3. State of the art of III-V/IV on Si solar cells 

Several solar cells designs have been developed following the criterion of integrating the III-Vs 

monolithically through group-IV buffer layers. In the figure 6.1 it was possible to see the wide 

range of lattice constants and bandgaps that the SiGe and other alloys cover. In this sense, most 

of the designs employ a SiGe alloy, which has been deeply studied in electronics and in 

photovoltaics since the 80s [Nakamura’81]. In this way, the best bandgap combinations for 

reaching the maximum efficiencies are more easily attainable, which surpass the silicon’s in most 

of the cases [Connolly’14]. 

Figure 6.3. Structure of the solar cell to be developed. The GaAsP/SiGe tandem is shown in the left with the lattice 

constants schematically represented and with their thicknesses and doping levels labeled in the right.  
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The growth of SiGe alloys is usually carried out on the Si substrate searching for the desired 

Si1-xGex composition and at that point the III-V semiconductors are grown lattice matched on 

top. Following this approach, [Lew’07] developed a AlGaAs/GaAs structure on SiGe/Si for bipolar 

transistors. The first monolithically-grown triple-junction, formed by GaInP/GaAsP/SiGe on Si 

wafers, achieved an efficiency of 13.1% without antireflective coating (ARC) [Carlin’15]. Some 

authors have developed a virtual substrate of GaP on the SiGe alloy with promising roughness 

[Carlin’11]. Others have grown a Ge layer on the SiGe alloy to serve as a template for subsequent 

III-V layers [Yang’02], as GaAs/AlGaAs for lasers [Groenert’03], AlGaInP for LEDs [Kwon’05] or 

quantum wells for thermoelectric devices [Cecchi’13]. As for solar cells on Ge/SiGe/Si templates, 

single junctions as the heterojunction GaInP/GaAs reaching 17% [Ringel’02] or GaAs reaching 

18.1% have been manufactured. The first tandem GaInP/GaAs grown on these Ge/SiGe/Si 

templates was developed by [Ringel’05], reaching 2 V of VOC, the highest in this kind of 

structures. Later, the tandem GaInP/GaAs on Ge/SiGe/Si has reached 16.8% [Lueck’06]. 

However, some authors have grown this Ge layer directly on the silicon, serving as template. 

[Ginige’06] developed a GaAs solar cell grown on this Ge/Si substrate, reaching an efficiency of 

11.7%. This structure has also been employed for photodetectors [Luan’99]. 

Nevertheless, the highest efficiencies have been reached with GaAsP/SiGe tandems on Si 

through Si1-xGex graded layers. [Schmieder’12] suggested that this structure has the potential to 

approach an efficiency of 40%. The first among these tandems on Si was reported by [Pitera’11], 

reaching around 20% efficiency. Then, both [Díaz’15] and [Conrad’17] reached 18.9% and 18.0% 

respectively, limited by series resistance, presenting the latter the highest VOC among this type 

of cells (1.6 V), while the highest FF (82.8%) has been achieved by [Schmieder’15]. However, 

[Wang’15] has developed a tandem GaAsP/SiGe with 20.6% under one sun for 2 terminals and 

3 terminals [Wang’16a]. 

Several studies have been carried out in order to improve each subcell individually. The best 

GaAsP top cell over a SiGe graded layer was reported by [Faucher’13] and [Milakovich’15] (with 

very similar results) with an efficiency of 11.2%. Regarding the SiGe subcell, [Zhao’17] improved 

the JSC up to 19.4 mA/cm2 by introducing a back texturing and reflector, getting close to what 

this subcell is able to produce (21 mA/cm2) [Zhao’15]. If combined successfully in the same 

device, these values would lead to an efficiency of the GaAsP/SiGe tandem up to 21% 

[Wang’16b]. 

Table 6.1. Summary of the parameters of the best devices developed by other authors 

Author JSC (mA/cm
2
) VOC (V) FF (%) η (%)

Pitera'11 20.0

Díaz'15 18.1 1.45 72.0 18.9

Schmieder'15 12.5 1.46 82.8 15.1

Conrad'16 14.0 1.60 80.4 18.0

Wang'15 18.2 1.43 79.0 20.6  
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All the results presented in this section use forward SiGe buffers to accommodate the lattice 

mismatch between the Si substrate and the GaAsP/SiGe photoactive layers. Although we are 

also developing a tandem GaAsP/SiGe solar cell on Si substrates, our group-IV buffer layers 

follow a different philosophy and employ an aggressive strategy in terms of growth that is 

explained in the next section.  

6.4. Reverse vs forward graded buffer layers 

6.4.1. Forward buffer layers 

As mentioned, the most common group-IV buffer layers are formed by a Si1-xGex graded 

following the next procedure: a Si1-xGex alloy is grown as a graded layer in which the composition 

varies linearly from pure Si to the desired Ge content, typically around 80% [Wang’16a] 

[Fitzgerald’92] [Faucher’13] [Myronov’10]. The thickness of such buffer layers needs to be 

between 5 and 15 μm in order to reduce the defect density [Ward’14] and achieve the target 

bandgap (i.e. lattice parameter) while ensuring enough quality in the surface morphology 

[Groenert’03] [Schmieder’12] [Faucher’13] [Thomas’03]. Some authors have achieved low 

threading dislocation density in this layer, as 3·105 cm-2, even with high Ge content (80% or 

higher) [Erdtmann’03]. As the lattice parameter decreases during the SiGe graded buffer growth, 

compressive strains tend to appear in this layer [Samavedam’97]. For a better understanding, 

this has been represented in figure 6.4, where the red balls represent the silicon whereas the 

blue the germanium atoms. 

Some authors also carry out a subsequent growth of a capping Ge layer to serve as a template 

[Cecchi’13] [Liu’01] [Thomas’03] as in standard III-V multijunction solar cells. This Ge layer has 

been reported to achieve a TDD of 2.1·106 cm-2 [Currie’98], 5.4·105 cm-2 [Liu’01] or down to 

1.1·105 cm-2 [Thomas’03] in the best of the cases. Antimony has been proved to help the motion 

of misfit dislocations during growth, which leads to a lower threading dislocation density 

[Liu’01]. However, its roughness is poorer, with RMS of 3.2 nm [Thomas’03] or 3.5 nm [Liu’01].  

Accordingly, this kind of buffer layers are known as forward graded buffers. Afterwards, the SiGe 

bottom cell with a constant composition (x~80%, Eg~1eV) is grown and then III-V epitaxy takes 

over to form the tunnel junction and a GaAs1-xPx top cell (x ~20%, Eg ~1.7 eV) [Pitera’11] 

[Díaz’15]. In this dual-junction solar cell the thickness of the active layers, namely, p-n junctions 

and passivating layers, typically adds up to ~4–5 μm [Shah’08], whereas buffer layers may reach 

x1.5–3 times such thickness, with the subsequent impact on epi-time and thereby cost. 
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6.4.2. Reverse buffer layers 

This structure is quite different from previous ones and follows an aggressive growth strategy: 

1) A germanium layer is directly grown on the silicon substrate. This growth has been 

studied since decades ago. Although the lattice mismatch between these materials is 

high, high quality growths of Ge on Si have been achieved. TDDs as low as 5·106 cm-2 or 

2·106 cm-2 have been reported, even with thicknesses of 1 µm and good roughness 

[Lee’16] [Myronov’10] [Choi’08]. In spite of its larger lattice constant, the germanium on 

the silicon can present tensile strains, instead of compressive [Lee’13]. This can be 

explained because of the coefficient of thermal expansion of Ge is greater than that of 

Si and the decrease of the lattice constant of the Ge layer during cooling is suppressed 

by the thick Si substrate [Currie’98] [Ishikawa’03] [Shah’10]. 

Figure 6.4. Representation of forward graded buffer layers, where the compressive strain can be observed in 

the SiGe graded. 



Chapter 6 
Introduction to the integration of III-V compounds on Si substrates through group-IV buffers 
 

102 

2) A subsequent Si1-xGex graded buffer layer is grown, changing its composition from pure 

Ge to the desired final target (again Ge ~80%). In this case, the lattice constant of this 

graded layer shrinks with the progressive upsurge in silicon content, causing tensile 

strain [Myronov’11] [Sivadasan’17], which is known for favoring higher crystalline 

quality than compressive [Sivadasan’15]. Known as reverse graded buffer layer, is 

sketched in figure 6.5 following the same criterion of figure 6.4. 

6.4.3. Comparative analysis 

In forward buffers, most of the authors change the composition of the graded layer at a rate of 

10% Ge each 1 µm [Currie’98] [Fitzgerald’91] [Samavedam’97], since a faster grading rate could 

lead to a high superficial roughness [Fitzgerald’92] and a higher misfit dislocations generation 

rate [Shah’10] [Wong’07]. Taking this into account, as reverse graded buffers need smaller 

variations in composition, in the case of typical Ge content around 80%, their thicknesses can 

be noticeably lower, presenting thicknesses below 5 µm [Shah’08]. Furthermore, for the same 

TDD, the grading rate in reverse can be higher than in forward [Shah’10]. These facts entail a 

Figure 6.5. Representation of reverse graded buffer layers, where the tensile strain can be observed in the SiGe 

graded. 
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reduction in growth time and consequently in production costs. In addition, a lower thickness in 

these layers should minimize wafer bowing [Ward’14]. 

The relaxation of the layers can be favored by having two interfaces in the design (SiGe/Ge and 

Ge/Si): one for the nucleation of misfits and the other for the annihilation of threading 

dislocations [Wong’07]. The differences in strain between these reverse and forward buffer 

layers also have a high influence in terms of crystallographic quality. The tensile strain present 

in reverse buffers facilitates the movement of threading dislocations, aiding their annihilation 

and, therefore, reducing the threading dislocation density (TDD) [Capellini’10] [Shah’10]. Such 

dislocation behavior does not take place in forward buffers, which are subjected to compressive 

stresses, due to the steady increase of lattice constant present in the Si1-xGex graded layer 

[Samavedam’97]. Moreover, the increase of TDD can raise the roughness and pile-up density 

[Samavedam’97]. Tensile strain in reverse graded buffer layers produces smoother surfaces than 

those grown under compressive strain [Capellini’10] [Xie’94]. In addition, SiGe grown on Ge, 

instead of on Si, has lower superficial segregation, which reduces roughness as well and thus, 

improves the quality of subsequent growths. 

On the other hand, reverse buffers are prone to appearance of cracks since they work under 

tensile strains. Moreover, with more Ge content cracks are more likely to appear since Ge has a 

lower Young’s modulus than Si [Wortman’65]. To avoid this issue, the layers must be thinned 

[Currie’98]. Specifically, crack density has been reported to appear and increase for thicknesses 

above >2.7 µm in buffer layers [Samavedam’97] [Shah’10]. Although another defect as stacking 

faults can be a common defect in reverse buffers under tensile strains, below a grading rate of 

100%/µm and thicknesses over 200 nm, this defect has not been observed [Shah’10]. 

6.4.4. Possible avenue for improvement: Reverse terrace graded layers 

Some authors have suggested a different concept for reverse graded buffers: the change of 

composition can be carried out by terraces instead of linearly [Capewell’02], as shown in figure 

6.6. This figure shows the TEM micrograph of a sample with a superimposed secondary ion mass 

spectrometry (SIMS) composition profile [Shah’12]. The terraces consist in the combination of 

one linearly graded region and one constant composition layer. This terrace grading to produce 

virtual substrates is superior to a conventional linearly graded profile under identical growth 

conditions: the virtual substrate tends to have a higher relaxation, the pile-ups are more 

controlled and thus a smoother surface can be accomplished [Capewell’02] [Samavedam’97], 

apart from a reduction in TDD and thickness [Shah’12]. Most of the dislocation annihilation, and 

therefore relaxation, occurs within the first 5% composition drop of the reverse graded region, 

so the entire buffer is of high quality [Shah’13]. Moreover, in these reverse terrace graded layers 

the generation of cracks has not been observed [Shah’12]. 
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One problem with the linearly graded virtual substrate is that the mechanism most commonly 

responsible for relaxation generates many dislocations. This causes dislocations to be piled-up 

on the same atomic glide planes. The dislocation pile-ups disrupt the surface with large 

amplitude undulations known as crosshatch. This crosshatch causes problems with device 

processing and can lead to pinning of the threading dislocations at the surface. However, a 

“terrace-grading” system can reduce the size of these pile-ups. The SiGe grown by terraces with 

uniform composition can confine the dislocations to each layer. Therefore, each layer of the 

virtual substrate is allowed to relax, but the dislocation pile-ups should be contained within each 

of the graded layers and should be independent from each other. Consequently, the amplitude 

of the associated crosshatch caused by the pile-ups is reduced, since the pile-ups are now 

smaller and more evenly distributed [Capewell’02]. 

6.5. Our goal 

Once presented and justified the concept and attractiveness of reverse buffers our goal for solar 

cell development is evident: to use such buffers to develop a GaAsP/SiGe tandem solar cell and 

study its properties and performance. Therefore, in the next chapter the material 

characterization, processing and electrical characterization of this solar cell is shown. Then, in 

Chapter 8, a further enhancement is explored.  

Figure 6.6. SIMS composition profile of the reverse terrace graded buffer sample with terrace graded region thickness 

1844 nm corresponding to an effective grading rate of 12.6% μm−1 [Shah’12]. 
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7  

Development of tandem GaAsP/SiGe 

solar cells on Si substrates through 

group-IV reverse buffer layers 

7.1. Introduction 

In the last chapter, the approximation to the integration of III-V semiconductors on Si substrates 

through group-IV buffer layers was presented. In particular, it was commented that a promising 

architecture can be formed by the combination of a lattice matched GaAsP top cell and a SiGe 

bottom cell, since both alloys can have a wide degree of freedom in terms of bandgaps and 

lattice constants.  

These monolithically-grown devices should be developed through buffer layers to accommodate 

the dissimilar features. The advantages and disadvantages of the innovative so-called reverse 

graded buffer layers were discussed in Chapter 6 and they will be employed in this solar cell.  

This chapter intends to present the first prototypes with this structure and the subsequent 

materials and devices characterization. All the samples presented were grown by IQE plc in the 

frame of the European project Theseus. A discussion about the results interconnecting the 

conclusions of each characterization is written and ways to improve are commented. Some 

enhancements will be added to the structure in the next chapter.  

Chapter 
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7.2. Towards the tandem solar cell: Single-junction 

GaInP/SiGe on Si substrates 

As a first test for the development of the tandem solar cell, a simpler structure has been grown. 

In particular, a heterojunction GaInP/SiGe single-junction solar cell was manufactured. This 

structure expects to demonstrate the viability of growing the devices in a combined approach 

using two reactors as will be explained below.  

7.2.1. Growth and processed 

The growths have been carried out on Si (100) substrates with an offcut of 6° towards [110] with 

low resistivity in two reactors: firstly, for the group-IV materials, a chemical vapor deposition 

(CVD) reactor was employed; then, the group-IV structure was transferred to a molecular beam 

epitaxy (MBE) reactor for the growth of the remaining III-V layers. Further details will be given 

in the following sections.  

After the CVD growth of the Ge buffer, the threading dislocation density on the germanium was 

8·105 cm-2, in spite of the large lattice mismatch between this layer and the substrate. 

Afterwards, the Si1-xGex graded layer and then the base Si0.24Ge0.76 were grown, with thickness 

of 1 µm, 3 µm and 6 µm. Then, the samples were introduced in the MBE and the GaInP 

window/contact layer was grown and the SiGe cell emitter was formed by diffusion. This 

structure is shown in figure 7.1. 

Figure 7.1. Structure of the single-junction GaInP/SiGe solar cell using a group-IV reverse graded buffer layer on Si. 

The lattice constants are schematically represented. 
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All the growths were processed into cells of 1 cm2 through conventional photolithography 

techniques and the contacts were made with electron-beam physical vapor deposition (EBPVD) 

with subsequent alloying. It was necessary to redesign the contacts for these cells due to the 

different parameters between the III-V semiconductors and the silicon. The back contact was 

formed by Al (1500 nm) being alloyed over the eutectic point at 585°C during 80 seconds, 

whereas the front contact was made up of Pd (50 nm)/Ge (50 nm)/Ti (50 nm)/Pd (50 nm)/Al 

(500 nm) alloyed at 300°C [Huo’17], as shown in figure 7.2. No antireflective coating layer (ARC) 

was deposited atop the cells. 

7.2.2. Material characterization 

Before the solar cell processed, the group-IV part was characterized by means of Scanning 

Electron Microscopy (SEM). A JSM-6335F Microscope using both backscattered and secondary 

electrons detectors was employed for measuring the thicknesses of the different layers. In figure 

7.3 it is possible to see the cross-section of this structure. The different layers are 

distinguishable: The Ge buffer is grown on the substrates with a thickness of 2.33 µm. Then, the 

SiGe graded is 2.37 µm-thickness, until reaching the composition of around Si0.24Ge0.76 where the 

SiGe base is placed with a thickness of 6 µm in this case. The thickness of the buffer layers is 

below 5 µm, which is notably lower than typical forward buffer layers reported in the literature 

[Shah’08]. The interfaces seem very flat and sharply defined without any unevenness. 

7.2.3. Device characterization 

After the solar cell processing, the devices were characterized. I-V curves were taken under one 

sun and under dark conditions. In figure 7.4 I-V curves of the three types, i.e. with the different 

base thicknesses, under one sun can be seen. The most efficiency solar cell is the one with a 

3 µm-base. It can produce more current (JSC = 13.1 mA/cm2), though lower than expected. The 

open-circuit voltage (VOC = 255 V) presents poor values as well, with a bandgap-voltage offset 

Figure 7.2. Both front contacts and rear contacts deposited and 

alloyed for these devices. 



Chapter 7 
Development of tandem GaAsP/SiGe solar cells on Si substrates through group-IV reverse 
buffer layers 
 

108 

(WOC) of 650 mV of in the best among the cases. The high series resistance and the low shunt 

resistance make the fill factor (FF) even worse (FF = 35.2 %) and therefore, the power generated 

by the cells is drastically reduced.  

Figure 7.4. I-V curves under one sun of the three different single-junction GaInP-SiGe 

solar cells, i.e., with different base thicknesses.  

6 

Figure 7.3. Cross-section of SEM of the group-IV part of the structure (units in µm). 
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A dark I-V curve is depicted in figure 7.5. It can be observed that the series resistance is more 

noticeable than the shunt resistance. After the curve fit, the ideality factor (n) is of 1.7, which 

would mean that the cells are limited either by recombination in the space charge region (SCR) 

or at the junction perimeter or a combination of both processes. However, the area of the cells 

is relatively high and therefore, even leaving aside resistive effects, this indicates that 

recombination losses in the SCR still impact the performance of the devices. 

Figure 7.5. Dark I-V curve of the single-junction GaInP-SiGe of 3 µm-base. The fit is shown 

with the dashed line and the parameters obtained are displayed in the bottom right part. 

Figure 7.6. External quantum efficiency (EQE) of the three devices. No antireflective coating was 

deposited on top. 

0 
6 
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In figure 7.6 the EQE of the three types of devices is shown. These measurements confirm the 

low response of the cells, specially over 800 nm. This could be due to the limited absorption 

thickness, adding the low diffusion length of minority carriers. The simulations suggest that the 

cause of this behavior could be point defects in the SiGe. As it has been observed in the I-V 

curves, the best device is the one with a 3 µm-base. It is possible to see that in the longest 

wavelengths the solar cell with 5 µm collects more, but this device loses efficacy in the front part 

due to the low diffusion length of minority carriers. In the case of the device with a 1 µm base, 

it presents the worst performance as a result of its very limited thickness, as was already 

observable in the I-V curve.  

7.2.4. Conclusions 

The single-junction GaInP-SiGe solar cells have been grown on SiGe/Ge buffers on Si substrates. 

In spite of the high-quality buffer layers achieved, effects as limited collection properties and 

the high series resistance, ruin the performance of the solar cells. Therefore, the quality of the 

SiGe needs to be improved in order to increase the collection efficiency. Although from a 

photovoltaic point of view the results are moderate, from a structural point of view the growth 

of this III-V/Si cells in two reactors has been successfully achieved. Therefore, the stepping stone 

is set to demonstrate the compatibility of this strategy for integrating III-V on Si, which is 

promising. In the next sections, the development of a tandem solar cells following this growth 

philosophy will be shown.  

7.3. Development of the GaAsP/SiGe tandem solar cell 

After proving that this growth strategy is valid for solar cell developments, new samples were 

grown by the company IQE, trying to improve the quality of the SiGe material. In this section the 

first experimental results of GaAsP/SiGe tandem solar cells grown on silicon substrates using Si1-

xGex/Ge reverse graded buffers are presented. 

7.3.1. Manufacturing 

7.3.1.1. Epitaxy  

The Si wafers used for the growths were 4-inch silicon (100) substrates with a resistivity of 0.01 Ω 

cm and with a 6° off-cut towards [110]. As the single-junction cells, the epitaxial growths were 

carried out following a combined approach using two reactors. Firstly, all layers based on 

group-IV compounds were grown in an ASM Epsilon Low Pressure Chemical Vapor Deposition 

(LPCVD) reactor using standard precursors –SiH4 and GeH4 for the alloy, whereas diborane (B2H6) 

(boron was used as p-type dopant) and PH3 (phosphorus as n-type) as dopant precursors– at a 

temperature of ~650°C. An initial 3 µm germanium layer was grown directly on the silicon wafer 

followed by a SiGe reverse-graded buffer, changing composition gradually from pure germanium 
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to 76% Ge. Afterwards, the Si0.24Ge0.76 bottom cell with Eg ~0.98 eV was grown. To prevent 

oxidation of the SiGe material during the reactor transfer, the Si0.24Ge0.76 bottom cell was capped 

with a 5 nm Ge layer, as can be seen in figure 7.7. This Ge layer only prevents oxidation and does 

not affect the electrical characteristics of the cell. 

Then, the epi-wafers were transferred to a Veeco Gen2000 Molecular Beam Epitaxy (MBE) 

reactor for the subsequent growth of the III-V semiconductor part of the structure. III-V layers 

were grown lattice matched to the Si0.24Ge0.76 bottom cell, forming the tunnel junction and the 

GaAs0.8P0.2 top cell (Eg ~1.7 eV) [Pitera’11] [Wang’15] [Diaz’15]. Such III-V growth was carried out 

at a temperature of ~650°C and a growth rate of ~1 μm/h. Figure 7.7 shows the structure of this 

solar cells with doping levels and thicknesses. 

7.3.1.2. Processing  

The epi-wafers were processed into 0.11 cm2 (3.48 mm x 3.22 mm) solar cells with conventional 

photolithography techniques with the lay-out shown in figure 7.8.a. After the spinning and the 

curing of the photoresist resin, the metallization was deposited. 

Group-IV and III-V semiconductors have different processing requirements for the metallization. 

For instance, conventional aluminum back contact on silicon requires a high temperature 

annealing process: it needs above 577°C to surpass the eutectic temperature in order to achieve 

enough diffusion of this metal into the silicon, thereby facilitating the creation of an ohmic 

contact with sufficient mechanical adhesion. However, for the front contact, high temperatures 

are not entirely required. On the other hand, as commented, reverse graded buffer layers are 

Figure 7.7. Structure of the solar cell to be analyzed. The GaAsP/SiGe tandem is shown in the left with the lattice 

constants schematically represented and with their thicknesses and doping levels labeled in the right. 
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prone to appearance of cracks, which in most cases are caused by thermal stress. These thermal 

loads can also cause undesirable effects, as dislocations to propagate from the buffer layers 

towards the IV and III-V subcells and tunnel junctions, reducing performance. For these reasons, 

both front and rear contacts were specifically designed to reduce the thermal budget. Further 

details of these experiments can be found in the annex 1.  

The front contact with the highly-doped n-GaAs was formed using electroplated gold (~600 nm 

thick) without any alloying. Its specific contact resistance (ρc) was in agreement with reported 

values in similar contacts [Hinojosa’18]. 

The rear contact was deposited with Electron Beam Physical Vapor Deposition (EBPVD) and 

consisted of a stack of Pd(50nm) / Ti(50nm) / Pd(50nm) / Al(1000nm) alloyed at 170°C for 600 s. 

Its normalized specific contact resistance was 1.8 · 10-4 Ω·cm2. This metallization can be seen in 

figure 7.8.b. 

Mesa etching is necessary between the cells to isolate each device in the sample. For this reason, 

this etching must be deep enough to reach all the p-n junctions in the structure. For arsenic 

alloys, the NH4OH–H2O2–H2O (2:1:10) solution was employed, whereas for phosphor 

compounds, HCl–H2O (1:1) was used. In the case of the GaAsP alloy, which contains both anions, 

the NH4OH–H2O2–H2O (2:1:10) solution is effective. This solution is also suitable to remove the 

SiGe.  Finally, the highly doped n-GaAs contact layer was also etched using the NH4OH–H2O2–

H2O (2:1:10) solution in non-metallized areas of the sample surface, since it is just responsible 

for creating a metal-semiconductor ohmic contact.  

After the processing, most of the measurements were carried out on wafer, just contacting the 

metallization with the needle probes. Only a few samples were soldered to copper plates and 

wire-bonded to make some measurements easier.  

Figure 7.8. (a) Front metal layout of the processed cells. (b) Stack of the metals of the back contact deposited by 

EBPVD with subsequent alloyed at 170°C for 600 seconds.   

(a) (b) 
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7.3.2. Material characterization  

7.3.2.1. Visual inspection: Nomarski and atomic force microscopy (AFM) 

Fifteen 4-inch wafers were grown following the two-reactor epitaxial approach described. As a 

first step in the characterization route, a visual inspection was conducted on the wafers that was 

carried out with Nomarki and atomic force microscopy (AFM). A photograph of one of those epi-

wafers can be seen in figure 7.9. As can be observed, the most relevant feature is the presence 

of a dense network of line-features on the wafer surface, most running parallel or perpendicular 

to the wafer flat and fewer showing curved trajectories. Different areas of the wafers present 

markedly different densities of such line-features. It should be noted that such line-features 

were observed under an optical microscope after the CVD growth of the group-IV part of the 

structure and not only after the MBE growth of the III-V layers. In order to better understand 

this morphology, we selectively etched off the various layers of the structure with HCl–H2O (1:1) 

solution for the phosphide compounds and H2O2–H2O–NH4OH (2:1:10) for arsenide alloys. 

Meanwhile, images of each resulting exposed surfaces were taken by a Leica DM 1750 M 

Nomarski microscope. The results of one of those experiments can be seen in figure 7.10, with 

the exposed layers labelled. 

As in the other Nomarski experiments, the same line pattern recurs in each image. These 

Nomarski images suggest that the line-features on the wafer surface correspond to cracks that 

propagate from the Ge buffer and SiGe graded buffer (figure. 7.10.9) up to the GaAs contact 

layer (figure. 7.10.1). In addition, some cracks appear during the etching, which can mean that 

the upper layers contain the strains and stresses of the layers below. As the upper layers are 

etched, the layers below relax, revealing the appearance of cracks.  

Figure 7.9. Photograph of a 4” epi-wafer where the presence of cracks can be 

appreciated.  
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Atomic Force Microscopy (AFM) scans were taken with a multimode Nanoscope III A tool from 

Bruker in tapping mode. The presence of cracks was also confirmed in these scans as those in 

figure 7.11. The RMS surface roughness of the areas without cracks is 25.4 nm. This high value 

agrees with the haze observed in figure. 7.10.1 and figure. 7.10.2, suggesting that the 

degradation of surface morphology in crack-free areas is associated with the growth of the III-V 

layers on an already cracked surface. On the other hand, the III-V/IV interface –figure. 7.10.7– 

shows a smoother morphology. 

7.3.2.2. Cross-sections: scanning electron microscopy (SEM) 

Cross-section imaging was performed with a JSM-6335F Scanning Electron Microscope (SEM) 

using both backscattered and secondary electrons detectors.  

Figure 7.12.a shows the cross-section SEM image of the structures grown. Both layers based on 

group-IV and on III-V compounds are distinguishable in different shades of gray. Regarding 

group-IV, sharp and flat interfaces between these layers are observable, with no 3D defects 

perceptible, excepting at the top of the SiGe subcell, in which a slight unevenness can be 

perceived. This image confirms that the thicknesses actually grown roughly correspond to the 

design targets –as in Figure 7.7– within a ~12% variation. 

As for III-V layers, the GaAsP top cell, the GaAs contact and AlInP window layer are clearly 

apparent. Unlike most group-IV compounds, some III-V layers present non-flat interfaces. This 

suggests that the slight waviness of the SiGe surface observed in figure 7.10.7 and figure 7.12.a 

has been increasing during the growth of the GaAsP material, as can be seen in figure 7.10.1, 

figure 7.10.2, figure 7.10.3 and figure 7.11.a. The thicknesses of these layers are as expected. 

Figure 7.11. AFM scans of the GaAs surface. (a) A 25 µm x 25 µm top view of the surface. (b) 3D image of this GaAs 

surface. A crack is clearly visible in both images.  

(a) (b) 
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Figure 7.12.b shows a cross-sectional SEM image containing a crack across the entire cell 

structure. It is possible to appreciate that the crack reaches the sample surface and partially 

penetrates the silicon substrate, confirming what is was observed in Nomarski microscope 

(figure 7.10). As mentioned in the last chapter, the appearance of cracks is favored by the 

reverse buffer layers and is deleterious for the performance of the devices. The consequences 

of these cracks are observed in the device characterization and are analyzed in the section 7.3.4.  

7.3.2.3. Threading dislocation density: cathodoluminescence in TEM  

Cathodoluminescence (CL) in a Transmission Electron Microscope (TEM) was used to assess the 

threading dislocation density (TDD) on test samples after the growth of the reverse buffer layer 

and the bottom cell by CVD. The samples were etched with Iodine etchant to selectively reveal 

threading dislocations (TDs) reaching the surface. Figure 7.13 shows cathodoluminescence in 

transmission electron microscope, which was taken by differential interference contrast 

microscope to reveal the TDs. The “bumps” on the image corresponding to individual TDs can 

be observed. Despite the presence of a thick SiGe bottom cell (~5 µm) on the reverse graded 

buffer, the best TDD values obtained in the germanium grown on silicon were ~8x105 cm-2, which 

Figure 7.12. (a) Cross-section SEM image of the whole structure with units in μm. (b) Cross-

section SEM image of epi-layers grown where a crack can be observed to cross along the sample 

and penetrate the substrate. 

(a) 
(b) 
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is a low value as compared to other results reported in Ge grown on Si [Choi’08] [Myronov’10] 

[Lee’16]. 

7.3.2.4. Composition, mismatch and relaxation: reciprocal space maps 

In our research, the reciprocal space maps (RSM) were measured by HRXRD using a Panalytical 

X’Pert Pro MRD tool. The samples were aligned with the offcut perpendicular to the X-ray beam 

and both symmetrical (0 0 4) and asymmetrical (2 2 4) reflections were taken. The RMS are 

depicted in figure 7.14. Figures 7.14.a and b represent the group-IV part of the structure for both 

reflections, whereas figures 7.14.c and d show the RSM of the complete III-V/SiGe/Si structure. 

In both figure 7.14.a and b the peaks of the first layers grown can be perceived and then, these 

peaks can be easily identified in figures 7.14.c and d, where all the layers are present. The silicon 

substrate peak is clearly visible in the upper part of the graphs. The germanium buffer peak can 

be observed with a mismatch of 4.1% with no plane tilt with respect to the substrate and a 

slightly wider peak. The relaxation was calculated following the approach explained in the 

supplementary information of [Caño’20], being the Ge buffer totally relaxed. The SiGe graded 

buffer layer diffraction signal spreads from the germanium peak to the SiGe bottom cell peak, 

sweeping the lattice constants between these materials and reaching the designed composition 

of Si0.24Ge0.76 for the bottom cell. Then, the SiGe bottom cell peak can be seen with a 3.3% 

mismatch in relation to the Si substrate and a wider peak in omega range. This mismatch is 

higher than the corresponding mismatch for an unstrained Si0.24Ge0.76 alloy (3.09%). Therefore, 

the Si0.24Ge0.76 buffer layer has an in-plane lattice constant higher than nominal, evidencing that 

Figure 7.13. Cathodoluminescence in transmission electron microscope (CL-TEM) for the TDD 

assessment. Some traces of threading dislocations are marked.  
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it is pulled, it works under tensile strain [Shah’08] [Bogumilowicz’06]. In the RSM of the complete 

(IV + III-V) solar cell (figures 7.14.c and d), the GaAsP top cell appears lattice matched to the 

Figure 7.14. (a) RSM of the group-IV part of the solar cell (symmetric reflection). (b) RSM of the group-IV 

part of the solar cell (asymmetric reflection). (c) RSM of the whole structure of the solar cell (symmetric 

reflection). (d) RSM of the whole structure of the solar cell (asymmetric reflection). 

(a) 

(b) 

(c) 

(d) 

0

0 
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bottom cell. However, this peak covers a wider area, suggesting that some tilt is present in this 

layer and in agreement with the lower crystalline quality (i.e. roughness) observed in these 

layers by SEM and AFM images in the previous sections. As a result of the broadening of this 

peak, no precise composition for the GaAsP alloy can be derived from the maps. Unlike the Ge 

buffer, the SiGe has lower lattice mismatch in relation to the Si in the samples without III-V 

layers. This could mean that after removing these layers a relaxation in the SiGe takes places, as 

it was mentioned in the Nomarski section, where some cracks appear during etching. Finally, 

the GaAs contact layer can be observed to be lattice matched to the germanium buffer, although 

with some tilt too. 

7.3.2.5. Dopant and carrier concentration: SIMS and ECV 

Electrochemical CV profiling (using a Dage CPV21 tool) was used to measure free carrier 

concentration over the sample, whereas Secondary Ion Mass Spectroscopy (SIMS) was used to 

measure chemical concentration versus depth. 

Figure 7.15 illustrates that the boron concentration reached in the SiGe bottom cell base (in red) 

is ~1015
 cm-3 as designed (a moderate doping level in the base was chosen in order to widen the 

space charge region and benefit from field-aided collection). On the same figure, it is possible to 

notice that the free carrier concentration (in blue) measured by ECV, is three orders of 

Figure 7.15. ECV (blue) and SIMS (red) measurements of the SiGe bottom cell base. These 

measurements were taken on the group IV part of the structure (i.e. before III-V MBE growth). 
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magnitude higher than the boron doping indicating that there is an extra source of free holes 

other than substitutional B atoms. 

This higher carrier concentration it is detrimental for the diffusion length of minority carriers, 

which could be notoriously reduced. These measurements were taken on group-IV samples right 

after the LPCVD process and were confirmed on samples where the III-V part had been 

chemically removed. So, this high free hole concentration is originated during the group-IV 

epitaxial growth. This phenomenon has been previously observed and studied in SiGe alloys 

[Grillot’96] [Satoh’08] [Lu’08] and further details will be commented in the section 7.3.4. 

As for the GaAsP top cell, ECV was measured as a function of the depth as can be observed in 

figure 7.16. However, this measurement is not 100% reliable since cracks tend to appear during 

the etching process, as can be seen in the images superimposed in the figure. The appearance 

of cracks is bound to increase the effective contact area between electrolyte and sample. Thus, 

the values of the carrier concentration are distorted. Despite this artifact, the first points without 

cracks should be reliable (green circles) and agree with the doping target for this layer.  

7.3.2.6. Quality and strains: Raman spectroscopy 

Raman spectroscopy, a technique already explained in chapter 5, has been used on the 

structures but with the III-V part etched off to only get information from the group-IV.  The 

Figure 7.16. Carrier concentration as a function of the depth of the GaAsP top cell. The images show 

the evolution of surface morphology at the moment of the measurement.  
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purpose of this measurements is manifold: 1) to know if there is segregation in the SiGe alloy, 

and if impurities are present; 2) to check the material quality;  and 3) to monitor strain by means 

of peak shifts [Gu’96]. The study has been made comparing the SiGe, Ge and Si signals with the 

characteristic spectrum profile of each material and measuring a Ge and a Si wafer to correlate 

in-situ their bulk profiles. Some comparisons with results from other authors have been carried 

out too.  

Figure 7.17 shows the profile of the sample under test, in red, the Ge wafer measured, in blue 

and the Si wafer, in black. Vertical dashed lines have been added to show the peak positions of 

each vibration mode of a relaxed SiGe alloy of 24% of Si content. At a first glance, it can be 

noticed that the characteristic Si-Si peak of the Si substrate (at around 520 cm-1 [Dolling’66]) is 

not visible in the sample under test. This is probably because the photons emitted by the Si 

substrate do not reach the detector since there is 10 µm of material (SiGe and Ge layers) grown 

on top. 

As for the Ge layer, its Ge-Ge vibration mode can be located thanks to the comparison with the 

Ge wafer, presenting a peak at around 300 cm-1 [Dolling’66]. As can be observed, there is hardly 

any deviation of the peak, which means that the layer is virtually fully relaxed, perhaps partially 

as a result of the appearance of cracks. The full width at half maximum (FWHM) of a peak is 

Figure 7.17. Raman spectra of the grown SiGe/Ge layers on Si substrates (in red), a Ge wafer (in blue) and a Si 

wafer (in black). Vertical dashed lines have been added to show the peak positions of each vibration mode of 

a relaxed SiGe with 24% of silicon content. 
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related to disorder, density of dislocations or inhomogeneous strain [Meyer’91]. In this case, the 

Ge layer grown can be compared with the Ge wafer. The Ge layer presents a FWHM of 5.2 cm-1, 

whereas the Ge wafer shows 2.3 cm-1. Hence, the quality of the Ge on Si is not as high as the 

bulk Ge but, either way, the quality can be considered as high.  

In the case of the SiGe layer, Raman spectroscopy has been used to characterize this alloy since 

the 60s [Feldman’66]. It has proven to be a powerful technique by tracking the behavior of the 

three principal vibration modes that stand out in these alloys [Meyer’91]. However, the 

comparison with other studies is not straightforward since the peak positions corresponding to 

each vibration mode are very sensitive to the composition of the alloy. For instance, the Si-Si 

vibration mode can encompass from around 450 cm-1 (with high Ge content [Meyer’91]) up to 

around 520 cm-1, which is the one that corresponds to pure Si [Parker’67], as can be seen in 

figure 7.18. This figure also shows the Raman shift of the Ge-Ge and Si-Ge vibration modes as a 

Figure 7.18. Frequency of the three optical modes of Si1−xGex alloys fully relaxed as a 

function of the Ge molar fraction xf. Open dots correspond to [Pezzoli’05], whereas the 

triangles to [Brya’73]. The solid lines are fitting curves. 
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function of the Ge content in fully relaxed layers. These positions can be displaced for a same 

alloy depending on its strain: to lower frequencies if the alloy is under tensile or to higher 

frequencies under compressive stresses [Lee’13] [Rouchon’14]. In the figure 7.17, as amorphous 

[Olivares’00], porous [Del Caño’04] and polycrystalline SiGe [Renucci’71] [Brya’73], the three 

characteristic peaks can be seen [Feldman’66].   

The relative intensity of these peaks depends on the composition of the alloy. The shape of the 

SiGe in figure 7.17 denotes an alloy with high Ge content (as expected from the design target 

and in agreement with RSM results), showing a noticeable Ge-Ge and a weak Si-Si peak. The SiGe 

peak presents its characteristic tail with moderate intensity [Alonso’89]. The shoulder placed at 

440 cm-1 on the left of the Si-Si mode can be related to isolated pairs of interacting Si atoms or 

impurities [Brya’73]. 

For a fully-relaxed SiGe layer, the Raman shifts of each vibration mode can be written as [Gu’96]:  

ωGe-Ge = 300 – 20x                                                                                                                   (3) 

ωSi-Si = 456 + 66x                                                                                                                     (4) 

ωSi-Ge = 390 + 55x                                                                                                                    (5) 

where x is the Si content. The peak positions of the sample measured can be compared with 

these equations and figure 7.18. Although with different intensities, the three peaks present 

deviation toward lower frequencies, as can be seen in figure 7.17, which confirms that the SiGe 

layer is subjected to tensile strains. These shifts have also been observed previously in SiGe 

layers deposited on Ge [Cerdeira’84].  

Therefore, the Raman spectroscopy has facilitated us to check the state of the buffer layers as 

regards strain and quality. The Ge buffer has shown a quality not as high as the Ge wafer, but 

anyway it is considered as high. Furthermore, this Ge is totally relaxed, as also seen in the X-ray 

diffraction. As for the SiGe buffer, it has been observed that it is subjected to tensile strains as 

expected, being a reverse buffer layer.  

7.3.3. Device characterization 

7.3.3.1. Quantum efficiency 

The External Quantum Efficiency (EQE) was measured using a custom-made equipment based 

on a 1000 W Xe lamp, a triple-grating monochromator (JOBIN-YVON) and a lock-in amplifier. A 

high irradiance 530 nm-LED was used to light-bias the GaAsP to cell and to measure the SiGe 

bottom cell EQE, whereas 740 nm and 940 nm-LEDs were used to overstimulate the SiGe bottom 

cell for the GaAsP top cell EQE measurement. Further details on this system and the 

measurement procedure can be found in [Barrigón’15a]. All these measurements were taken on 

as-manufactured devices without any preconditioning protocol (i.e. neither annealing nor light 

soaking). 
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The External Quantum Efficiency (EQE) of a representative solar cell of the batch manufactured 

is depicted in figure 7.19. As can be observed, the response of both subcells is detected and thus 

the operation of a tandem solar cell on silicon has been demonstrated. The calculated 

photocurrents obtained from the integral of the EQE and the reference spectrum (AM1.5D) for 

the top cell and bottom cell are 6.5 mA/cm2 and 9.2 mA/cm2, respectively. Values of the top and 

bottom cell bandgap are obtained from linear fits of the final segment of the EQE (green lines). 

 

Figure 7.19. EQE of both subcells in a representative device. Fits to obtain the bandgap are included as green lines. 

Short circuit current densities under spectrum AM1.5D are included as labels. 

7.3.3.2. I-V curves 

Dark and light I–V curves were measured using the four-probe method with a Keithley 2602 

source-meter instrument and a home-made AAA solar simulator based on a 1000-W Xe-lamp 

and an ORIEL 68820 stabilized power supply. 

Figure 7.20 shows the one-sun I–V curves of the devices; the thick red line corresponds to an 

average representative solar cell whereas the light-red band represents the dispersion in the 

cohort of devices measured. The short-circuit current density measured is acceptable 

considering the lack of ARC and in agreement with the EQE of figure 7.19. However, the slope of 

the curve at JSC shows a quite low value of shunt resistance, which in turn produces a severe 

reduction of both the fill factor and the open-circuit voltage, and thereby, of the solar cell 

efficiency. This low shunt resistance can be also observed in figure 7.21, where the dark I-V curve 

is depicted. It has not been possible to carry out a fit to this curve.  



Chapter 7 
Development of tandem GaAsP/SiGe solar cells on Si substrates through group-IV reverse 

buffer layers 
 

125 

Furthermore, the shape of the curve beyond VOC in figure 7.20 points to the existence of a 

parasitic diode in reverse bias. These matters will be analyzed more deeply in the following 

sections.  

 

 

Figure 7.20. I–V curve of a representative solar cell (in red) and the dispersion of the solar cells manufactured (band 

in light-red). 

 

Figure 7.21. Dark I–V curve of several solar cells under characterization. The fit to these curves has not been possible. 
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7.3.3.3. Modulation spectroscopy and spectral photovoltage analysis 

Photo- (PR), electro-reflectance (ER) and spectral photovoltage (SPV) were also measured on 

the GaAsP/SiGe tandem solar cells. The aim was to determine the absorption thresholds of each 

subcell from the energies of the corresponding critical points. The suitability of these techniques 

for the characterization of multijunction solar cells has been already reported and further details 

can be found in [Cánovas’10] [Fuertes’13] [Fuertes’16]. PR measurements were performed at 

room temperature using 325 nm, 632.8 nm and 814 nm lasers as pump light, and a 250 W QTH-

lamp filtered through a 1/8 monochromator (Oriel) as probe beam. Direct reflectance was 

detected with InGaAs and Si-photodiodes connected to a preamp (Keithley) and a lock-in 

amplifier (Stanford). Figure 7.22 shows the corresponding setups used for these 

characterizations. 

SPV was measured in two-probe contact mode by recording the AC-voltage signal 

photogenerated by the sample with the aid of a lock-in amplifier. The monochromatized light 

beam (probe) from a 200 W QTH-lamp was chopped mechanically at 777 Hz and focused at 

normal incidence onto the active area of the devices. Long-pass (LP) filters with transmission 

edges at 495 and 850 nm were placed sequentially at the monochromator exit in order to avoid 

second harmonic effects. 

Figure 7.23 shows the SPV spectrum obtained from a tandem GaAsP/SiGe solar cell. The drop in 

the high energy range corresponds to the transmission edge of the 495nm LP-filter. The two 

steps at around 0.9 – 1.0 eV and 1.6 – 1.8 eV correspond to the absorption thresholds of each 

subcell above which the device is capable of generating voltage. The smooth photovoltage 

increase observed above the absorption threshold of the bottom subcell is in agreement with 

the indirect nature of its bandgap. Fabry-Perot (FP) interference ripples, associated to the 

transparency of the top subcell, are readily seen superimposed on the response from the bottom 

Figure 7.22. Experimental setups for (a) modulation spectroscopy, either PR or ER, and (b) spectral photovoltage. 
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subcell. GaAsP shows a sharper edge, related to the expected direct bandgap associated with 

the P-content, about 20% in this alloy. 

 

Figure 7.23. SPV measurement of a low crack-density GaAsP/SiGe device. 

PR measurements shown in figure 7.24 were obtained in different energy ranges from 

GaAsP/SiGe samples with medium and low crack-density, using the 325 nm line of a HeCd-laser 

acting as pump beam chopped at 777 Hz and two photodetectors (InGaAs and Si) with 

corresponding LP-filters. Features of different nature can be observed in the spectra: 

- A conspicuous rippling dominates the low energy range below 1.7 eV due, as discussed 

above, to Fabry-Perot interference associated to the transparency on the top subcell, 

denoted FPOs in the figure.  

- A high-energy oscillatory regime above 1.9 eV resulting from Franz-Keldysh oscillations 

(FKOs) above the GaAsP bandgap, associated to a region with a high electric field 

intensity [Shen’95], most likely the space charge region of the GaAsP p-n junction. 

- At least two critical points, tentatively attributed to the E0 fundamental gap and the 

spin-orbit (SO) split of GaAsP are also inferred in both samples. 
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Figure 7.24. PR measurements of GaAsP/SiGe samples with low crack density (a) and medium crack density (b). 

No PR-signature was observed around 0.9 – 1.0 eV that could correspond to the photovoltage 

onset revealed by SPV, in agreement with the indirect nature of the SiGe fundamental bandgap 

and its PR-silent character. No evidence of direct transitions up to the energy of the GaAsP 

absorption threshold could be detected either, when using laser lines of 632.8 nm (He-Ne) and 

814 nm (solid-state), and thus deeper penetration, as pump beams. 

Standard fitting of critical point signatures of figure 7.24 with Aspnes’ third-derivative functional 

form is difficult, due to the superposition of FPOs on the low energy side of E0 and the 

concurrency of FKOs on the high-energy end. To better resolve the actual signatures of the 

critical points it is practical to induce a phase shift in the oscillations in a controlled manner, 

allowing an estimation of the degree and extent of the overlapping with the critical points. This 

can be done in two different ways: (i) Repeating the PR measurements under a different angle 

of incidence of the probe light beam changes the optical path of the beam within the transparent 

layer, consequently displacing the constructive/destructive extrema of the FPOs (not shown). 

(ii) Due to the fact that the FKO period is proportional to the intensity of the built-in electric field 
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originating the oscillations, their period can be varied, e.g., upon the application of an external 

voltage bias. 

In ER (see Figure 7.25) the modulating perturbation is imposed on the sample by direct 

application of periodic external voltage bias on the sample, instead of the optical pump provided 

by the laser. The working principle is similar to PR thereof, with a modulated AC reflectance 

tracked by the lock-in at the frequency set at the function generator and the average (DC) 

reflectance recorded simultaneously with the detector and pre-amplifier. The interesting point 

is that neither method (i) nor (ii) modify the position of the critical points (only the amplitude of 

their signatures is affected), while inducing either a phase shift or a change in the period in their 

respective oscillations. 

 

Figure 7.25. ER of GaAsP-SiGe samples. 

Figure 7.25 shows ER spectra obtained from a GaAsP/SiGe sample with medium crack-density 

under varying voltage pulses. The spectra appear inverted with respect the PR counterparts, i.e., 

a phase shift of 180° is readily observed in the phase factor of Aspnes’ third derivative functional 

form discussed above, with no physical effects. It can be observed that the low energy 

interference oscillations below 1.6 eV remain largely invariant under different voltage pulses, 

whereas the extrema of FKOs above 1.9 eV appear shifted, as expected. The main differences 

observed in the range between 1.6 and 1.9 eV affect the amplitude, with two potential 

signatures marked with the arrows. This information has been used in the PR spectra to carry 

out local fits over a limited energy range, as otherwise the oscillatory regimes of different nature 

both above and below the critical points would result in numerical artifacts. 
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Fits with Aspnes’ functionals and exponent factor n=2.5, corresponding to three-dimensional 

critical points, resulted in energy values E0=1.66 eV and ESO=1.78 eV in the case of the samples 

with medium crack-density, and E0=1.68 eV and ESO=1.80 eV in the case of GaAsP/SiGe samples 

with low crack-density, as indicated in the figure. The fundamental gaps of GaAsP are in excellent 

agreement with our SPV measurements. 

Values of the bottom cell bandgap obtained from SPV and top cell obtained in PR, ER and SPV 

are in good agreement with the values obtained from the linear fits of the final segment of the 

EQE (green lines in figure 7.19). 

7.3.4. Discussion about tandem cell performance 

The target of this chapter was to show the development of a tandem GaAsP/SiGe solar cell on a 

silicon substrate, through a novel strategy based on thin reverse buffer layers. This objective has 

been demonstrated with functional solar cell tandem structures but showing moderate device 

results. In this section, all the conclusions drawn from the characterizations are analyzed jointly. 

On the one hand, reverse graded buffer layers can reduce the thickness needed to ensure a low 

TDD [Schmieder’12] [Shah’08] [Shah’10] as it was demonstrated by a measured TDD of 8x105 

cm-2 in the Ge and SiGe buffers, which is reasonably low as compared with reported values in 

similar structures [Samavedam’97] [Currie’98] [Shah’11]. On the other hand, it has also been 

reported that for buffer thickness beyond 2.7 µm cracks tend to appear and progressively 

increase in density [Shah’10]. This issue does not commonly take place in forward buffer layers, 

due to the compressive strain present [Samavedam’97] [Bogumilowicz’06] [Kopp’12]. 

However, in our samples, cracks cross along the epilayers and even partially penetrate the Si 

substrate, as can be observed in the SEM cross-sectional image in figure 7.12.b. The cracks 

appear during the LPCVD growth of the group-IV part of the structure since they start to be 

noticeable during reactor transfer after the CVD growth. Consequently, the most likely reasons 

are the lower Young’s modulus of Ge as compared with Si [Wortman’65], the fact that the Ge/Si 

interface is working under compressive strain [Kopp’12], whereas the SiGe buffer is subjected 

to tensile strain [Shah’08] [Bogumilowicz’06], and the difference in thermal expansion 

coefficients between III-V and group- IV compounds. Therefore, thermally induced mechanical 

stresses in the cooling phase produce cracks that eventually propagate from the buffer layer 

upwards until reaching the sample top surface and downwards penetrating a few microns into 

the silicon substrate. Obviously, the presence of such a dense network of cracks (see figure 7.9) 

has deleterious effects on device performance since they act as recombination centers for 

minority carriers and induce electric short circuits, reducing the shunt resistance and thus, the 

solar cell performance as observed in figure 7.20. 

With these observations, it seems that a possible way to avoid the generation of cracks could 

come from the reduction of the buffer layer thickness below 2.7 μm [Shah’10] but this potential 
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remedy is not straightforward to implement since the TDD would be adversely affected. Another 

alternative would be the implementation of a more ductile buffer layer to absorb the strains 

produced during the thermal ramps, avoiding fractures in the structure. The integration of 

porous materials in the buffer layer, or in its vicinity, could be a possible pathway to implement 

this strategy. This strategy is presented and discussed in the next chapter.  

The one-sun I–V curve shown in figure 7.20 is totally dominated by a low shunt resistance, which 

reduces drastically de Fill Factor (FF), the open-circuit voltage (VOC), and in turn the overall device 

performance. Furthermore, the kink in the I–V curve next to VOC reveals the presence of a 

parasitic diode in reverse polarity. This diode is independent of the crack network but is probably 

related to a growth problem in the tunnel junction or an adjacent layer. In conventional 

multijunction cells on Ge substrates, it has been reported that Ge out-diffusion into the GaInP 

nucleation layer can extend for over 300 nm, causing a strong n-type background doping 

[Barrutia’17]. In our structure, we have an analogous situation in which a 100 nm n-GaInP 

window is grown on a thin Ge cap layer (figure 7.7). It is possible that Ge diffusion during the 

growth of the GaAsP top cell may reach the tunnel junction p-side –or its cladding layer–, 

reverting its polarity or, at least, greatly compensating its purportedly high doping. This situation 

would originate a diode in reverse polarity. 

Figure 7.26. Simulation of the EQE of both subcells. (left) GaAsP top cell. (right) SiGe bottom cell. Round symbols 

correspond to the experimental data. Thick black line is the total EQE whereas the thin black line corresponds to total 

absorptivity. The thick colored lines correspond to the contributions of each layer: cyan for the window, blue for the 

emitter, green for the space charge region and red for the base. The thin colored lines correspond to the absorptivity 

in each layer with the same color code. 
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In order to understand the EQE curve, fits using the Hovel model [Algora-Rey-Stolle’16] were 

made and the results are presented in figure 7.26, where the left panel is for the GaAsP top cell 

and the right panel is for the SiGe bottom cell. In this figure, round symbols correspond to the 

experimental data as presented in figure 7.19, whereas lines represent the modelling. The thick 

black line is the calculated total EQE whereas the thin black line corresponds to total absorptivity 

(i.e. the ideal EQE with perfect collection). Analogously, the thick colored lines correspond to 

the contributions of each layer with the color code as indicated in the legend, whereas their thin 

counterparts again correspond to the absorptivity in each layer. Therefore, the distance 

between a thick and a thin line of the same color for a given wavelength gives a visual indication 

about how close (or far) is a layer from perfect collection efficiency. Comparing the calculated 

EQE with the absorptivity (thin and thick black lines in figure 7.26), it can be concluded that the 

response in the SiGe bottom cell is reasonable whilst that of the GaAsP top cell clearly shows 

room for significant improvement. The simulations suggest that the EQE of the top cell is 

severely limited by its base. Very low diffusion lengths (~100 nm for the emitter and ~200 nm 

for the base) were obtained from the fitting. Such low values cause a limited drop in the 

response of the thin emitter but affect deleteriously to the base. Furthermore, it was necessary 

to simulate the space charge region (SCR) with a collection probability similar to that of the 

quasi-neutral base in order to obtain a reasonable fit of the experimental curve. If unity 

collection efficiency was assumed for the SCR (as in Hovel’s equations [Algora-Rey-Stolle’16]), 

the fit was simply unattainable. 

Obviously, several facts already discussed suggest a non-optimum crystallographic quality of the 

GaAsP material, which would yield low minority carrier diffusion lengths. First, the GaAsP peak 

in the reciprocal space maps spreads laterally around the SiGe subcell peak and there is a tilt 

present in both GaAsP and GaAs contact layer. Second, SEM cross section images show non-flat 

interfaces in the III-V structure and AFM scans evidence a high surface roughness. All these facts 

seem to indicate that as the MBE growth of the III-V layers progresses, the growth mode moves 

from step-flow to isolated island –3D growth–, possibly because of the large mechanical stresses 

present as the layers become thicker and the waviness present at the top of the SiGe. 

Regarding the SiGe bottom cell, the total EQE shows a much better response. The calculated 

curves show the typical ripple associated with Fabry-Perot oscillations caused by the top cell 

thickness. In the experimental curve such ripple is quite subtle probably as a result of the 

roughness at the interfaces of the III-V materials, which greatly damps the optical coherence. 

Anyhow, the position of the maxima in the experimental and calculated curves agrees 

reasonably well providing additional evidence for the accuracy in the thicknesses of the layers 

in the top cell. The EQE of the bottom cell is practically that of its base, with minor contributions 

from the emitter and SCR. The fitted values for the diffusion length of minority carriers in the 

base are over 10 μm, which are considered as medium-high. We expected even higher values as 

a moderately doped p-type base (1015 cm-3) was designed. Despite this chemical doping level 
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was confirmed by SIMS (figure 7.15, red line), the free hole concentration measured by ECV was 

a factor of 1000 higher (figure 7.15, blue line). These measurements were taken on group-IV 

samples right after the LPCVD process. Similar ECV profiles were confirmed on samples were the 

III-V part had been chemically removed. So, this high free hole concentration is originated during 

the group-IV epitaxial growth. This phenomenon has been previously observed and studied in 

SiGe alloys. Intrinsic point defects, in particular vacancies and dangling bonds, have been 

identified as sources of free holes [Satoh’12], as they give rise to acceptor-like defect states in 

the bandgap [Grillot’96]. Furthermore, this phenomenon intensifies at high Ge concentrations 

since the density of holes increases with the Ge composition in the alloy [Satoh’08]. 

Nevertheless, these acceptor trap levels can be passivated by adequate annealing processes 

[Satoh’12] [Grillot’96] [Satoh’18] [Lu’08]. Thus, it could be possible to tune the thermal load 

associated with the growth of the upper layers in the structure to bring about some defect 

passivation. However, this benefit would be limited considering that the thermal load needs to 

be kept moderate to minimize cracking. A better alternative would be to use MOVPE instead of 

MBE for the III-V epitaxial growth. Using AsH3 and PH3 as group-V precursors in MOVPE naturally 

provides an environment rich in atomic hydrogen at moderate temperatures (600 – 700°C). So, 

with no extra thermal load, atomic hydrogen, which is an extremely fast diffuser, would provide 

defect passivation during the III-V growth as reported in GaP/Si MOVPE growth [García-

Tabarés’15a]. 

Finally, the response of the SiGe emitter is poor with diffusion lengths in the range of ~100 nm, 

as evidenced by the distance between ideal and real EQE in this layer (i.e. thick and thin blue 

lines in figure 7.26-right). Of course, this is in close connection with the high doping of this layer 

(1019 cm-3). In this case, the situation is analogous to what happens in conventional triple-

junction solar cells grown on Ge substrates, where the response of the Ge subcell emitter is 

typically low and greatly affected by the interdiffusions taking place at the III-V/IV 

heterointerface [Barrigón’18]. Similarly, we hypothesize that during the growth of the top cell, 

the emitter of the Si0.24Ge0.76 bottom cell suffers the concurrent in-diffusion of Ga, In and P, 

which eventually create a highly compensated surface region with extremely short minority 

carrier lifetimes and diffusion lengths. 

7.4. Summary and conclusions 

To sum up, it could be concluded that a tandem GaAsP/SiGe solar cell on silicon has been 

demonstrated using the concept of reverse graded buffers. 

These layers have the distinctive feature of using an aggressive growth strategy, by means of 

which a germanium layer is grown directly on the silicon substrate before a SiGe graded buffer. 

This approach can maintain a controlled threading dislocation density while allowing the growth 

of thinner buffers layers and thicker active layers in comparison to standard approaches. They 
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have been implemented to solar cells for the first time in this work. Nevertheless, these layers 

have shown to be prone to the appearance of cracks. Generation of cracks has been observed 

during the group-IV epitaxial growth, they are probably caused by the strains and are 

propagated towards the surface and the silicon substrate. These cracks reduce the shunt 

resistance, which entails a general drop in solar cell performance. 

As for the tandem itself, on the one hand, the III-V part of the structure –i.e. the GaAsP top cell 

and the tunnel junction– manifested structural flaws and limited photovoltaic performance. 

With very low diffusion lengths, the collection of the GaAsP is severely limited by its base and 

thus GaAsP top cell clearly shows room for significant improvement. The presence of a parasitic 

diode in reverse polarity has also been observed. This is probably caused in the tunnel junction. 

A thicker GaInP nucleation layer could correct this issue. Therefore, these facts unequivocally 

suggest that the MBE growth of the III-V part of the structure needs to be reengineered. 

On the other hand, the crystalline quality and performance of the SiGe bottom cell are notable. 

We have observed good morphologies, flat interfaces, limited TDD and EQEs that approach their 

ideal values. However, a high free hole concentration has been observed in this subcell. This 

could be caused by intrinsic point defects. Nevertheless, it could be possible to passivate these 

defects reworking the thermal loads. A better alternative, that could also solve the issues 

observed in the III-V part, would be the use of MOVPE instead of MBE for the III-V growth. 

Despite the cracks and the other detrimental issues observed, the first results of these tandems 

have been presented demonstrating that the functional photovoltaic action of this tandem solar 

cell on silicon has been successfully achieved. Especially remarkable is the good performance of 

the SiGe bottom cell. This establishes a first empirical proof of the potential of reverse graded 

buffers for photovoltaic devices. 

In order to improve the performance of this tandem solar cell, the implementation of a tuned 

III-V epitaxy process and the use of a more ductile buffer layer must be applied in order to 

repress the appearance of cracks. In the next chapter, the characterizations and results of this 

tandem after the implementations of some of these ideas are presented.  
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8  

Tandem GaAsP/SiGe solar cells on Si 

substrates with the incorporation of 

porous silicon layers 

8.1. Introduction 

In the last chapter, in spite of several issues presented, the development tandem GaAsP/SiGe 

solar cells grown on a silicon substrate through group-IV reverse buffer layers was 

demonstrated. This structure is a promising architecture since, with the combination of these 

subcells, the efficiency can reach 41.5%. However, the advantages of reverse buffer layers were 

faded by the appearance of cracks that caused a degradation in the device performance, as we 

could see. Therefore, in this new architecture, a porous silicon layer on the substrate subsurface 

has been implemented. Porous silicon has been previously used in optoelectronic [Zheng’98] 

[Tsai’93] and PV applications [Smestad’92] [Jiménez-Cruz’18] as window layers, passivation or 

anti-reflection coatings [Menna’95] [Prasad’82]. Here, the porous silicon layer is used to absorb 

strain due to its higher flexibility compared to solid material [Menna’95], enhancing the 

relaxation of the strained SiGe [Hasegawa’89] [Barla’84] [Follstaedt’97] and reducing the 

probability of fractures in the structure during thermal ramps. In addition, the cavities and pores 

facilitate dislocation annihilation and the nucleation of dislocation loops, which glide to the 

interface to form strain relieving misfit segments [Holländer’99] [Trinkhaus’00] [Raïssi’16]. In 

Chapter 
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terms of solar cell performance, this porous layer could reduce the problem of low shunt 

resistance observed in the previous chapter, improving the solar cell efficiency. 

All the samples were grown and supplied by IQE plc in the frame of the European project 

Theseus. At the Solar Energy Institute, the material has been characterized and the devices have 

been manufactured and characterized.  

This chapter shows the results of the first devices manufactured with this philosophy and the 

associated characterization of the materials involved. Then, a final discussion addresses the 

conclusions of each characterization.  

8.2. Solar cell structure and manufacturing 

Figure 8.1 shows the structure of the solar cells in this study with doping levels and thicknesses. 

This structure follows the same criterion than the device discussed in the previous chapter: two 

lattice-matched subcells on reverse buffer layers grown on Si substrates, but this time 

incorporating a porous silicon layer in the wafer subsurface (see the dotted brownish layer in 

Figure 8.1). Firstly, the porous silicon layer was created by means of electrochemical etching on 

6-inch (100) silicon wafers with a miscut of 6° off towards [110] and with a resistivity of 0.01 Ω 

cm. Then, a thermal annealing seals the top surface of the silicon wafer which is then cleaned to 

reach an epiready condition. The solar cell structures were grown following the combined 

approach already explained in section 7.3.1.1: Firstly, all layers based on group-IV compounds 

were grown by LPCVD at a temperature of ~650°C. As in the previous design, before the transfer, 

Figure 8.1. Structure of the GaAsP/SiGe tandem with porous silicon buffer layer, where the lattice constants are 

schematically represented. Layers with thicknesses and doping levels are labeled.  
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the Si0.24Ge0.76 was capped with a 5 nm Ge layer in order to prevent oxidation in the silicon, which 

is difficult to remove thermally in the MBE chamber. Secondly, III-V semiconductor growth was 

carried out. Such III-V growth took place at a temperature of ~650°C and a growth rate of 

~1 μm/h. 

The epi-wafers were also processed into 0.11 cm2 (3.48 mm x 3.22 mm) solar cells with 

conventional photolithography techniques with the lay-out shown in figure 7.8.a. After the 

spinning and curing of the photoresist resin, the metallization was deposited. 

As explained in the last chapter, high temperatures for both front and rear contacts were 

avoided, investigating alternatives that minimize the risk of crack propagation and guaranteeing 

material compatibility. The front contact was formed using electroplated gold (~600 nm thick) 

without any alloying; whereas, the rear contact was deposited by EBPVD and consisted of a stack 

of Pd(50nm) / Ti(50nm) / Pd(50nm) / Al(1000nm) alloyed at 170ºC for 600 s. This metallization 

in depicted in figure 7.8.b.  Further details can be found in the Annex 1. No antireflection coating 

(ARC) was deposited on the cells. 

Mesa etching was also necessary between the cells to isolate each device in the sample. For 

arsenic alloys, a NH4OH–H2O2–H2O (2:1:10) solution was employed. This solution is also suitable 

for etching SiGe. In the case of phosphor compounds, HCl–H2O (1:1) was used to remove them.  

An important remark about this structure should be made at this point. As shown in figure 8.1, 

the SiGe bottom cell is just 1 m thick. This value is far from the ~5-6 µm needed for a current 

matched device, so our solar cells will be severely bottom cell limited. This design decision was 

made to minimize the risk of epilayer peel-off during the processing of the solar cells, which can 

be a consequence of the inclusion of the porous silicon layer. In our experience, the handling of 

large area (6 inch) wafers with thick epilayers is not easy. Oftentimes, minor shocks during the 

manual handling of the wafers cause the epilayers to peel off catastrophically, ending up 

shattered into a thousand pieces. To minimize this risk, we limited the thickness of the bottom 

cell to one micron. Therefore, the goal of this study is an initial assessment of the joint use of 

porous silicon layers and reverse graded buffers to implement functional GaAsP/SiGe tandem 

solar cells rather than the achievement of a high efficiency, which is undoubtedly out of reach 

with a severe current mismatch.  

8.3. Material characterization 

8.3.1. Visual inspection 

As discussed at the Introduction, the wafers for this study were supplied by the company IQE 

within the frame of the European Project Theseus. Our first approach to this samples was a 

simple visual inspection using the naked eye and an optical microscope. On the wafer surface, 

some cracks are still visible to the naked eye, although the crack density has been significantly 
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reduced as compared with growths on standard Si substrates with equally thin bottom subcells 

[Caño’20].  

8.3.2. Cross-sections: Transmission Electron Microscopy (TEM) 

A cross-section of the whole structure can be observed in the Transmission Electron Microscopy 

(TEM) image in figure 8.2, where the most relevant layers in the structure have been identified 

(courtesy of R. Beanland from University of Warwick). As can be seen, the porous silicon layer is 

clearly delineated between the underlying substrate and overlying CVD-grown Si. The other 

group-IV layers have sharp and flat interfaces with no noticeable defects. The interface between 

the SiGe subcell and the GaAsP top cell shows some unevenness, which is even more noticeable 

Figure 8.2. Cross-sectional bright-field transmission electron microscope image of the as-grown 

GaAsP/SiGe wafer, with key layers identified. The layer labeled GaAsP cell includes the tunnel junction 

and nucleation layer (dimensions in µm) (courtesy of R. Beanland). 
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at the GaAsP/GaAs interface. The thicknesses of the layers agree well with the nominal values 

in figure 8.1. Figure 8.3 shows TEM images of key parts of the structure at higher magnification 

(courtesy of R. Beanland). Figure 8.3.a shows the porous layer with a range of pore sizes, 

delimited by a line of large pores at the substrate interface. As discussed below, this may impact 

the series resistance of the solar cell. Figure 8.3.b shows group-IV layers including the Ge layer, 

the SiGe reverse buffer and the SiGe bottom subcell. The Ge/Si interface is very defective, as 

expected, but most dislocations are confined to the vicinity of the interface. In the SiGe reverse 

graded buffer, the interfaces between the steps are also delineated by misfit dislocations. Figure 

8.3.c shows the GaAsP top cell and the GaAs cap layer, while figure 8.3.d shows a detail of the 

IV/III-V interface. In both these figures the GaAsP layer appears very defective, with an uneven 

interface with bumps and voids, and with defects –both dislocations and microtwins–. These are 

propagated upwards from the defective GaAsP/SiGe interface, which suggests that the growth 

of III-V on the group-IV after the reactor transfer is complicated and could be not properly 

optimized. 

Figure 8.3. Cross-sectional TEM images of some details of the structure in figure 8.2. (a) bright-field 004 

image of the porous layer; (b) dark-field 220 image of the Ge/SiGe graded buffer/SiGe subcell; (c) dark-

field 220 image of the GaAsP subcell;  (d) dark-field 220 image of the GaAsP/SiGe interface (courtesy of 

R. Beanland). 
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The threading dislocation density (TDD) of the full structure could not be measured. However, 

Figure 8.4. (a) RSM of the group-IV part of the solar cell (symmetric reflection). (b) RSM of the group-IV part of 

the solar cell (asymmetric reflection). (c) RSM of the whole structure of the solar cell (symmetric reflection). 

(d) RSM of the whole structure of the solar cell (asymmetric reflection). 
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the cross section TEM images shown (Fig. 8.3.c) indicate a high value (~109 cm-2) for the top cell. 

Concerning the SiGe bottom cell, in the previous chapter where similar structures were grown 

on standard silicon wafers, a TDD of ~8x105 cm-2 was measured [Caño’20]. This level is 

comparable to TDDs reported in other studies of forward buffers in Si1-xGex with x ~80% 

[Ringel’02] [Groenert’03] [Milakovich’15]. Thus, this suggests that the challenge of these 

structures relies more on the optimization of the epitaxial growth conditions for porous silicon 

substrates rather than the use of reverse graded buffers. 

8.3.3. Lattice mismatches and composition: reciprocal space maps 

Figure 8.4 shows X-ray RSMs from symmetric 004 (a and c) and asymmetric 224 (b and d) 

reflections of the structure. a) and b) show the structure with the III-V layers etched whereas c) 

and d) show the complete structure. In this way, the different layers in the structure can be 

identified and their lattice mismatch and composition quantified. The silicon substrate peak is 

clearly visible in the upper left part of each graph. The Ge buffer peak can be observed with a 

mismatch of 4.36%, as deduced from the maps. Then, the diffracted intensity from the SiGe 

graded buffer layer spreads from the Ge peak to the SiGe bottom cell peak, with a composition 

of Si0.24Ge0.76. The GaAs0.8P0.2 layers grown on top are found to be slightly lattice-mismatched 

under compressive strain, which could be contributing to the poor quality of these layers. In fact, 

these III-V semiconductor layers (GaAs contact and GaAsP top cell) show a lower crystallographic 

quality, as indicated by their high peak FWHM, consistent with what was observed in the TEM 

images (figures 8.3.c and 8.3.d).  

8.4. Solar cell results 

8.4.1. External quantum efficiency 

After device fabrication, External Quantum Efficiency (EQE) was measured using the same 

custom-made tool described in chapter 7.  

Figure 8.5.a shows in red the experimental EQE of the top cell in the GaAsP/SiGe solar cells 

grown on porous Si substrates. The EQE of a solar cell with the same structure but manufactured 

on standard Si wafers is included for reference in blue. The response of the new design has 

clearly improved and the bandgap obtained from a linear fit of the in final tail of the EQE (Eg 

~1.64 eV) agrees well with the GaAs0.8P0.2 composition determined from the reciprocal space 

maps, which according to Vegard’s law should correspond to an Eg = 1.67 eV. However, the EQE 

reaches a maximum of ~50% whereas other works in the literature for similar devices grown by 

MBE report clearly higher EQEs, as can be observed in the green line corresponding to GaAsP 

solar cell grown by Grassman and coworkers on Si with GaP nucleation layers and GaAsP graded 

buffers [Grassman’16a]. We choose to benchmark our results with [Grassman’16a] since the 

GaAsP top cell has a similar structure –though with a slightly higher bandgap–, was also grown 
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by MBE and also underwent a reactor transfer prior to the growth of the top cell. There are 

Figure 8.5. Experimental and simulated EQEs of the GaAsP/SiGe tandem solar cells on porous silicon in comparison 

with other results from the literature. (a) Experimental EQE of the best GaAsP cell grown on porous silicon (thick red 

line); pink lines represent the EQE of other devices in the same wafer to give an idea of performance homogeneity; 

a linear fit to obtain the bandgap has been included as a dashed line; EQE of the best GaAsP top cell grown on 

standard silicon wafers (blue line) from the last chapter [Caño’20]; EQE of a GaAsP top cell taken from [Grassman’16a] 

as a benchmark (green line). (b) Experimental EQE of the SiGe subcell grown on standard silicon wafers from last 

chapter (blue line) [Caño’20]; expected EQE of SiGe bottom cell grown on porous Si substrates.  (c) Simulation of the 

EQE of the GaAsP to cells in GaAsP/SiGe tandems grown on standard Si substrates, (taken from last chapter 

[Caño’20]).  (d) Simulation of the EQE of the GaAsP to cells in GaAsP/SiGe tandems grown on porous Si substrates 

(this work); (e) Simulation of the EQE of the GaAsP to cells in GaAsP/Si tandems (taken from [Grassman’16a]). Round 

symbols correspond to the experimental data. The thick black line is the total simulated EQE whereas the thin black 

line corresponds to total absorptance. The thick colored lines correspond to the contributions of each layer: orange 

for the window, blue for the emitter, green for the space charge region and red for the base. The thin colored lines 

are the absorptance in each layer with the same color code. The JSC obtained from the integration of the experimental 

EQE over the AM1.5G spectrum is included in each graph. 



Chapter 8 
Tandem GaAsP/SiGe solar cells on Si substrates with the incorporation of porous silicon layers 

 

143 

better results in the literature [Fan’19] [Grassman’19] that we do not use as a benchmark simply 

because they were either grown with notably different structures or techniques (MOVPE), or 

lack sufficient structural information. 

Figure 8.5.b shows in a black dashed line the expected (i.e. simulated) EQE from the SiGe bottom 

cell that could not be actually measured. In previous works, the EQE of 1 µm thick SiGe bottom 

subcells could not be measured either. However, as shown in a blue line in Fig. 8.5.b, the EQE of 

thicker SiGe subcell designs (5 µm) could be measured and thus a functional GaAsP/SiGe tandem 

solar cell on silicon was demonstrated in last chapter [Caño’20]. However, in the structure grown 

on porous silicon only the top cell EQE could be measured, even though several samples were 

grown and many solar cells were manufactured and tested. The lack of bottom cell response will 

be discussed later.  

In order to gain some insight into the performance differences of the top cells, EQE simulations 

were made using an analytic model [Algora-Rey-Stolle’16]. Figures 8.5.c, 8.5.d and 8.5.e present 

the results of these simulations for GaAsP subcells grown on: standard Si (Fig. 8.5.c) (from 

chapter 7 [Caño’20]); porous Si (Fig. 8.5.d) (this chapter); and our reference device from the 

literature (Fig. 8.5.e) [Grassman’16a]. In these figures, circles correspond to the experimental 

data of figure 8.5.a and lines account for the modelling. The thick black line in each panel is the 

calculated total EQE whereas each thin black line corresponds to the total absorptance in the 

top cell (i.e. the ideal EQE with unity collection efficiency). Thick colored lines correspond to the 

contributions of each layer with the color code as indicated in the figure caption, whereas their 

thin counterparts again correspond to the absorptance in each layer. Therefore, the difference 

between thick and thin lines of the same color gives a visual indication about how close (or far) 

a layer is from perfect collection efficiency. Comparing the calculated EQE with the absorptance, 

it can be concluded that the response of all GaAsP top cells clearly shows room for significant 

improvement. In the case of the emitter (blue lines), very similar responses are found in the 

three designs. In all cases it could be fitted with a diffusion length of ~100 nm, which coincides 

with the emitter thickness in the three cases. In fact, this yields a reasonable blue response of 

the three devices. However, the base and space charge region are clearly different in the three 

designs. The response of the base is some way below the corresponding absorptance curve (thin 

red lines). In addition, the three designs behave quite differently: a remarkably low response in 

the cells grown on standard Si (Fig. 8.5.c) can be seen, which could be fitted with a diffusion 

length of ~200 nm; there is a very low response in the cells grown on porous Si (Fig. 8.5.d), which 

could be fitted with a diffusion length of ~350 nm; and a low response in the cells from 

[Grassman’16a] (Fig. 8.5.e) is found, which could be fitted with a diffusion length of ~550 nm. In 

all three cases, the diffusion lengths are notably smaller than the base layer thickness (2 µm) 

and thus the collection efficiency is deleteriously affected. Regarding the space charge region, 

some differences in collection efficiency are observable too. In each case, it was necessary to 

simulate the space charge region (SCR) with a collection probability similar to that of the quasi-

neutral base in order to obtain a reasonable fit of the experimental curve. If unity collection 
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efficiency was assumed for the SCR (as in Hovel’s equations [Algora-Rey-Stolle’16]), no fit was 

possible. 

Since the three GaAsP top cell structures are very similar, these simulation results can be 

understood as progress towards a better crystallographic quality in each design, though still 

being far from perfect minority carrier collection in the SCR and base. Other than the evident 

effect of TDD, it has been reported that the GaAsP epitaxial growth conditions influence material 

quality in a poorly understood way [Fan’19]. Therefore, there is an ample margin for 

improvement of these results by tuning the growth conditions, considering that this is the first 

attempt to grow tandem cells on porous Si substrates. 

Coming back to the lack of response in the SiGe bottom cell, it should be noted that the situation 

here resembles that of a GaInP/Ga(In)As/Ge triple junction solar cell (3JSC) where the EQE of 

the germanium bottom cell is frequently unmeasurable for a number of reasons [Meusel’03] 

[Barrigón’15b]. The emitter of the SiGe cell is formed during the growth of the GaInP nucleation 

layer –as in Ge subcells in 3JSCs– by the concurrent in-diffusion of P, but also of Ga and In, and 

out-diffusion of Ge from the capping layer. Such a strong atom exchange at the III-V/IV 

heterointerface, in a material with a high TDD, may produce a p-n junction exhibiting both a low 

shunt resistance and a low breakdown voltage, which are typical causes for an unmeasurable 

bottom cell [Barrigón’15b]. 

8.4.2. I – V curves 

I-V curves under one-sun illumination (AM1.5D spectrum) of the GaAsP/SiGe tandem cells are 

presented in figure 8.6 for the design on porous silicon (red and pink curves) and standard silicon 

wafers (blue) already shown in the last chapter (figure 7.21). Again, the red line represents the 

best device, whilst the thin pink lines are the I-V curves of other cells in the same wafer and thus 

give an idea of device-to-device variability. The short-circuit current density (JSC = 8.9 mA/cm2) 

is in agreement with the measured EQE, and is obviously low, which is a result of the collection 

problems discussed around the EQE curves, remembering that the cells have no ARC. Looking at 

the shape of the curve around VOC, the impact of a parasitic diode in reverse bias is again 

observed as in the design in chapter 7, though it has been greatly alleviated in the new structure, 

which is addressed below. Apart from this parasitic diode the most remarkable features in the 

I-V curves are the limited FF and low VOC in both designs. In the case of tandem cells grown on 

conventional Si substrates, the low shunt resistance is very evident in the I-V curve, causing 

deleterious effects in both FF and VOC. In the previous chapter, it was argued that the low Rshunt 

was caused by a high crack density in the cell, which behave both as efficient recombination 

centers for minority carriers and as electrical shorts. However, in the samples grown on porous 

Si substrates, clear improvements in both FF (from 26.5% to 48.6%) and VOC are observed (from 

0.48 to 0.67 V), as a result of much lower crack densities. Values are still low but the 

improvement is evident. 
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In figure 8.7 the dark I-V curves of the GaAsP/SiGe tandems are plotted following the same color 

code as in figure 8.6. The axis of Current (A) has been represented in a linear scale to assess the 

shunt resistances more accurately. In this way, the shunt resistances can be visually compared 

between both structures, being much higher in the porous silicon design as seen in the I-V curves 

under illumination. 

Figure 8.7. Dark I-V curves of the solar cells following the same color coding (thick red for 

the cell on porous Si and blue on standard Si). 

Figure 8.6. Lighted I-V curve of one GaAsP/SiGe tandem cell grown on porous silicon (thick red line); the 

thin pink lines represent the I-V curves of most of the devices measured and give an idea of the device-to-

device variability; as reference, the illuminated I-V curve of the best GaAsP/SiGe tandem cell grown on 

standard silicon substrates has been included (blue line) (from figure 7.21) [Caño’20]. 
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Porous silicon has been reported to have a low electrical conductivity [Zheng’98] [Tsai’93] 

[Smestad’92] [Jiménez-Cruz’18], so its impact on series resistance is a possible concern. 

However, the presence of the parasitic junction complicates the assessment of the series 

resistance from the J–Vs in figure 8.6.  

8.4.3. Capacitance – Voltage measurements 

In order to confirm the presence of a parasitic diode, Capacitance - Voltage (C-V) measurements 

were performed on the samples (figure 8.8). The detailed understanding of C-V curves in 

multijunction solar cells is not straightforward, since only the voltage across the device terminals 

is known and no information is available about the particular bias at each subcell [Ruiz’10] 

[Rutzinger’17] [Hoheisel’11]. However, in this case we simply intend to detect the signature of 

a parasitic diode in reverse bias. The inverse of the total capacitance of the multijunction solar 

cell (CT) equals the sum of the inverse of the capacitance of each junction in the device (Ci): 

1

𝐶𝑇
=  𝛴𝑖

1

𝐶𝑖
  (1) 

In principle, in well-behaved cells, it is reasonable to assume that neither the 

metal/semiconductor contacts nor the tunnel junctions contribute to CT. In particular, tunnel 

junctions, being nominally ultra-highly doped, should have a very high junction capacitance and 

therefore should play a negligible effect in the sum of inverses, which is dominated by the 

smallest contributions [Ruiz’10]. So, in equation (1) only capacitance contributions from p-n 

junctions should be present. As reported by Ruiz et al. in [Ruiz’10], the C-V curve of a dual 

junction solar cell with a good tunnel junction would show two humps in the first quadrant –one 

Figure 8.8. C-V curve of a representative device obtained at 300 K under dark conditions. 

Labels indicate the signature of the different p-n junctions. The thin line qualitatively 

shows the expected trend without a parasitic diode. 
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for each subcell–, a roll-off at high positive voltages, whereas at low positive voltages and under 

reverse bias the capacitance should steadily decline to its lowest value. 

C-V measurements were performed at 300K under dark conditions and we obtained the curve 

in figure 8.8. Furthermore, some measurements were also taken with an illumination from a 

laser of 648 nm in order to identify the signal of the GaAsP top cell (not shown here). With the 

laser, the charge of subcell increases and in this way the capacitance signal of the associated 

junction increases. Thereby, its contribution on the total capacitance decreases and its signal is 

“erased” [Ruiz’10]. 

In the positive voltage range, the two humps expected are seen followed by the fall of 

capacitance at high voltages (V > 1.3V). These two peaks correspond to the SiGe and GaAsP. In 

the second quadrant, we would expect to observe a decline in the capacitance associated with 

the extension of their space charge regions at negative bias [Ruiz’10]. Instead of the signal of 

the dashed line, a third peak is observed. This is interpreted as a third junction in reverse polarity 

since it shows the expected behavior for the first quadrant but in the second, namely, a fall in 

capacitance at high voltages, then a peak and finally a decline as we approach 0 volts. This is the 

signature of a p-n junction in reverse bias, namely, a parasitic junction, as anticipated from the 

lighted I-V curves in figure 8.6. As argued in chapter 7, we hypothesize that this diode is probably 

related to the tunnel junction or an adjacent layer. In conventional multijunction cells on Ge 

substrates, it has been reported that Ge can diffuse over 300 nm into the GaInP nucleation layer, 

producing strong n-type background doping [Barrutia’17]. In our structure, we have an 

analogous situation in which a 100 nm n-type GaInP nucleation layer is grown on a Ge cap layer 

(see Fig. 8.1). It is possible that Ge diffusion during the growth of the GaAsP top cell may reach 

the tunnel junction p-side –or its cladding layer– reversing its polarity or partially compensating 

its nominally high doping. This would produce a diode in reverse polarity. The growth of a thicker 

GaInP nucleation layer could avoid this issue in the future.  

8.4.4. Jsc – Voc analysis 

In order to get rid of the influence of the parasitic diode and assess the performance limits of 

the device, we measured the I-V curve at different irradiances, as shown in figure 8.9, and 

performed a JSC-VOC analysis depicted in figure 8.10. The JSC-VOC line follows a clear logarithmic 

trend corresponding to an ideality factor of n=3.6 and a reverse saturation current density of 

J0 =6.7·10-6 A/cm2. An ideality factor of 3.6 is in agreement with a device being limited by 

recombination either in the space charge region or at the junction perimeter, or most likely a 

combination of both. A high perimeter recombination may be linked to exposed facets in cracks. 

A high recombination rate within the space charge region is also consistent with the abundance 

of defects and with the simulations of the EQE, where limited collection in this region had to be 

assumed. The reconstructed I-V from JSC-VOC measurements is shown in figure 8.11 together with 

the experimental I-V. The FF of the reconstructed curve is 63.2%, much better than the real I-V, 

though still far from the ~80% reported for GaAsP top cells in the best results from the literature 
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[Grassman’16a] [Fan’19]. This indicates that, even leaving aside resistive and parasitic diode 

effects, recombination losses still impact severely the performance of the solar cells. This is 

another argument for the improvement in the crystallographic quality of the GaAsP top cell as 

an imperative. In this regard, the GaAsP material quality may be compromised due to the fact 

that it was grown by MBE. There is a lot of evidence that III-V nucleation on Ge –note that the 

III-V growth takes place on the thin Ge cap (see Fig. 8.1)– is much more challenging when using 

MBE instead of MOVPE [Grassman’16a] [Li’01]. We are confident that improvements in GaAsP 

material quality and top cell performance will be demonstrated using III-V material grown by 

MOVPE. 

Figure 8.9. I-V curves at different irradiances of the GaAsP/SiGe tandem on porous Si. Their 

resulting Jsc and VOC are represented in figure 8.10. 

Figure 8.10. JSC–VOC curve of a GaAsP/SiGe tandem cell grown on a porous Si substrate and 

subsequent fit. 
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8.4.5. Spectral photovoltage 

The above JSC-VOC analysis is not a direct proof of a working bottom cell. To verify the existence 

of a working SiGe bottom cell, spectral photovoltage (SPV) measurements were made. The 

advantage of SPV over EQE is its higher signal to noise ratio and its immunity to series resistance 

effects. Figure 8.12 shows the SPV response of the GaAsP top cell (in yellow) and SiGe bottom 

cell (in red). The upsurge in the signal occurs at the bandgap energy in each case (i.e. the energy 

above which the device is capable of generating voltage), whereas the drop-off is associated 

with the low-pass filter used in each case. The smoother photovoltage increase observed in the 

bottom subcell is in agreement with the indirect nature of the SiGe bandgap. On the other hand, 

the GaAsP top cell shows a sharper edge, related to the expected direct bandgap associated with 

the P-content, about 20% in this alloy. Figures 8.12.b and 8.12.c depict the fits to obtain the 

bandgap energies for the GaAsP top cell and SiGe bottom cell, respectively. In the case of the 

GaAsP, as a direct bandgap material, the SPV signal squared at energies close to the bandgap 

has been assumed to be proportional to the bandgap energy. In the case of the SiGe, as an 

indirect bandgap material, it is the square root of SPV, which is proportional to Eg for energies 

near the bandgap energy. The values obtained from the fits agree well with the target design 

values as well as with the fit obtained from the EQE of the top cell. As a concluding point for this 

study, these responses in the SPV signal demonstrate the existence of a tandem GaAsP/SiGe 

solar cell on porous silicon. 

Figure 8.11. Reconstructed illuminated J-V from the JSC-VOC data and measured lighted curve.  



Chapter 8 
Tandem GaAsP/SiGe solar cells on Si substrates with the incorporation of porous silicon layers 

150 

8.5. Summary and conclusions 

In the last chapter, the development of a GaAsP/SiGe tandem solar cell which was grown on 

silicon substrates through group-IV reverse graded buffer layers was demonstrated. However, 

although reverse buffer layers, explained in the chapter 6, can reduce the threading dislocation 

density and allow the growth of thinner buffers, have shown to be prone to cracking. For this 

reason, in this chapter a new design has been shown. This new design uses a porous silicon layer 

incorporated in the substrate to increase its flexibility. 

In this new structure some issues remain, as the parasitic diode. Nevertheless, in comparison 

with similar solar cell structures grown on standard substrates, the porous silicon layer has (i) 

decreased the number of visible cracks; (ii) increased shunt resistance; (iii) improved top cell 

Figure 8.12. (a) Spectral photovoltage measurements of the GaAsP/SiGe tandem cells grown on porous substrates. 

The red curve corresponds to the bottom cell responses whereas the yellow curve is that of the GaAsP top cell. (b) Fit 

for obtaining the GaAsP top cell bandgap energy. (c) Fit for obtaining the SiGe bottom cell bandgap energy. 
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spectral response ; and (iv) improved the VOC and FF of the cells, though the overall performance 

of this particular device still remains below similar architectures grown on forward graded 

buffers or on GaP/Si templates. Anyhow, the empirical proof of the potential of reverse graded 

buffers for photovoltaic devices has been observed. 

In spite of the issues observed and analyzed, the first results of a functional GaAsP/SiGe tandem 

solar cell have been successfully achieved and a clear improvement over analogous designs 

grown on standard silicon wafers has been attained. Improvements in the GaAsP material 

quality and top cell performance can be carried out using an alternative for its growth: the use 

of MOVPE instead of MBE for the III-V materials. 

With all these evidences, a new pathway for III-V compound integration on silicon for 

photovoltaic applications has been proved.  
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Annex 1 

Contacts to silicon 

A1.1. Introduction 

The tandem solar cells studied here needs different manufacturing processes both for the silicon 

and for the III-V and group IV parts, since they present very different properties. Such is the case 

of aluminum-on-Si contacts of conventional cells, which require a high-temperature annealing 

process –above 577°C to surpass the eutectic temperature–. This high temperature eases the 

diffusion of metals into the silicon, thereby facilitating the creation of an ohmic contact with 

sufficient mechanical adhesion. In contrast, this annealing process is not feasible in tandem cells, 

as the resulting thermal load causes undesirable dislocations to propagate from the buffer layers 

towards the group-IV and III-V subcells or the appearance of more cracks, reducing performance. 

In this context, this annex shows the study developed to search for alternatives to this 

conventional contact to achieve rear ohmic contacts. For this purpose, different materials have 

been investigated, using annealings with a sufficiently low temperature to avoid degradation of 

the upper III-V and IV semiconductors subcells, while still obtaining suitable ohmic contacts for 

the solar cells.  

A1.2. Theory and experimental 

The substrates used for these experiments were p-type boron doped silicon wafers with a 

resistivity less than 0.01 Ω·cm. The use of low resistivity, i. e. a highly doped substrate, favors 

the formation of a non-rectifying junction –ohmic contact–. In addition, the ohmic contact 
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requires the use of a metal with the proper work function such that the Schottky barrier height 

is as small as possible, facilitating the flow of carriers from one side to the other [Schroder’84] 

[Dobbs’77]. In these designs, the thinning of the Schottky barrier has an additional importance 

due to the lack of diffusion of the metal into the silicon, caused by the low-temperature-

annealing, that would dope the silicon’s surface. This doping would narrow the depletion region 

and, in this way, tunneling of carriers between the metal and the valence band –in the case of 

p-type layers– would be allowed. Therefore, tunneling is not likely to be the dominant 

mechanism with this lack of superficial doping of these ohmic contacts, as can be observed in 

figure A1.1. 

With silicon as semiconductor at the contact, several metals fulfill the requirements to achieve 

an ohmic contact. Some of these metals are shown in table A1.1 with their work functions 

[Drummond’99]. These work functions should be higher than silicon’s in order to achieve a 

Schottky barrier height as small as possible according to Schottky–Mott rule for p-type 

semiconductors [Schottky’42] [Freeouf’81]:  

𝑏𝑝 =
𝐸𝐺 

𝑞
+   − 𝑀                                                                                     (1) 

where 𝑏𝑝 is the Schottky barrier height for a p-type semiconductor, 𝑀 is the metal work 

function, q is the electron’s charge and  is the electron affinity of the semiconductor.  

As can be observed in the table, Pd provides high value of M and is affordable if small amounts 

are used during the deposition. As for Ni, it has high value of M and is affordable. On the other 

hand, Au and Pt could fulfill the requirements, but they are expensive and could potentially be 

lifetime killing impurities. In the case of Al, it does not have a higher M than silicon, but it alloys 

Figure A1.1. Bands of an ohmic contact between a metal and a p-type silicon with low resistivity and a 

low annealing. Carriers flow through the contact by going over the Schottky barrier. Tunneling is less 

likely due to the lack of superficial diffusion because of the low temperature of the annealing processes. 



Annex 1 
Contacts to silicon 

157 

and highly dopes Si easily. For these reasons, despite its lower work function, aluminum is a case 

of study. Regarding the rest of elements (in red), they show worse values of M and, therefore, 

do not meet the requirements to be a viable choice of ohmic contact. 

The silicon substrates were chemically prepared for the metal deposition in order to etch away 

the silicon oxide and other contaminants. As explained in the first part of the thesis, the 

treatment consisted of an immersion of the wafers in a HF : H2O (1 : 6) solution for 3 minutes 

[García-Tabarés’15a]. 

Table A1.1.Work function of silicon and some metals which could fulfill the requirements to make an ohmic contact 

on silicon. In green the metals that have higher work function than silicon. Al in blue, which is a special case and it will 

be study. In red, the metals that do not have enough work function to make an ohmic contact on silicon 

[Drummond’99]. 

Metal   (eV)

Si 4.66

Ag 4.26

Al 4.28

Au 5.10 ± 0.01

Co 4.92 ± 0.04

Cr 4.50 ± 0.15

Cu 4.65 ± 0.05

Fe 4.50 ± 0.15

Ga 4.20

In 4.12

Mo 4.60 ± 0.15

Ni 5.15 ± 0.1

Pd 5.12

Pt 5.65 ± 0.1

Sn 4.30

Ti 3.96 ± 0.04

W 4.55

Zn 4.33  

The deposition of the metals on the silicon was carried out through Electron Beam Physical 

Vapor Deposition (EBPVD) at high vacuum using a Pfeiffer Vacuum System Classic 500 Twin 

model. The annealing processes were made by means of Rapid Thermal Annealing (RTA) using a 

Unitemp RTP-150 model. Then, the samples were measured through Transmission Line 

Measurement (TLM) with a 4-point probes station. The areas of wafer around the TLM 

structures have to be isolated in order to avoid lateral current for proper measurements 

[Smedfors’14]. 
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A 1 µm-layer of aluminum was deposited and alloyed at 450°C for 60, 100 and 140 seconds. 

Some samples were also allowed at 585°C for 60, 250 and 600 seconds to compare. This 

structure is showed in figure A1.2. 

As for palladium, it creates a compound –Pd2Si– at 200ºC with silicon. Due to its high cost, two 

50 nm layers separated by a 50 nm layer of titanium were deposited. This titanium layer acts as 

barrier to avoid the diffusion of all the palladium towards the upper aluminum layer of 1 µm 

thickness deposited afterwards. With this structure, which can be observed in figure A1.3, the 

palladium can also diffuse into the silicon. The samples were alloyed at 170°C, 210°C and 250°C 

for 600 seconds and a fourth sample was kept without alloyed.  

Regarding the nickel, a layer of 500 nm was deposited and then alloyed at 400°C for 300 seconds.  

A1.3. Results and conclusions 

After manufacturing the samples, their specific contact resistance, 𝜌c, were measured. Table 

A1.2 shows the results. As can be seen, the best results are achieved with the aluminum alloyed 

at 585°C as expected. Both the values of aluminum at 450°C and palladium are moderate, 

although the temperatures used for the Pd are lower. This design could perfectly fulfill the 

requirements of these contacts and even, in spite of its worse value, an ohmic contact is 

achieved without annealing. However, no ohmic contact was achieved with the Ni with this 

strategy. 

Figure A1.2. Contact of 1 µm-thickness Al layer on Si substrate 

Figure A1.3. Contact of 1 µm-thickness Al layer on 50 nm-thickness Pd, Ti and 

Pd layers on Si substrate. 
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Table A1.2. Specific contact resistance of the different back contacts designed and manufactured 

Conctact type
RTA Temp 

(°C)

RTA Duration 

(s)

Normalized specific contact 

resistance (Ω·cm2)

585 80 5.3 · 10-5

585 250 4.7 · 10
-5

585 600 6.0 · 10
-5

450 60 1.2 · 10
-4

450 100 1.1 · 10
-4

450 140 1.2 · 10
-4

- - 3.7 · 10-4

170 600 1.8 · 10-4

210 600 1.9 · 10-4

250 600 2.6 · 10-4

Nickel 400 300 Non ohmic

Aluminum

Pd/Ti/Pd/Al

Aluminum

 

Therefore, since the palladium contact shows suitable values with low alloying temperatures, it 

is the main contact used for the rear side of the silicon substrates in the solar cells. 
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