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Resumen

La tecnología de células solares multiunión de materiales III-V ha sido capaz de desarrollar las

células solares con las más altas eficiencias de conversión de radiación solar en electricidad. La

alta eficiencia permite reducir considerablemente el tamaño y peso de los dispositivos, convir-

tiendo a este tipo de células en las preferidas para aplicaciones espaciales. Además, ofrecen un

gran potencial para aplicaciones terrestres (concentración fotovoltaica) donde la reducción del

tamaño permitiría disminuir su coste. A pesar de haber conseguido las más altas eficiencias,

aún existe margen de mejora a nivel de dispositivo y sistema que deben ser abordados.

En consecuencia, esta tesis doctoral se centra en la simulación, caracterización y análisis

de distintas células solares multiunión de materiales III-V tanto para aplicaciones terrestres

como espaciales. El objetivo principal es desarrollar una herramienta TCAD de simulación

de células solares multiunión (3, 4 o más uniones) basada en modelos de arrastre y difusión

y en el uso de modelos cuánticos para tratar las uniones túnel. Gran parte de esta tesis está

enfocada en la comparación de los resultados experimentales bajo diferentes condiciones de

operación de las células con un único conjunto de parámetros de material y un conjunto dado

de modelos físicos de semiconductores con el objetivo de validar los modelos. Además, se ha

hecho especial énfasis en que los cálculos aquí mostrados estén basados en datos experimentales

para proporcionar una visión cercana al estado del arte de las células solares multiunión y así

mejorar su rendimiento.

En general, se ha llevado a cabo la simulación, caracterización y análisis individual de los

componentes (subcélulas y uniones túnel) de una célula solar multiunión así como el estudio

de las células solares multiunión integrando dichos componentes. Por ejemplo, se comienza

con el estudio de cada una de las subcélulas que componen la célula solar de tres uniones GaIn-
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P/Ga(In)As/Ge, así como las uniones túnel. En primer lugar, se analiza la célula de arseniuro de

galio en donde la recombinación del perímetro juega un papel importante. Este fenómeno fue

analizado con simulaciones 3D para distintos tamaños, geometrías y concentración de dopantes.

Después, se ha implementado un modelo que describe el comportamiento de la célula solar de

germanio con distintos tipos de emisor típicamente obtenidos por la formación de la unión pn en

un reactor de crecimiento epitaxial (MOVPE). El modelo tiene en cuenta los perfiles reales de

dopado en el emisor y ha sido utilizado para desglosar las pérdidas en dispositivos con distintos

niveles de degradación asociados a la carga térmica durante el crecimiento. Para concluir el

estudio de los componentes individuales de una célula multiunión, se ha llevado a cabo una val-

idación del modelo de las uniones túnel y la célula de solar de GaInP bajo distintas condiciones

de operación (en iluminación, oscuridad, etc.).

Una vez hecho esto, todos los componentes han sido integrados para formar la célula solar

de tres y cuatro uniones: GaInP/Ga(In)As/Ge y GaInP/Ga(In)As/nitruro diluido/Ge. El modelo

ha sido utilizado principalmente para analizar el comportamiento de dichas células así como

para detectar donde se encuentran las mayores pérdidas de rendimiento. Se han analizado un

par de ejemplos ("case studies") para la célula de tres uniones: 1) ¿cuáles son los factores

que limitan (como la resistencia serie incluyendo heterouniones y uniones túnel) dichas célu-

las cuando operan a altas concentraciones luminosas (1000-5000 soles)?. Además, se aportan

algunas sugerencias de diseño para mejorar su rendimiento a estas elevadas concentraciones

luminosas; 2) los efectos de la irradiación con un haz de protones de 10 MeV para estudiar la

robustez de células de concentración en el ambiente espacial haciendo especial énfasis en la

degradación de sus componentes individuales.

Se ha realizado también un análisis de células solares de nitruros diluidos que serían can-

didatos ideales para estructuras de cuatro uniones. Con el uso de la herramienta de simulación

y datos experimentales, se han detectado las principales limitaciones y se han establecido los

requisitos de dichas células para una exitosa integración en una célula solar de cuatro uniones.

Además, se ha analizado la respuesta espectral de la subcélula de germanio debido a que puede

convertirse en la célula que limita el rendimiento dentro de la estructura de cuatro uniones. Tam-

bién se ha optimizado la estructura de célula solar con el objeto de determinar las eficiencias

prácticas que se podrían conseguir con las células de cuatro uniones que incorporan subcélu-

las de nitruros diluidos. Si se consiguen materiales de mayor calidad electrónica y se utilizan

capas antireflectantes de amplio espectro (lo que ha sido demostrado recientemente), sería posi-

ble conseguir eficiencias cercanas al 47% operando en concentración y alrededor del 33% para

aplicaciones espaciales.
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Finalmente, también se ha estudiado teórica y experimentalmente la influencia de la temper-

atura en el acoplamiento luminiscente de distintas células solares multiunión (GaInP/GaAs y

GaAs/GaInAs). El acoplamiento luminiscente fue evaluado en un rango amplio de temperaturas

que cubren las típicas de operación de las células solares multiunión dentro de un concentrador

(25-120oC).





Abstract

III-V multijunction solar cell technology has been able to develop devices with the highest con-

version efficiencies of solar radiation into electricity. High efficiency solar cells are attractive

because enables the size reduction of devices which directly translates into a reduction of the

system components, thus the total cost. In fact, III-V multijunction solar cell technology is the

preferred choice for solar panels in space applications and also they offer strong potential for

terrestrial applications (concentrator photovoltaics or CPV). Although excellent devices have

been already demonstrated, technical improvements at the system and solar cell level must still

be attained to reach a further cost reduction.

Accordingly, this doctoral thesis covers the device simulation, characterization and analysis

of different multijunction solar cells for space and high-concentration terrestrial applications.

The ultimate goal is to build a tool for the simulation of multijunction solar cells (3, 4 and more

junctions) based on the physical internal processes provided by drift-diffusion approximation

together with the use of quantum models for tunnel junctions. Strong focus was made on

the comparison to experimental results (under different conditions, namely dark, illuminated...)

with the same single set of material parameters in order to provide a higher degree of confidence

in our simulator. Furthermore, special attention was always paid to provide practical numbers

based on current state-of-the-art devices.

Globally, the simulation, characterization and analysis of the individual components of a

multijunction is carried out as well as the study of the whole multijunction solar cells by in-

tegrating their components (subcells and tunnel junctions). For instance, the analysis of each

subcell of the GaInP/Ga(In)As/Ge 3J solar cell and the corresponding tunnel junctions is per-

formed. First, the GaAs subcell is studied by taking into account perimeter recombination by
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means of 3D simulations which exhaustively takes into account different geometries, sizes and

doping concentrations at the base. A model for germanium solar cells with diffused profiles

formed in a MOVPE environment was implemented which takes into account the real doping

profiles of the emitter. The main limiting aspects were detected for several samples with dif-

ferent degrees of performance degradation. The tunnel junctions were properly calibrated to be

used inside multijunction structures and the GaInP single junction solar cell was also analysed

under different conditions (light, dark...).

Then, all these components were put together to form a 3J (GaInP/GaInAs/Ge) and 4J

(GaInP/GaInAs/dilute nitride/Ge) multijunction solar cells in order to analyse them and dis-

sect their main losses. A couple of case studies were carried out for the 3J structure: 1) the

examination of the limiting factors (i.e., series resistance components including heterojunctions

and tunnel junctions) for the operation under ultra-high irradiance (UHCPV) was carried out

providing some basic suggestions for high efficiencies at concentrations from 1000-5000 suns

and 2) the effects of a 10 MeV proton irradiation beam with different doses in order to study

the radiation hardness of 3J concentrator solar cells for a 8-years mission in Low Earth Or-

bit (LEO). The latter was done by using component subcells as well as complete 3J structures

in order to correlate the results and detect the radiation hardness of each component.

Dilute nitrides solar cells were also analysed through a multiple-data fitting process in or-

der to determine their main limitations. The requirements of this subcell for the successful

development of a 4J solar cell were determined. Then, some proposals are given to improve

the germanium spectral response since it may become the limiting subcell in a 4J structure that

would contain a high quality dilute nitride. Practical efficiencies around 47% for CPV applica-

tions and 33% for space applications are assessed by overcoming important constraints such as

the achievement of a high material quality for the dilute nitride as well as the use of broadband

anti-reflection coating.

Finally, the influence of temperature on the luminescent coupling of very high material

quality multijunction solar cells (GaInP/GaAs and GaAs/GaInAs tandems) was also studied

theoretically and experimentally. The luminescent coupling strength and linearity was evaluated

in a wide range of temperatures covering the typical operating temperatures of multijunction

cells inside a concentrator (25-120oC).
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CHAPTER 1

Introduction

1.1 TCAD modelling and simulation

Modelling and simulation play a key role in the optimization and development of new semi-

conductor devices. To pursue the most accurate modelling of a given system, the inclusion of

physical processes at the atomic-scale and their extension to large scales is required. In fact, to-

wards a better description of the device performance, the necessity of exact solutions of a given

system is desirable to provide the highest accuracy. Fig. 1.1 illustrates that as long as the time

and length scale in hierarchy modelling1 shrinks to low values (e.g. 1nm) ab-initio calculations

are required to describe the physical processes at the atomic scale [Dut00]. Nevertheless, the

representation of material systems at large scales requires a tremendous amount of computa-

tional resources not easily achievable with current technology. Accordingly, to solve a complex

system in large scale, a combination of models in a multi-scale basis could provide a more vi-

able solution. This requires to know the limits and capabilities of each parts in a hierarchy tool

that includes all the approaches shown in Fig. 1.1. The challenge is to find appropriate linking

boundaries between hierarchy levels of Fig. 1.1. This is indeed essential to cover more accu-

rately most of the physical processes for future devices where a trend towards miniaturization

(i.e. nanoscale) is already taking place.

1The time and length scale in modelling could be thought of as the capability of modelling to capture physical

processes and phenomena in time and space.

1
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Figure 1.1: Simulation hierarchy tool. Diagram adapted from [Dut00]. The dashed rectangle indicates more

recent TCAD tools.

In this thesis, the simulation of III-V multijunction solar cells (MJSC) encompasses into the

class of continuum models where TCAD tools are based on partial differential equations (PDE).

This has been the work horse for single junction solar cells and their use for multijunctions is

significantly more recent.

For TCAD purposes and multijunction solar cells, there are generally different stages

through which a device maker has to carry out: the proper selection of the physical micro-

scopic mechanisms that would describe the performance of the device, how to make the device

structure simpler without leaving aside important physical processes, what is the mathematical

approach required, what is an appropriate discretization... and so on.

All previous stages require a very careful selection of the input parameters as well as the

physical models involved. Furthermore, calibration of the TCAD models, material parameters

and specific model coefficients is usually done in a very local scale which require consensus to

approve/confirm the solutions. If higher accuracy is required, the proper description of device

performance should be accompanied by more accurate physical models as well as an extensive

involvement of different characterization techniques able to provide reliable input parameters

as well as microscopic/macroscopic physical quantities.

The capability of calculating the solar cell performance from fundamental material proper-

ties by solving the semiconductor governing differential equations is one of the main advantages

of TCAD tools used for solar cells. This avoids the masking into one single parameter many
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material features. For instance, analytical diode models involve into phenomenological param-

eters the recombination of the device (through the so-called saturation current or recombination

pre-factor, ideality factors, etc.) while device simulators include to some extent the physics of

defects, traps and so on. The quasi-neutral region is not assumed to be electric field-less and

no imposed ideality factors are required. Indeed, one may be able to predict and correlate all

outputs into the very same material parameters and model set used. Thus, there is direct corre-

lation of parameters to physical processes. All in all, if predictive capabilities are pursued, the

physical models employed are decisive, thus highlighting the testing of these tools either for

multi-scale modelling or to provide useful insight and local solutions for experimentalists and

designers.

1.2 State of the art of TCAD modelling for multijunction

purposes

TCAD tools based on partial differential equations are widely used in the semiconductor field.

Most of these tools approximate the solutions by solving two or more moments2 of the Boltz-

mann Transport Equation (BTE). The drift-diffusion approximation (based on two moments of

the BTE) has been included in many device simulation tools widely used by the PV community

in the last decades (see for instance [Fos76a; CB97a]). These tools were mainly used for single

junction solar cells while their implementation for multijunction purposes took longer. In fact,

device simulations for multijunction solar cells started about a decade ago and its evolution

has been tremendous over these years. A lot of capabilities are now included into the simu-

lators in order to perform accurate and meaningful solutions (i.e., including non-local tunnel

junction models, photon recycling, etc.) and they are continuously improving their capabilities.

Although, the non-local tunnel junction models are constrained to just a few tools (mostly com-

mercial ones, e.g., Synopsys and Silvaco), the capability of simulating full multijunction solar

cells by using TCAD tools is now a reality. This was not possible until the development of such

tunnel junction models [Her+08; BA10]. At that time, the integration of physics-based drift-

2"The Boltzmann transport equation can be transformed into a number of useful device equations by taking mo-

ments of the BTE. These moments are found by multiplying the equation by appropriate functions of moment and

integrating over all momentum space. The first three moments yield the equations for the carrier concentration,

momentum conservation and energy transport" [Col09]. The simulations of this thesis solve two moments of the

Boltzmann transport equation.
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diffusion solvers and non-local effects has been successfully demonstrated for multijunction

solar cells [Phi+08; BA08]. Nevertheless, these physic-based models are still in their vali-

dation phase for multijunction purposes and they have not gathered full consensus in the PV

community. The continuously increase of TCAD users (and tools) is beneficial, but forces to

perform exhaustive testing of such tools — given the high complexity of their development —

to increase the confidence on the simulation output.

All in all, the applicability of local models such as the drift-diffusion approximation to mul-

tijunction solar cells requires detailed study because this approximation is questionable when

the whole potential profile experienced by the carriers is important (non-local effects). This

is the case of devices operating in the nm-range where non local effects and quasi-ballistic

transport increase their relevancy. In these cases, more than two moments of the Boltzmann

transport equation can be solved to derive the so-called hydrodynamic models where the heat

flux equation is now included into the given set of semiconductor equations to consider for

example, self-heating, saturation velocity, and other effects. III-V multijunction solar cells typ-

ically range their size in some mm2 with subcell active thicknesses of about 1 µm or thicker,

thus the effect of feature size may not drive the performance, albeit it has not been determined

yet. There are, however, some structures and regions that explicitly require more complex mod-

els than drift-diffusion approximation to consider non-local and quantum effects. For instance,

this is the case of tunnel junctions and it could be the case for isotype3 or anisotype2 hetero-

junctions widely used in multijunction solar cells. Accordingly, drift-diffusion solvers as well

as non-local models have been extensively used in all simulations performed along this thesis in

order to examine, test and extend the use of device simulations in the multijunction solar cells

field. Furthermore, they will be used for the detection of their main capabilities and limitations.

1.3 Objectives

III-V multijunction solar cells already exhibit very high conversion efficiencies both for space or

Concentrator Photovoltaics (CPV) applications. Presently, MJSC show a rate of increasing effi-

ciency higher than the majority of PV-technologies, perhaps with the exception of perovskite-

based devices. These high efficiencies directly translate into a reduction of the area of devices,

thus the size of the CPV system and ultimately the cost. Although cost is still higher than other

3Isotype involves the use of materials with the same doping polarity, while anisotype refers to the ones with different

doping polarity.
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PV technologies (i.e. Silicon technology), measured efficiencies under concentrated light above

46% have been already achieved and pathways in short-term to reach the barrier of 50% at the

device level and the 40% at the module level envisage the possibility of using multijunction

solar cells as an important technology to deliver large-scale electricity [Fri+13; Phi+15]. For

space applications, efficiencies at 1-sun spectrum about 30% have been already demonstrated

and short-term targets multijunction devices with more than 33% [Sua+17]. Although excellent

devices have been already demonstrated, technical improvements at the system and solar cell

level must still be attained to surpass the current efficiencies.

In order to understand the main limiting mechanisms and to propose alternatives for new

and/or optimized structures, this thesis focuses on the device level and covers the device

simulation, characterization and examination of different multijunction solar cells for space

and high-concentration terrestrial applications. Most of the simulations of multijunction solar

cells has been performed under the framework of commercially available TCAD software

(Atlas) from Silvaco company. All simulations are performed with strong focus on their

validation with experimental data by using a single set of material parameters and models

(unless specified) for dark and illuminated conditions. To our knowledge, this has not been

tackled in the past to the same extent that has been carried out within this thesis.

Accordingly, this thesis faces the following general objectives:

1. To build a TCAD modelling framework for the analysis of the individual components of

multijunction solar cells, including individual subcells and tunnel junctions.

2. To build a TCAD modelling framework for the analysis of triple and quadruple junction

solar cells.

3. To develop a simulation platform able to guide the design of devices, the design of exper-

iments as well as to optimize and improve the solar cells manufactured at the IES-UPM.

4. To increase the confidence of simulation results coming out from TCAD simulators.

5. To contribute to the understanding of state-of-the-art multijunction solar cells by means

of advanced characterization and modelling which results in the insight of their limiting

mechanisms in order to propose further efficiency improvements.
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1.4 Thesis outline

This thesis is outlined as follows:

• Chapter 2 is devoted to the description of the models used in a TCAD environment with

the ultimate goal of simulating multijunction solar cells for terrestrial and space applica-

tions, namely GaInP/GaInAs/Ge and GaInP/GaInAs/dilute nitride/Ge. Here we include

the fundamentals, main assumptions, particularities and description of the simulation

framework employed.

• Chapter 3 presents the TCAD simulation, characterization and analysis of the indivi-

dual subcells of a multijunction solar cell GaInP/GaInAs/Ge and other components such

as tunnel junctions GaAs/GaAs, AlGaAs/GaAs, GaInP/AlGaAs where non-local tunnel

junction models have been applied and calibrated.

• Chapter 4 shows the study and comprehensive macroscopic validation of the multijunc-

tion model for a 3J solar cell (GaInP/GaInAs/Ge). Additionally, a couple of case studies

for this structure are presented: 1) the exploration of the potential use of this structure at

ultra-high concentration and 2) the performance of concentrator 3J structures upon proton

irradiation for space applications.

• Chapter 5 exposes the study and comprehensive macroscopic validation of dilute nitride

single junction solar cells and its incorporation into a 4J solar cell (GaInP/GaInAs/dilute

nitride/Ge). The requirements of the dilute nitride subcell are assessed. The limitations

and possible pathways to the enhancement of germanium solar cells for 4J structures are

examined. Finally, efficiency calculations based on practical values are carried out for a

4J structure.

• Chapter 6 deals with the influence of temperature on the luminescent coupling of very

high quality multijunction solar cells (GaInP/GaAs and GaAs/GaInAs tandems) by means

of experimental and theoretical investigations. This examination demonstrated the reduc-

tion of LC with temperature which is useful information for a better design and optimiza-

tion of multijunction solar cells at operating temperatures in CPV applications.

• Chapter 7 includes the main future works.

• An Appendix containing a review of the material parameters obtained from the literature

as well as those characterized within this work and the ones derived from the data fitting
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procedures. The materials are mainly those satisfying lattice matching condition to GaAs

and Ge such as: GaInP, GaAs, AlGaAs, GaInAs, AlGaInP, AlInP, Ge and dilute nitrides

such as GaNAsSb.

1.5 Framework

The present thesis has been carried out at the Instituto de Energía Solar (IES-UPM) facilities in

Madrid under the workload of the III-V Semiconductors Group. A significant amount of work

was performed within the framework of several national and international scientific projects

and collaborations with academic institutions as well as industry partners and research centres.

The III-V Semiconductors Group covers the whole life-cycle chain of multijunction solar cells

including their manufacturing, characterization, simulation and reliability intended to operate in

space or at very high concentrations. The work of this thesis is focused on the characterization

and simulation aspects.

All the TCAD work was mainly developed at the IES-UPM. Thanks to the III-V Semi-

conductors Group, I had access to numerous fabricated III-V solar cells to compare with all

simulations presented here. Furthermore, I had the opportunity to be deeply involved in the

characterization techniques used in the group. An important part of the philosophy in our group

is to keep simulations close to practical devices, so that they could help to the detect the main

limiting mechanisms as well as to propose realistic, optimized or new designs guiding the man-

ufacturing of improved solar cells.

The research on dilute nitrides was performed within a European project called LONGESST

where the role of the III-V Group was devoted to the fabrication, characterization and design

of multijunction solar cells. I had contributed mostly to the simulation, design and device

characterization of the devices.

Moreover, I participated in proton irradiation of single and triple junction solar cells carried

out within a strong collaboration with the CNEA in Buenos Aires, Argentina, under a scientific

collaboration devoted to the study of III-V based solar cells.

Finally, the research on luminescent coupling was mainly developed at NREL facilities in

Golden, Colorado, USA as a result of a short research stay. All the experimental work was

performed by the author of this thesis. I had also used the LC models developed at NREL and

included temperature dependences in the diode models for the analysis. Apart of the LC work,

other subjects of this thesis were additionally enriched by several characterization activities

performed at NREL.





CHAPTER 2

TCAD simulation of multijunction solar cells:
Fundamentals overview

In this chapter, an overview of the physical models and basic concepts of TCAD modelling

to simulate the optoelectronic performance of multijunction solar cells is presented. Firstly,

the simulation environment and the fundamental semiconductor equations, boundary condi-

tions and drift-diffusion models together with quantum models are described with emphasis on

multijunction structures. Then, particularities of the simulation framework, assumptions and

limitations are recalled. Finally, the assumptions used for the comparison of the resulting 2D

simulations with experimental data (3D) as well as the data fitting procedure are explained.

Many semiconductor problems can be approximated by solving the governing equations

inside a simulation domain that is divided into sub domains connected by nodes and form-

ing a mesh [Sel84]. At the nodes, partial differential equations can be solved by simpler

algebraic methods. To this purpose, Finite-Difference-Method (FDM) and Finite-Element-

Method (FEM) are widely used for the partitioning of a given semiconductor structure. A

TCAD environment usually includes: FEM (or FDM) with algorithms for mesh generation (ei-

ther manual or automatic) and solvers for the governing equations interacting with the system

through properly defined boundary condition (BC) in order to provide a solution for electrical,

optical or thermal problems (the so-called device simulations). Additionally, a TCAD environ-

ment also provides the possibility to perform simulations in 2D or 3D not only at the device

level, but also at the process level [Sel84; Sil16] (see Fig. 2.1).

9
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Figure 2.1: Device simulation sequence involving general stages on the design of semiconductor devices by using

TCAD. Diagram adapted from [VG02]

A process simulation enables the analysis of different variables in the manufacturing pro-

cess of a semiconductor device, i.e., etching, oxidation or deposition processes, p-n junction

formation, etc. For instance, it is useful in the optimization of the semiconductor fabrication

process or the prediction of dopant profiles, to name a few features. In this thesis, all the TCAD

simulations performed are related to device simulations and this is where we will focus most of

the attention. Accordingly, in order to perform a given simulation the following stages must be

followed:

1. Semiconductor structure definition: mesh construction and region definition.

2. Material properties definition: band parameters, carrier properties, refractive index, etc.

3. Setting boundary conditions: ohmic/Schottky contacts, interface recombination and

transport models for heterojunctions interfaces, etc.

4. Model selection: Fermi-Dirac statistics, recombination models, mobility models, quan-

tum models, etc.

5. Choosing a numerical method (and related parameters): Gummel, Newton, Block, etc.
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6. Defining the operating conditions: light, dark, etc.

FEM is the general discretization procedure employed by our simulation framework to con-

struct a mesh within a structure where all models will be solved. For multijunction solar cells,

two explicit different meshes (one for the structure and an additional one for tunnel junctions)

and several boundary conditions are required. This is illustrated in Fig. 2.2.

Figure 2.2: Cross-section general scheme of a double junction solar cell structure (not to scale) showing the

non-uniform background mesh and the region occupied by the secondary mesh required for tunnel models. ARC

(violet), GaAs contact layer (green), top cell (blue), tunnel junction (gray), bottom cell (red) and electrodes (gold)

are depicted. Boundary conditions indicated by arrows are extended along x-direction

Due to the lateral current flow imposed by the front metal grid, a strong non-uniform mesh is

mandatory not only along the depth but also in the x-direction. For instance, let us consider light

normally impinging to the front surface of the structure shown in Fig. 2.2. In this case, there will

be regions that will generate a significant amount of electron-hole pairs (at the illuminated side)

and other regions where no electron-hole pairs generation is taking place (dark region beneath

the front electrode). This implies a very high difference in minority carrier concentration could

be found at the vicinity of the contact and along the depth of the structure. In order to capture

this strong carrier density variation, a finer mesh must be considered. Accordingly, notice that

at the interface between dark (below the front contact) and illuminated regions, the density of

mesh points increases gradually in order to properly resolve charge variations in space. This

will also apply to p-n junctions, interfaces, etc. as illustrated in Fig. 2.2.

In order to design a suitable mesh, different strategies can be followed. First, it can be

considered that the mesh size is limited by the Debye length (DL) which can be calculated ac-
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cording to: DL =

√
εkT

Nq2
[Tom93; VG02], where N is the doping density. For instance, for

a doping concentration of 1019 cm-3 the Debye length ranges between 1.3-1.5 nm for GaInP,

GaAs and Ge. Therefore, the mesh resolution should be below these values in regions where

charge variations in space must be resolved. Another different strategy is to find the solution in

a first run and detect regions where strong charge variations occur (either manually or automat-

ically1) and refine the mesh density accordingly. In some other cases, it is also reasonable to

define a suitable mesh and optimize it by increasing the mesh points until no significant changes

occur in the output results.

Heretofore, we have briefly described some general concepts about meshing or gridding

which correspond to stage one previously listed in Fig. 2.1. Stages 2 to 6 (not sequentially),

which involve the interaction between semiconductor equations, boundary conditions and the

selected models for a multijunction solar cell structure (like that of Fig. 2.2) will be reviewed

and described.

2.1 Semiconductor equations

A set of semiconductor equations has been derived from Maxwell’s laws results in the Poisson

(Eq. 2.1) and continuity equations for electrons and holes (Eqs. 2.2 and 2.3) [Van50]. These

equations relate the electrostatic potential with the carrier densities in a semiconductor device.

While the variation in electrostatic potential due to local charges is considered via Poisson

equation, the continuity equations describe how the electrons and holes accommodate while

being subjected recombination and generation processes.

∇ · (ε∇ψ) = q(n− p−N+
D +N−A ), 2.1

∂n

∂t
=

1

q
∇ · ~Jn +Gn −Rn, 2.2

∂p

∂t
= −1

q
∇ · ~Jp +Gp −Rp 2.3

This set of three coupled partial non-linear differential equations is the general framework

for any device simulation that enables the calculation of the carrier densities and electrostatic

1Some simulators include automatic meshing or regridding procedures that perform an initial solution in order to

detect charge variations and increase progressively the mesh points at those regions.
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potential2. Auxiliary equations are also required to determine the current flow ( ~Jn and ~Jp) and

the generation/recombination terms for specific models. In the particular case of simple solar

cell structures, drift-diffusion equations for electrons and holes (Eqs. 2.4 and 2.5) are normally

effective to describe the current transport within the device:

~Jn = qµnn∇ψ + qDn∇n, 2.4

~Jp = qµpp∇ψ − qDp∇p 2.5

Drift-diffusion equations are obtained by solving two moments of the Boltzmann transport

equation (BTE)3. The current density at a given point in the structure of the device depends

on the carrier concentration and the electric field calculated at the same point. Therefore, this

model is normally referred to as a local model and it is one of the most important features

of drift-diffusion models typically considered in TCAD environments. This, indeed, allows to

introduce one of the most powerful concepts of this approximation: the continuity concept. The

continuity concept implies that the current density at a given point x1 is equal to that at point x2

(where x2 > x1) in steady-state conditions unless particles are increased or lost by generation

or recombination [Fon10]. In other words, continuity equations are based on conservation laws

which implies that the same amount of energy at the input of an element would exist at the

output of it. Mathematically, for the steady-state integral form, this means that:

Jn(x2) = Jn(x1) + q

∫ x2

x1

Gn(x)dx−
∫ x2

x1

Rn(x)dx 2.6

These concepts are the basis to understand the most general device physics conditions con-

sidered in drift-diffusion models. Usually, we are interested only in the steady-state conditions

and the local behavior is normally valid to our purposes in the modelling of simple solar cell

structures.

In order to solve this set of partial non-linear differential equations (Eqs. 2.1 to 2.5), nu-

merical methods are required because it is not possible to obtain a direct solution in one step.

Gummel et al. introduced in the 1960s an iterative procedure allowing the numerical solution

of carrier densities (n and p) in transistors operating at different conditions [Gum64]. It was not

2ψ, n, p is the natural variable formulation while some other approximations use quasi-Fermi levels or Slotboom

formulations. Depending on the kind of simulation (transient or steady-state) one or another is preferred. See more

details on [VG02]

3The first moment involves the carrier concentration equation, the second moment involves that of moment conser-

vation equation and a third moment is related to the energy balance equation.
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until the 1970s that this simulation code was applied for the first time to the study of solar cells

demonstrating its prediction capabilities to further increase the efficiency of silicon solar cells

[Fos76b]. Nowadays, sophisticated numerical techniques and robust iteration strategies such as

the Gummel, Newton and block-Newton, and some others have been developed and they are

widely available in most simulators [Sil16]. In fact, Newton’s method is the one that is applied

to most of the simulations performed here (unless specified), being able to reach convergent

solutions in a fast an accurate manner.

2.2 Carrier statistics

Electrons in thermal equilibrium at a given temperature (T) in a semiconductor lattice follow

Fermi-Dirac statistics. The probability of an available electron state with energy ε being occu-

pied by an electron is:

f(ε) =
1

1 + exp

(
ε− EF
kT

) 2.7

where EF is a spatially independent reference energy known as the Fermi level and k is

the Boltzmann constant. In the limit that ε − EF >> 1, a simplification can be done and the

probability f(ε) calculated as:

f(ε) = exp

(
EF − ε
kT

)
2.8

Boltzmann statistics (2.8) are generally accepted in semiconductor device theory, however,

it is largely questioned when dealing with highly-doped devices (degenerated) as typically

found in materials for multijunction solar cells. Accordingly, all simulations performed here

follow Fermi-Dirac statistics.

2.2.1 Effective density of states

Integrating the carrier statistics over a parabolic band density of states in the conduction and

valence bands, whose minimum energy is located at energies EC and EV respectively, results

in the following expressions for electron and hole concentrations:

n = NCF1/2

(
EF − EC

kT

)
, 2.9

p = NV F1/2

(
EV − EF

kT

)
2.10
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The Fermi-Dirac integral is then defined as:

F1/2(η) =
2√
π

∫ ∞
0

ε1/2dE

1 + exp(ε− η)
2.11

where

ε =
E − EC
kT

, 2.12

η =
EF − EC

kT
2.13

The quantities n, p are usually expressed in terms of the Fermi-Dirac integrals, where F1/2

is the integral of the order of 1/2. Then, the effective density of states for conduction and

valence bands is given by:

NC(T ) = 2

(
2πm∗ekT

h2

)3/2

, 2.14

NV (T ) = 2

(
2πm∗hkT

h2

)3/2

2.15

The carrier concentration can be also expressed in terms of intrinsic carrier concentration.

Accounting for Fermi-Dirac statistics, this can be written as:

ni =
√
NCNV F1/2(η)F1/2

(
−Eg
kT
− η
)

2.16

2.3 Bandgap narrowing

One of the consequences due to heavy doping (as usual in many layers of a MJSC) is bandgap

narrowing (BGN). BGN results from many-body effects and potential fluctuations of free carri-

ers. The many-body effects describe the interaction of free carriers. This means that all effects

are usually encompassed as an effective reduction of the bandgap of the material. Physically,

carrier-carrier or carrier-ionized impurity interactions occur via long-range coulombic inter-

actions and via their spin. As doping concentration increases, the free carrier concentration

redistributes in order to reduce those interactions, thus reducing the total energy of the system.

It can be also understood by the appearance of an impurity band close to the valence or conduc-

tion band that evolved by the overlapping the wave functions of impurity atoms with localized

carriers [Sch98].

In device modelling, the BGN is typically included into the calculation of the intrinsic car-

rier concentration as an effective reduction of the bandgap which usually follows a logarithmic
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dependence with doping concentration. Indeed, simple expressions are usually derived from

conventional semiconductors enabling the possibility of including directly the BGN into nu-

merical simulators (see for instance [JR91] and references therein).

There are, however, a couple of concerns: 1) the carrier statistics used in the derivation of

BGN and 2) the distribution of the narrowing between bands. The intrinsic carrier concentration

would be affected differently depending on the carrier statistics used in the BGN derivation.

Device simulators typically use a correction factor which is the difference of the Fermi energy

level between the calculation performed by employing Boltzmann and Fermi-Dirac statistics

[Shi+03; LNC07]. Additionally, almost all empirical models typically apply the shifting of the

band to be distributed by 50/50 among the valence and conduction band edge. Nevertheless, the

distribution can occur independently of the dopant type and unequally between bands mainly

because potential fluctuations act on both electrons and holes differently. The simulator used

here (Silvaco-Atlas) directly applies all ∆Eg to the minority band.

The effects of BGN are included into the simulator through and effective reduction of the

bandgap typically extracted from empirical models and literature. The analytical expressions

used depend mostly on the material, thus more information can be found in Appendix A. In most

materials used for multijunction solar cells, expected ∆Eg is about some meV up to hundreds

of meV for the highest doping concentrations (∼ 1020cm-3). The bandgap shrinkage inherently

implies that the intrinsic carrier concentration would be modified as follows:

n2
ie = n2

i exp

(
∆Eg
kT

)
2.17

Finally, ∆Eg is also applied partially to the electron affinity of the material. Therefore, an

effective electron affinity is calculated by means of:

χeff = χ+ ∆Eg · fasym 2.18

where fasym is the calibration parameter that determines the fraction of ∆Eg that is applied

to χeff .

2.4 Carrier generation-recombination models

Heretofore, we have described how carrier densities and electrostatic potential are calculated

and how an auxiliary set of drift and diffusion equations helps determine the current flow across

the device. It is still pending to determine some parameters such as those that involve gener-

ation and recombination processes which are dependent on the specific models used for their
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calculation. These parameters are typically used in the multijunction solar cell modelling in a

modular fashion. One can directly neglect them or consider these parameters by using different

physical models. For instance, generation processes such as those regarding light absorption —

and light emission and re-absorption (photon recycling)— could be self-consistently included

into the generation term of Eqs. 2.2 and 2.3. On the other hand, conventional recombination

such as radiative and non-radiative processes could be also considered via the recombination

terms of Eqs. 2.2 and 2.3. Additionally, the tunnel junction current transport is implemented

via an injected current while the trap assisted tunneling accounted for through a recombination

term (in the form of SRH equation) by including appropriate enhancement factors (see section

2.8). Accordingly, in this section the photogeneration calculation as well as the recombination

processes considered for multijunction solar cell modelling are described.

2.4.1 Photogeneration

Fonash describes in his book up to 6 processes in solar cells related to absorption of light

[Fon10]. Here, five of those six processes could be applicable to III-V materials4. For instance:

1) free carrier absorption within a single band (intraband processes), 2) absorption between gap

states and gap states and a band, 3) phonon absorption (electrons not involved), 4) exciton-

producing absorption and 5) band to band transitions. While some of those processes could

induce electron-hole generation, some others do not. Indeed, only considering band to band

absorption which promotes free electron-hole generation is a very reasonable assumption for

III-V semiconductors. Accordingly, hereinafter the photogeneration process will be referred

to as a process where absorption directly leads to electron-hole generation (unless explicitly

noted).

Nowadays, there are several approximations that enable the calculation of the photon flux as

a function of the position within a given structure. Most of their differences rely on their funda-

mental derivations and assumptions made. Usually, these calculations start from the refractive

index of the materials that are typically obtained from the literature. One of the advantages of

TCAD simulators is that they can include new models in a modular fashion. Indeed, it may

be convenient to calculate externally the photogeneration to create the associated files that can

then be included into the simulator as an extra generation term to couple the optical and electric

transport solutions. In some cases, it could be advantageous to avoid optical calculations within

a FEM-based environment that is mesh-dependant, more problematic and slower. Furthermore,

4We intentionally obviate the process related to amorphous materials.
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it provides higher degree of flexibility for the inclusion of different optical approaches into

the simulator. Table 2.1 shows some of the optical methods typically used for solar cell and

summarizes their potential use and main features.

For planar structures such as the ones used within this thesis and under the assumption that

material optical properties are extended uniformly along their volume (i.e. constant refractive

index in the whole material region, position-independent), the Transfer Matrix Method (TMM)

(and its variants) is an excellent tool to calculate the photon flux in a solar cell. It is fast,

accurate and capable of including interference effects typically found in multijunction solar

cells where many layer thicknesses are in the range of the incident wavelength. Accordingly,

TMM is the approach used in this thesis. It is indeed, well known that TMM provides excellent

results for planar structures as it will be demonstrated along this thesis. Notwithstanding, more

sophisticated approaches (or modified-TMM) are required if one intends to model different

optical systems such as multijunction solar cells with graphene monolayers [Bar17], periodic

gratings, textured surfaces, or those including nano structures that may act as outstanding anti

reflection coatings [Bue+15], as well as photonic and ad-hoc structures for maximizing light

trapping [Mel13]. All the methods shown in table 2.1 can be coupled with most of the TCAD

environments available.

Since the TMM and its variants is extensively detailed in many articles, textbooks, etc. (see

for instance [BW94; Pra01b; Pre99; KS02; Cen05; Sil16]), we will only focus here in the main

aspects related to solar cells and its applicability to the structures studied. Accordingly, the

photogeneration rate is calculated by:

PGR(y) =
λ

hc
α
|E(y)|2

2η
2.19

where E(y) is the electric field at any point y within a certain layer calculated with TMM

and α the absorption coefficient of the material. In this case, η5 is assumed to be equal to 1

which means that every photon absorbed generates an electron hole pair, unless free-carrier

absorption is taken into account.

How to deal with the thick substrate of typical multijunction solar cells in TMM calculations

deserves attention. On the one hand, a thick layer such as the substrate (hundreds of microme-

ters) can be typically modeled as an incoherent layer, i.e., the electric field wave is only tracked

in intensity while neglecting its phase. In other words, the reflected wave at the back of the

5Notice that the use of η in Eq. 2.19 is not related to the efficiency of a solar cell neither the quantity described in

section 2.2.1
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substrate in the TMM is equal to zero. On the other hand, the present model included into the

simulator treats all waves as coherent while the substrate (or the last layer in the stack) can be

treated as a semi-infinite layer. In this case, the difference between these two approaches will

appear at the layers below the substrate, i.e, the back metallization. To our purposes, neglecting

the optical behavior of the metal is sufficient and we later demonstrate that the semi-infinite

approach is able to reproduce quite well the optical behavior of the solar cells studied in this

thesis. Indeed, this is supported by the fact that the influence of the back metallization (as a

possible back surface reflector (BSR) and neglected by the model) has negligible impact on

the solar cell performance mainly because of one fundamental factor: highly doped germanium

(such as the one used here) shows strong FCA (see [NSM15] and references therein) and ab-

sorbs a high amount of photons with low energies (<0.8 eV), lowering the reflectance at the rear

metal. This reason justifies the negligible impact of the metal on these structures; however, it is

worth to mention that if FCA could be diminished up to a point that can be insignificant (e.g.,

by using lower doped substrates [Fer+07; Hoh+10]) and high reflection properties are achieved

at the metal, the inclusion of incoherent layer treatment and free-carrier absorption effects is a

must to accurately describe the optical behavior of the surface/metal interface, especially at low

energies. Furthermore, the necessity to deal with incoherent layers would also be part of the

modelling of alternative architectures, for instance the GaInP/Si tandem that contains a thick

glass between GaInP and Si [Ess+15].

2.4.2 Radiative recombination

Radiative recombination may be accounted for by using the expression:

Rrad = B(np− n2
i ) 2.20

where B is the radiative recombination coefficient. More details, literature values and the

ones extracted from data fitting are listed in Appendix A)

2.4.3 S-R-H recombination

Semiconductor materials exhibit crystal defects that can be caused, for instance, by impurities

in the material or dangling bonds at the interface or surface. These defects can act as recombi-

nation centres or traps affecting the carrier recombination within the device. Traps are located

within the energy bandgap and they exchange carriers with either the valence or the conduction

band. As a result, the space charge in a semiconductor (either bulk or interface) gets modified
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as well as the recombination statistics. In the case of interface (or surface) it is usually mod-

elled as a sheet of charge at the interface and therefore is controlled by the interface boundary

condition (see section 2.4.5). The amount of charge is typically calculated by appropriate emis-

sion and capture rates of these defects whose values are dependent on the defect properties (i.e.,

energy level, capture section coefficients, density, distribution...). Indeed, the trap-model that

will be explained here takes into account that carriers are being emitted or captured by donor

or acceptor-like traps lying in the forbidden gap. This interaction exchanges charge between

conduction and valence bands, so the charge density at the surface is modified according to:

div(ε∇ψ) = q(n− p−N+
D +N−A +N+

tD −N
−
tA) 2.21

where ψ is the electrostatic potential, ε the local permittivity, N+
D and N−A are the densities

of ionized donor and acceptor impurities respectively, N+
tD, N−tA are the ionized trap density

for donors and acceptors and the other variables have their usual meaning. The ionized trap

densities depend upon the trap density, NtD and NtA, and their probability of ionization, FtD
and FtA. For donor-like and acceptor-like traps respectively, the ionized densities are: N+

tD =

NtD · FtD and N−tA = NtA · FtA.

The probability of ionization assumes that the capture cross sections are constant for all

energies in a given band and follows the analysis developed by Simmons and Taylor [ST71].

The initial occupancy of traps is calculated by the following equations for acceptor and donor-

like traps.

FtA =
υnσnn+ epA

νnσnn+ νpσpp+ enA + epA
2.22

FtD =
υpσpp+ enD

νnσnn+ νpσpp+ enD + epD
2.23

where σn and σp are the carrier capture cross sections for electrons and holes, respectively

and νn and νp are the thermal velocities for electrons and holes. The probability of ionization

(equations 2.22-2.23) is the electron-hole concentration to the total carrier concentration ratio

which is determined by the electron emission rate enD and the hole emission rate epD. For

donor-like traps, the electron and hole emission rates are defined by:

enD =
1

g
υnσnniexp(

Et − Ei
kT

) 2.24

epD = gυpσpniexp(
Ei − Et
kT

) 2.25

where g is the degeneracy factor of the material, ni the intrinsic carrier concentration, Et the

trap energy level, Ei the intrinsic Fermi level and the other variables have their usual meaning.
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For acceptor like traps, the term enA and epA are the electron and hole emission rates defined

by:

enA = gυnσnniexp(
Et − Ei
kT

) 2.26

epA =
1

g
υpσpniexp(

Ei − Et
kT

) 2.27

The above equations help us define the charge density at the surface and how it modifies the

carrier concentration. This modification is implemented in the recombination term for both

carrier types as:

RSRH,n =
np− n2

i

τn[p+ g · niexp(Ei−Et

kT
)] + τp[n+ 1

g
niexp(

Et−Ei

kT
)]

2.28

for donors and

RSRH,p =
np− n2

i

τp[n+ 1
g
niexp(

Et−Ei

kT
)] + τn[p+ g · niexp(Ei−Et

kT
)]

2.29

for acceptors. The carrier lifetime τp,n is derived from the defect density and is equal to τ =

(σνthNt)
−1. Here Nt is the trap density, νth the carrier thermal velocity and σ the capture cross

section. The recombination terms are added to the carrier continuity equations in order to solve

self-consistently the semiconductor fundamental equations to calculate dark I-V curves.

RSRH =
np− n2

i

τn[n+ niexp(
Ei−Et

kT
)] + τp[p+ niexp(

Et−Ei

kT
)]

2.30

2.4.4 Auger recombination

Auger recombination may be accounted for by using the expression:

RAuger = Cn(pn2 − nn2
i ) + Cp(np

2 − pn2
i ) 2.31

where Cn and Cp are the Auger coefficients for electrons and holes.

2.4.5 Surface recombination

To model surface or interface recombinations between two given materials, different approxi-

mations could be followed.

1. Set a fixed surface/interface recombination velocity.
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2. Specify surface/interface traps lying at a specific energy level (or levels) and being able to

interact with electrons from the conduction band (acceptor) or with holes in the valence

band (donor), and setting the corresponding capture coefficients and trap densities in

order to derive an effective surface recombination velocity, as already explained in section

2.4.3.

3. Set a fixed positive or negative surface charge density: Qt.

Due to the discretization of the structure, the effective carrier lifetimes are unavoidably de-

pendent on the geometry of the structure and the given mesh surrounding the interface. This

ensures that the recombination at surface only exists exactly at the surface. Accordingly, the

effective carrier lifetimes for electrons and holes are given by:

1

τ effn

=
1

τ in
+
di
Ai
Sn, 2.32

1

τ effp

=
1

τ ip
+
di
Ai
Sp 2.33

τ in,p is the bulk carrier lifetime calculated at node i along the interface, di and Ai are the

length and area of the interface for node i according to box discretization definitions. The Sn
and Sp parameters are the recombination velocities for electrons and holes, respectively.

2.5 Carrier mobility

Electrons and holes are accelerated by electric fields, but they lose momentum associated to

several scattering mechanisms. The dominant scattering mechanisms are those related to lattice

vibrations (phonons), impurities, carrier-carrier interactions, surfaces and other crystal imper-

fections. All these microscopic phenomena are enclosed in a single parameter as the carrier

mobility that depends on the local electric field, doping concentration, lattice temperature, etc.

Mobility modelling is usually categorized into: a) low-field behavior, b) high-field behavior, c)

bulk semiconductor regions and d) inversion layers.

Low-field mobility is characterized by carriers that are almost in equilibrium with the lattice,

and the mobility have a characteristic value denoted by µp0 and µn0, for holes and electrons,

respectively. These values are mainly affected by phonon (i.e., temperature) and impurity scat-

tering (i.e., doping concentration). This is the behavior that is usually applied to bulk regions in

the simulation of most component-materials of multijunction solar cells.
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As carriers are accelerated in an electric field, their velocity begins to saturate when the

electric field magnitude becomes significant. Thus, carriers that gain energy are now able to

be involved in additional scattering processes. This is referred to as the high-field behavior

category and results in a diminution of the drift velocity, which no longer increases linearly

with the electric field, and it is accounted for by an effective reduction of the low-field mobility.

These two categories of mobility modelling are the ones that have been applied in the simulation

of multijunction solar cells.

The low-field mobility is usually modelled by the well-known expression by Caughey &

Thomas [CT67]. In the particular case of III-V semiconductors an excellent reference is that of

Sotoodeh et al. [Sot+00], although it is important to recall that Sotoodeh makes no distinction

between minority and majority carrier mobility. Because mobility is very dependent on the

material, it will be described in more detail in Appendix A.

In some cases, the high-field behavior is included into the simulations. This is implemented

by using the Caughey & Thomas expressions:

µn(E) = µn0

 1

1 +
(
µn0E
vsat,n

)βn


1/βn

, 2.34

µp(E) = µp0

 1

1 +
(
µp0E

vsat,p

)βp


1/βp

2.35

where E is the parallel electric field, βn and βp are the input coefficients while µn0 and

µp0 are the low-field electron and hole mobilities, respectively. The use of Eqs. 2.34 and 2.35

adds additional complexity for numerical convergence. Depending on the context, it may be

more practical to neglect it. See Appendix A for details about the input parameters for several

material.

The mobility in dilute nitrides deserves special mention. It is well known that the intro-

duction of minute amounts of nitrogen into III-V materials results in a large decline of electron

mobility [VR07]. As a consequence of the host-nitrogen interaction, the conduction band splits

and becomes highly non-parabolic, which results in a strong influence in the transport proper-

ties. Section A.2.1 provides more details and results on the Hall mobility characterization of

this material.
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2.6 Thermionic and thermionic field emission

Thermionic emission mechanism of carrier transport allows electrons to be transferred from an

allowed state in one side of an interface to an allowed state on the other side of the interface.

This occurs, ideally, with no change in total energy. In general, the current flow over a a barrier

between two semiconductors is described by (see [YEH93] and references therein):

~Jn = q(1 + δ)
(
νn+n+ − νn−n−

)
exp

(
−∆EC
kT

)
, 2.36

~Jp = (q)(1 + δ)
(
νp+p

+ − νp−p−
)
exp

(
−∆EV
kT

)
2.37

where Jn and Jp are now the electron and hole current densities, n+, n−, p+, p− and νn+ ,

νn− , νp+ , νp− are the electron and hole densities as well as the electron and hole thermal ve-

locities at each side of the heterointerface (details on these two quantities are given in [HY90;

YEH93]). δ corresponds to the tunneling factor if thermionic field emission is considered. This

factor takes into consideration the transmission probability of a carrier across the barrier by

using one-dimensional Wentzel-Kramers-Brillouin (WKB) approximation. δ is then calculated

as:

δ =
1

kT

∫ E+
C

Emin

exp

(
EC+ − Ex

kT

)
exp

(
−4π

h

∫ XE

0

[2m∗n(EC − EX)]0.5dx

)
dEX 2.38

where EX is the energy component in the X direction and Emin = max[EX(0−), EC(W )]

as visualized in Fig. 2.3 [YEH93; Sil16]. If tunneling current transport across the heterointer-

face is neglected, δ becomes zero.

The band edge is approximated as a linear function of position in the wide-band gap ma-

terials. The slope corresponds to the electric field at the interface. Therefore, the tunneling

current based on δ in Eqs. Eqs. 2.36 and 2.37 is based on the value of the electric field at the

interface, thus the injected current occurs entirely at the interface. Accuracy limitations may

arise for cases where non-local effects cannot be accounted by this approach. Indeed, tunneling

is possible over a range of energies and a more accurate approach is to consider the non-linear

shape of the potential barrier shown in Fig. 2.3. If the process is elastic, it can be approximated

— in a very similar way as tunnel junction devices described in section 2.8 — by a carrier gen-

eration or recombination term throughout the depletion region (see for instance section 6.2.3 in

[Sil16]). Although accuracy is increased, this typically involves an additional mesh region to

deal with it.
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Figure 2.3: Example of band profile of an abrupt heterojunction. Diagram adapted from [YEH93].

One of the advantages of thermionic models is that they are able to include mechanisms that

dominate the current transport in a heterojunction (TE and TFE). In the diffusion model, the

quasi-Fermi level is continuous across the interface, thus the current transport at the interface is

not considered explicitly. A key factor of thermionic models is that exactly at the heterojunction,

an additional node mesh is placed at the interface between low and high bandgap materials

where two distinct properties coexist.

The additional node mesh where Eqs. 2.36 and 2.37 are solved instead of drift-diffusion

equations is set at all heterojunctions that appear in a multijunction solar cell structure (i.e.,

window/emitter, base/BSF interfaces...).

2.7 Drift-Diffusion with position dependent band structure

So far, the set of equations described previously enables the calculation of homojunction struc-

ture domains (same material). Multijunction solar cells made up of several semiconductor

materials with distinct properties (i.e., bandgap, electron affinity, effective mass...). Therefore,

the transport equations should be modified according to the position-dependent band structure

[LS82; LS83]. The conduction and valence band energies are written including the position-

dependent electron affinity (χ) and some reference potential (ψ0)6:

EC = q(ψ0 − ψ)− χ, 2.39

6See [Lun06] for an excellent guide on how to build energy band diagrams for heterostructures.
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EV = q(ψ0 − ψ)− χ− Eg 2.40

Then, ψ0 is also defined by:

ψ0 =
χr
q

+
kT

q
ln
Ncr

nir
=
χr + Eg

q
− kT

q
ln
Nvr

nir
2.41

nir is the intrinsic carrier concentration of the arbitrarily reference material and r is the index

that indicates all of the parameters are taken from reference material. Fermi energies are now

expressed as:

EFN = EC + kT ln
n

NC

− kT lnγn 2.42

EFP = EV + kT ln
p

NV

+ kT lnγp 2.43

If one assumes Boltzmann statistics, γn = γp = 1 which means that the last term in Eqs. 2.42

and 2.43 are related to the Fermi-Dirac statistics. These terms are then:

γn =
F1/2(ηn)

eηn
, 2.44

γp =
F1/2(ηp)

eηp
, 2.45

where

ηn =
EFN − EC

kT
=

1

F1/2

n

NC

, ηp =
EV − EFP

kT
=

1

F1/2

p

NV

2.46

Finally, drift-diffusion equations for position dependent band structure are defined by combin-

ing the current density expressions ~Jn = −qµnn∇φn and ~Jn = −qµnn∇φn with φn = −1

q
EFN

and φp = −1

q
EFP :

~Jn = kTµn∇n− qµnn∇
(
ψ +

kT

q
lnγn +

χ

q
+
kT

q
lnNC

)
, 2.47

~Jp = −kTµp∇p− qµpp∇
(
ψ − kT

q
lnγp +

χ+ Eg
q

− kT

q
lnNV

)
2.48

2.8 Non-local band to band tunneling models

Historically band to band tunneling (BBT) models have been used extensively to describe the

tunneling effect in many devices. They do not require numerical integrations either the search

of critical points (or turning points), thus they are practical and efficient. Nevertheless, they

calculate the recombination-generation rate at each point based on the electric field value at that
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local point. As the pn junction becomes narrower, the local models and drift-diffusion approach

start to fail. Additionally, the trap assisted tunneling (TAT) effect is required to explain the

excess current in the valley region of tunnel junctions. In fact, Baudrit & Algora revealed the

importance of using non-local models and real doping profiles to fully describe experimental

I-V curves [BA10].

According to this, what BBT and TAT miss, in general, is the spatial variation of the energy

bands, thus the whole electric field profile influence on carriers. It is also obviated the fact that

generation-recombination of opposite carrier types is not spatially coincident. A schematics

illustrating the differences between non-locality for TAT (NLTAT) and the BBT (NLBBT) is

illustrated in Fig. 2.4

Figure 2.4: Energy band diagram schematic illustrating the TAT, NLTAT and NLBBT for a highly doped p-n

junction.

We follow the non-local models which are an extension of Hurx’s model [HKK92]. These

models are already included into the simulator and were corroborated in a GaAs/GaAs tunnel

junction by Baudrit & Algora [BA10]. Here we provide a very brief overview while more

details on the modelling can be found in [Sil16].

Non-local models are only suitable for pn junctions, not unipolar devices and they require

an additional mesh. Since the quantities between meshes (tunneling and background) are inter-

polated, it is critical to define a fine mesh with similar spacing in tunneling regions. Tunnelling

mesh can be defined by quadrilateral regions that may or may not be uniform [Sil16]. This is

indeed required for the simulation of multijunction devices in 2D where non-uniformities in the

background mesh along the x-direction are present (as shown in Fig. 2.2).
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The tunneling current for an electron is calculated as[Sil16]:

(2.49)
J(E) =

qkT
√
memh

2πh̄
T (E)×[

log

(
(1 + exp[EFr − E]/kT )(1 + exp[EFl − E − Emax])/kT
(1 + exp[EFl − E]/kT )(1 + exp[EFr − E − Emax])/kT

)
∆E

]
where T (E) is the tunneling probability, Emax is the energy value lower than the highest

energy where tunneling is possible, EFr and EFl are the Fermi levels of majority carriers at the

right and left side of the junction and the other variables have their usual meaning. The models

for trap assisted tunneling (local or non-local) are implemented via carrier lifetime enhancement

factor inserted into a SRH equation. The enhancement factor for non-local models and electrons

is defined by:

ΓDIRAC
n =

1

kT

∫ ∆En

0

eE/kTTtrap(E)dE 2.50

where Ttrap(E) is the probability that an electron with energy E tunnels elastically to the

conduction band from the trap position and it is calculated by WKB method. ∆En is tunneling

energy range for electrons. The exponential term gives the probability that the electron will gain

energy (∆En − E) from phonon interactions before tunneling. Similar expressions are defined

for holes. Then the effective carrier lifetime inserted into the SRH equation is:

τn,p,eff =
τn,p

1 + ΓDIRAC
n,p

2.51

2.9 General boundary conditions

Several boundary conditions could be defined along and through the structure. We refer to

general boundary conditions to those that are intended to apply current/voltage biasing with

specific models to be solved. Accordingly, this kind of boundary condition will be referred to

as an electrode region with zero thickness.

2.9.1 Ohmic contacts

Dirichlet boundary conditions are used to emulate ohmic contacts. The potential, electron and

hole concentrations (ψs, ns, ps) are fixed at the surface. Minority and majority carrier quasi-

Fermi potentials (φ) are assumed to be equal to the applied bias on the electrode. Consistent

with space charge neutrality, ψs is given by:
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ψs = φn +
kT

q
ln
ns
nie

= φp −
kT

q
ln
ps
nie

2.52

where

ns +N−A = ps +N+
D 2.53

The quasi-Fermi potentials are known, thus eq. 2.53 can be solved for ψs, ns and ps. If

Boltzmann statistics is used, these quantities are calculated as follows [Sil16]:

ns =
1

2

[
N+
D −N

−
A

√
(N+

D −N
−
A )2 + 4n2

ie

]
, 2.54

ps =
n2
ie

ns
, 2.55

2.9.2 Distributed specific contact resistance

Current transport along the metal/semiconductor interface can be accounted for by the bound-

ary physics described in previous sections, either by assuming an ideal contact or a Schottky

contact. Typical metal/semiconductor contacts in solar cells behave as an ohmic contact with

finite resistivity and non-uniformities in the electrostatic potential that can be accounted for

by a distributed contact resistance. Usually, the distributed contact resistance ranges between

10−4 and 10−6Ω·cm2. In order to account for the finite resistivity and non-uniformities along

the contact (either ohmic or Schottky), an effective value of resistance is assigned to the ele-

ment associated to the contact and dependent on the length of that element. Accordingly, for

steady-state conditions the following equation must be satisfied [Sil16]:

1

Ri

[
V −

(
ψi ±

kT

q
ln(N/ni)

)]
− (In + Ip) = 0 2.56

where V is the voltage applied to the contact, ψi the surface potential, N is the net doping,

In, Ip the electron and hole currents at node i and Ri the effective resistance value calculated

as:

Ri =
Rcon

di · width
2.57

di is the length associated to the element, width corresponds to the width of the device

and Rcon is the input parameter that can be associated to the conventional parameter used for

specific contact resistance widely used in circuit simulators.
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2.9.3 Neumann boundaries

Homogeneous Neumann boundary conditions are set on the outer boundary domain, at the

edges of devices. This means that the current only flows out of the device through the contacts.

In the absence of surface charge along such edges, the normal electric field component becomes

zero. Current is not allowed to flow from the semiconductor into an insulating region (except

via oxide tunneling models). At the interface between two different materials, the difference

between the normal components of the respective electric displacements must be equal to any

surface charge according to:

n̂ · ε1∆ψ1 − n̂ · ε2∆ψ2 = ρs 2.58

where n̂ is the unit normal vector, ε1 and ε2 are the permittivities of the materials on either

side of the interface and ρs is the sheet charge density at the interface.

2.10 Conductors and insulators

TCAD simulators usually classify materials into three categories: 1) semiconductors, 2) con-

ductors and 3) insulators. The semiconductor equations have been already described. Current

flow at the conductors is handled by the Ohm’s law:

J = E/ρ 2.59

where E is the electric field, ρ the resistivity of the material and J the current density. In

addition, thermal coefficient parameters should be specified. These regions are called conduc-

tors rather than metals because it is possible to define metals and semiconductors as conductive

regions. The modelling of any region by using Eq. 2.59 is useful for simulations that consider

resistivity losses, e.g., the front metal grid. It is appropriate to remind that currents and poten-

tials can only be applied/extracted directly by electrodes and not from metal regions, thus it is

still required to define electrodes on the desired part of a metal region (i.e., the top surface of

the metal grid). If the metal resistivity is considered, one may think that a distributed contact

resistance acting on an electrode and semiconductor interface could be missed. In our case,

an interface contact resistance between a conductor and a semiconductor region can still be

simulated in a similar way as explained in section 2.9.2.

For insulators, only the Poisson and lattice heat equations are solved. No mobile charges

(n = p = C = 0) are assumed and electrostatic potential follows Laplace equation:
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div∇ψ = 0 2.60

2.11 Summary of models and general assumptions

According to the description of the above subsections, the models and assumptions made in the

simulation framework for solar cells in this thesis are:

• Drift-Diffusion models assuming parabolic band structure.

• Isothermal simulations (spatially uniform temperature).

• Electron and hole temperature equal to lattice temperature (no heat flux equation solved).

• Carrier transport via drift and diffusion for material bulk and homojunction interfaces.

• Thermionic and thermionic field emission current transport for abrupt heterojunctions

• Non-local band to band models for tunnel junctions as well as local and non-local trap-

assisted tunneling consideration.

• Piezoelectric and magnetic fields are not considered.

• Isotropic refractive index for any material.

• Uniform and isotropic minority carrier properties for each region (i.e., µ and τ ), mainly

dependent on the doping concentration and material, unless specified.

• Normal incidence of light.

2.12 Limitations

The TCAD framework used here has some limitations that must be discussed to provide a

grounded basis or whether or not to be confident with the outputs of the simulator. This simu-

lator is very useful for the analysis of the devices, providing insight into the main losses within

the structure and to test new structures. However, it must not be forgotten the strong depen-

dence on the input parameters provided and the models used. Many of those parameters are

very difficult to measure, the methods may have a high degree of uncertainty and they can be

very time consuming. The lack of important parameters such as trap characteristics, minority

carrier lifetime variations (i.e., its dependence with injection level) are some examples of the

complexity in gathering reliable parameters.
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Besides the limitations that can be deduced from the general assumptions listed previously,

we describe below what we consider the main specific limitations in the multijunction device

modelling developed in this work.

• Photon recycling (PR)

Photon recycling is not considered self-consistently. Rather, it is taken into account via

an effective radiative recombination coefficient. Let us consider an isotropic radiative

recombination coefficient that can be calculated by the following expression [WCW15]:

B =
1

n2
i

2π

h3c2

∫ ∞
0

n(E)α(E)E2

eE/kT − 1
dE 2.61

For instance, for GaAs the calculatedB = 4.45·10−10 cm3 s-1. However, as we will see in

Sections 3.2 and 3.3 and the Appendix, most of our data fitting required the use of lower

values of B (in the range of 1− 2 · 10−10 cm3 s-1) which implies that a significant amount

of photon recycling is present, being around half of the calculated value via eq. 2.61.

Although an effective value of B can accurately reproduce our experimental data, the

self-consistent treatment of photon recycling is key to achieve high-degree of prediction

capabilities for III-V materials, mainly because it will be dependent on injection level,

doping concentration and thickness of the material. This will be of high importance if

one performs optimizations of the structure (e.g. doping concentration). The use of an

effective B coefficient may be only valid for a very restricted range of bulk thickness and

doping concentrations. In fact, Martí et al. showed that the recombination pre-factor, I0

(or the so called reverse saturation current) increases with thickness if photon recycling is

not considered. When PR is taken into account, I0 starts to saturate at a certain thickness

depending on the material quality and the degree of PR exploitation (i.e., structure with

back reflector, on-substrate, without substrate...) [MBR97].

The PR consideration is more important for cases where radiative recombination is dom-

inant and photon recycling plays an important role. Therefore, in order to optimize the

solar cell thickness, improved predictions will be attained by the consideration of PR. On

the other hand, more rigorous approaches including self-consistent treatment of photon

recycling within TCAD environments have been recently reported [Wal+15]. It has been

shown that the differences with most of the thickness values used in this work (1-3.5 µm)

ranges between 15-25 mV of Voc difference (at 1-sun) depending on the material quality.

This Voc difference in the thickness-dependence has been calculated for materials with-

out a substrate and including a very efficient back reflector (R>90%). All the structures
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analysed in this thesis are on-substrate solar cells and strongly affected by perimeter re-

combination, thus the impact of PR on the Voc is expected to be less than the maximum

value of 25mV. Indeed, by using an effective B, the Voc difference for devices with 1 or

3.5 µm is about 22mV in our calculations.

Accordingly, PR consideration is a must in III-V materials; however, the deviations

by using and effective B coefficient may not be large in most of the cases analyzed

in this work. For the particular case of multijunction devices (i.e., GaInP/GaInAs/Ge)

its relative impact would be also lessened. All in all, as previously mentioned, the

inclusion of photon recycling into TCAD environments has been demonstrated in the

past years [PBS97; Bal04; LHB06; Wal+15; Ren+15] and this is one of the most

important pending tasks of this work. It will acquire higher importance mainly because

the inverted metamorphic (IMM) approach is being also developed in our laboratory

with high material quality and including BSR. Moreover, it would be interesting to test

new structures that increase the optical confinement.

• Luminescent Coupling (LC)

Luminescent coupling is closely related to PR because they both increase their importance

as material quality and optical confinement is increased. The LC has been shown to be

an important effect that influences the optimum design of a solar cell. This is essentially

true for very high quality materials such as the ones demonstrated by IMM solar cells

(see for instance [Gei+15b]). This effect is not included into our simulator. In this thesis,

we have analysed by TCAD simulations conventional 3J solar cells on germanium, as

well as 4J solar cells including dilute nitride materials. In both cases, the only cell with

material quality that exhibits evidence of significant LC strength is the Ga(In)As subcell.

Although present, the LC detected is far lower than the state-of-the art ones demonstrated

in the literature. Moreover in the case of the 3J cell, the additional photocurrent generated

would be re-absorbed by the germanium subcell which typically exceeds by more than

20% the limiting photocurrent in the stack. In the case of the 4J, its performance is far to

be comparable to a 3J case mainly because of dilute nitride limitations. Accordingly, the

LC impact on both structures is expected to be rather low.

In any case, both, PR and LC are very important effects for very high quality materials,

i.e., such as those exhibited by record III-V solar cells. Its influence increases for devices

operating closer to the Shockley-Quessier (S-Q) limit and for those where new structural
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designs are used to exploit the optical confinement [MYK12]. Although it may be com-

putationally expensive (even more in multijunction cases), the self-consistent treatment

of LC and PR into our TCAD environment is a must for very high quality materials in

order to increase both predictive capabilities of the modelling and the reliability in the

test of new structures. In the case of on-substrate solar cells such as the ones used in this

thesis, its influence is lessened, but it is still an important effect to consider and it is still

unanswered into what extent the effective radiative coefficient is good enough in these

cases.

Accordingly, the inclusion of PR and LC are pending tasks intended to be covered in the

future.

• Dilute nitride simulation

The modelling approach used has been based on parabolic bands and it is well-known

that the dilute nitride band structure is non-parabolic. The impact of the inclusion of non-

parabolicity into the drift-diffusion models is still yet to be determined for dilute nitride

materials. Accordingly, the interpretation of the results in dilute nitrides modelling must

be done cautiously.

2.13 Particularities of the simulation framework

2.13.1 Dimensionality

The dimension of the simulation domain is typically defined as a trade-off between accuracy and

computation time. Obviously 3D is preferable to describe real geometries, but the computation

time rises significantly when using 3D simulations and it would increase accordingly to the

mesh gridding and models used. Symmetry planes and periodicity can be used to reduce the

number of nodes, however, real solar cell device length ranges from tenths of mm to some

hundreds and in some cases they can be very large (i.e. 8x4 cm for space solar cells) which

even though applying the maximum symmetry cut planes, the number of grid points can still be

very large. Indeed, computation time scales with the number of nodes as Nα (where α ranges

between 2 and 3). Accordingly, TCAD 3D simulations require high computation resources and

may not be feasible to execute routinely. It is usually more viable to make the structures simpler

and apply certain assumptions that can still provide adequately accurate results. Fortunately,
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solar cells are highly symmetric and most of the important phenomena can be considered. In

this sense, most of the simulations performed here are 2D and in some cases (for geometry

comparisons) 3D simulations were also performed. In many cases, it is also viable to perform

one dimension simulations that provide valuable information in a fast manner while being aware

of the specified limitations, i.e. no lateral current flow (or lateral conductivity), neither grid

and busbar influence, nor perimeter recombination. Table 2.2 lists some of the limitations and

advantages of different structures used as shown in Fig. 2.5 for the simulation of multijunction

solar cells.

Figure 2.5: Dimensionality of the solar cell structures used in this thesis. The 3D structure corresponds to a

quarter of an entire solar cell with and square-inverted grid design.

When the 3D structure is used for light I-V simulations (i.e. GaAs single junction), a 1D

profile of the photogeneration rate PGR(y) is calculated and mapped laterally (through the

z-axis) onto the entire standard domain shown in Fig. 2.5 of the device simulation. PGR

beneath metal fingers is assumed to be zero. Accordingly, the light incidence is considered

to be normal and uniform in lateral dimensions. The reason to do this is because there is no

implementation of fast and reliable methods such as the TMM in 3D in the simulator used. Ray-

tracing can be used instead of TMM because of its 3D implementation, however, as mentioned

previously ray-tracing lacks of important effects such as coherence. Besides, it is very time

consuming because of a high number of rays must be defined to cover the whole geometry

which significantly increases the computation time, e.g., ∼ 200x200 rays are defined in x and

z-axis in order to properly illuminate and cover a surface region of 500x500 µm. It will take
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Table 2.2: Main features of different dimensions for multijunction solar cell simulation (based on a 4J solar cell).

ARC stands for anti-reflection coating.

Feature 1D 2D 3D

Current flow Vertical Lateral
Full geometry

considerationa

Sf & Sb →∞b Variable Variable

ARC Yes Yes Yes

Illumination Uniform Non-uniformc Non-uniform

TMM Yes Yes Nod

Perimeter

recombination
No Yes Yes

Tunnel junction Yes Yes No

Metal grid No
Partial metal grid/dark

diodee
Full metal grid

Grid pointsf < 2k < 10k > 200k

a In the case of Fig. 2.5 this is essentially true when assuming maximum symmetry cut planes.
b If ohmic contacts are used.
c Typical illumination profile (i.e., Gaussian) under a concentrator requires a full 3D consideration (see

[Gar10]).
d If normal incidence is assumed, 1D TMM output results can be included into a 3D structure. See text.
e See. section 2.13.3.1.
f Excluding tunneling mesh.

take about 12 hours of computation time7 just to illuminate the structure.

2.13.2 Numerical precision

Another important fact regarding a convergent and accurate simulation of multijunction so-

lar cells is that related to numerical precision. Materials with high bandgaps are frequently

found in III-V multijunction structures. In some cases a high quality and high-bandgap ma-

terial produces a very low saturation current that could be difficult to handle with just 64-bit

usual arithmetic precision. Additionally, very low intrinsic carrier concentrations may be found

in low-temperature simulations. In these cases, higher numerical precision is required. There-

fore, the required precision (P ) depends strongly on the bandgap and lattice temperature and

can be estimated as [Sil16]:

7By using 8 processor unit at 3 Ghz.
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P ≥ 1

ln(2)

(
Eg
kT

)
2.62

It should be mentioned that inequality 2.62 provides just an estimation of the number of bits

required. Nevertheless, it is possible to perform successful simulations with lower precision

than required. For all multijunction solar cells simulated in this thesis 160-bits are good enough

to obtain useful, accurate and convergent solutions. In the case of single junctions, higher

arithmetic precision is not usually required.

2.13.3 2D simulation assumptions for experimental data fitting

2.13.3.1 Dark diode

Dark diode is usually referred to all region of the solar cell that are shaded by the front metal-

lization grid (i.e. bus bars and grid fingers). Dark diode dimensions are dependent on the metal

grid pattern used which varies substantially among solar cell manufacturers (either a company

or a laboratory). In 2D simulations, it is not possible to include the real geometry of the device

(e.g. grid pattern). To take into account real geometries, a full 3D approximation is required

[Gal+05; GAR06; BA07]. For instance, 3D simulations would be of greater importance when

inhomogeneities and non-uniformities (either in semiconductors structure, metal grid or light

illumination) are considered. Nevertheless, regarding the influence of the dark diode, some

simple approximations allow to take into account its effects, at least to some extent. The dark

diode can be understood as an additional recombination area which results into an open circuit

voltage reduction. Indeed, if we assume uniform properties and light illumination (as most of

the cases analyzed in this thesis) the most affected parameter by the dark diode is the open

circuit voltage. As a good approximation, the Voc loss due to the dark diode can be roughly

estimated by a modified expression from [Gei+15b]:

∆VOC =
mkT

q
ln

(
Aillum
Atotal

)
2.63

wherem is the number of junctions, Atotal is the total area including the busbar whileAillum
is the area not covered by metal. Although Eq. 2.63 is less accurate (independent of the biasing

conditions) than other approaches (i.e., 3D circuit simulators), it provides an area dependence of

the dark diode which can be directly included into the 2D simulations where operating biasing

conditions are taken into account. For instance, let us consider a square solar cell (as frequently

used within this thesis) with a front metal grid pattern whose active area isAillum and a total area
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Atotal. To consider the full dark region area we equate the ratio Aillum/Atotal to Lillum/Ltotal
from Fig. 2.5.

The effects of the dark region are very important for comparison to experimental data. In-

deed, for this type of metal grid, the Voc loss (∆VOC) is on the order of 10 mV per junction

according to Eq. 2.63 and could be higher for devices with ideality factors > 1. For a 3J so-

lar cell, about 30 mV loss can be due to the dark region and if neglected in the data fitting

procedure, it could mislead the material quality of each junction.

The influence of the dark diode following the simple assumptions made here were compared

to results obtained by using a quasi-3D circuit simulator [Gal+05]. Perimeter recombination is

not included and to make the comparison more valid, the metal grid resistance is also neglected.

Distributed front contact resistance (10−6Ω·cm2) is included in both TCAD and quasi-3D cir-

cuit simulator. Comparable material properties (i.e. minority carrier properties to saturation

currents, layer sheet resistances, etc.) were set, thus their dark I-V curves are similar. We use as

a figure of merit for the comparison the Voc loss due to dark region (∆VOC). Therefore, ∆VOC

is calculated for a set of 3J solar cells with bus length (or Ldark from Fig. 2.5 in 2D-TCAD

cases) variations covering dark areas from 10% to 100% with respect to the illuminated area for

different light concentrations. This means that 100% dark area is for a case where the illumi-

nated are is half of the dark one. The ∆VOC is obtained by making the difference between the

case with some shadowing and one without it (by artificially including transparent electrodes).

As can be seen in Fig. 2.6, ∆VOC calculated following 2D-TCAD simulations are system-

atically higher than quasi-3D circuit ones for any dark area considered. The curves are almost

constant up to 300 suns. Above this concentration, ∆VOC starts to increase due to series resis-

tance (contact resistance and/or top semiconductor layers) which is captured similarly by both

approaches. Maximum deviations between simulations are lower than 14 mV in the extreme

case, i.e., 100% dark area. Such deviations seem affordable when using simple structures (2D-

TCAD). Indeed, most of the simulations performed here were compared to structures that have

about 44% of dark areas where a maximum deviation of 7 mV could be expected by using one

or another approach. Interestingly, although the voltage loss calculated with Eq. 2.63 is con-

stant with light concentration as shown in Fig. 2.6 and does not follow the trend of 2D-TCAD

and circuit simulators (which are more realistic approaches), the deviations are still reasonable

even at high concentrations.

Dark areas in commercial CPV solar cells are up to 10% of the total area (see for instance

[Spe]). The total Voc loss in this case gets substantially diminished down to a point that the

difference between approaches is almost negligible (<1mV) for any concentration. Accordingly,
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Figure 2.6: Voc loss due to dark areas in a 3J structure and estimated with three different approaches, namely:

2D-TCAD, quasi-3D circuit simulator and Eq. 2.63. Percentage numbers indicate the dark area with respect to the

illuminated one. Symbols indicate calculated values and lines are a guide to the eye.

for typical metal grid losses found in commercial devices, the Voc difference due to dark diode

(without considering perimeter recombination) between quasi-3D circuit simulations and 2D-

TCAD can be assumed to be negligible.

2.13.3.2 Series resistance

The front and back contact resistances were calculated by implementing a distributed contact

resistance which takes into account possible non-uniformities in the electrostatic potential along

the metal-semiconductor contact, see section 2.9. The device simulator is not suitable for deal-

ing with the 3D metal grid losses due to the large number of nodes required to properly define

the device geometry and the high computational resources required to solve the basic semi-

conductor equations and extra models. This is one of the reasons why the third dimension (z)

is omitted in most of the simulations presented in this thesis. Another reason is the fact that

the tunnel junction modelling has not been implemented in 3-D. Consequently, the metal grid

losses were calculated after each simulation by using a lumped model following the approach

explained in [AD00].

2.13.3.3 Temperature

Simulations are typically performed at 300K and laboratory measurements at 298K. This two-

degree difference could have an impact on several temperature-dependent fundamental material

properties. Perhaps the most important ones involve those of the bandgap and dielectric per-
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mittivity as well as the carrier mobilities and lifetimes, just to name a few. In the case of I-V

parameters, the Jsc changes can be captured explicitly through QE measurements and modifica-

tion of the absorption coefficient and they are lower than the open circuit voltage dependency.

Indeed, this is highlighted in multijunction solar cells where more than one material and pn

junction are stacked. Typically in multijunctions, a 3J device drops about 7-10 mV/K [SB14]

and a bit lower (about -2.5mV/K) in a 2J case including luminescent coupling at 1-sun opera-

tion [Och+16b]. Therefore, non-negligible deviations could be found as the number of junction

increases. Accordingly, all simulations performed (unless specified) were set at 298K.

2.13.4 Data fitting procedure

Input parameters are critical to obtain reliable and physically meaningful simulations. In drift-

diffusion simulators one must include a set of material parameters and models as input data.

In some cases, those material parameters are well-known, but in many cases high complexity

in their estimation and time-consuming and intricate experiments are required. It is usually

most feasible to extract them by inverse modelling. Here we describe the general methodology

followed to increase the confidence and reliability in data fitting performed in all comparisons

with experimental data. To achieve a successful validation, the structural properties as well

as the electrical and optical properties and parameters must be known. Prior to extract the

electro-optical properties of a given structure, one has to depart from well-known structural

properties, whose measurement is recommended, at least for the the most critical parameters,

i.e., doping concentrations. Then, the material parameters and model validation starts from a

solid basis. To illustrate the importance of material parameters, let us consider an example. The

external quantum efficiency curve is commonly fitted to extract the diffusion length of carriers.

If the optical behavior of the solar cell structure is not accurately validated by using proper

models and optical constants, the estimation of the carrier diffusion length will be misleading.

To provide a higher degree of confidence, we compare the simulation results to a wide set of

typical PV characterization such as QE, R, light and dark I-V curves. Accordingly, reflectance

fitting serves as a feedback for the evaluation of the optical constants and thickness of the layers,

while the QE involves the absorption of the structure as well as the carrier diffusion length. The

diffusion length is further validated by a proper data fitting to the dark and light I-V curve by

varying lifetimes, mobilities, recombination coefficients, etc. In some cases, due to the high

correlation between parameters and the unknown variables, we perform sensitivity analysis to

determine the range of possible values able to achieve a suitable data fitting. Accordingly, albeit

time-consuming, this multiple data fitting provides a higher degree of confidence in the material
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parameters and models used. Fig. 2.7 shows the flow diagram we have followed in simulations

used for validation of the model.

Figure 2.7: Flow chart we follow for the validation of material parameters and models.

2.13.5 Basic definitions for TCAD analysis

Most TCAD environments do not directly provide useful outputs for solar cell analysis. For

example, it is not possible to directly extract the QE contributions by regions neither the subcell

I-V curve of a multijunction structure. However, the simulator provides all useful quantities

required for their calculation, i.e., recombination-generation values as a function of the position

within the structure and operating bias (voltage, current or light). Here we detail how the QE,

collection efficiency (CE) and subcell I-V curves have been extracted.

2.13.5.1 Quantum Efficiency (QE) and Collection Efficiency (CE)

The QE contribution of each layer is calculated by integrating the difference between generation

and recombination rates along the semiconductor structure volume for every photon wavelength

(λ) and normalized to the total photogeneration coming from the source [FF10]. Assuming

uniform behavior along the length and width of the structure, the EQE by regions is defined by:

EQEr(λ) =
carriers collected

incident photons
=
q
∫ y2
y1
G(λ, y)−R(λ, y)dy

Is(λ)
2.64



2.13. Particularities of the simulation framework 43

whereEQEr is the EQE of any region r (e.g. absorber) defined within the structure between

coordinate y1 and y2, G is the rate of photons absorbed, R the total recombination and Is is the

source monochromatic beam converted into electrical current. Is is an output quantity provided

by the simulator [Sil16].

The total EQE of the device is the sum of all region contributions. Notice that if recom-

bination exceeds generation in some regions would result in some sort of negative quantum

efficiency according to the EQE definition of Eq. 2.64. This unbalance means that electrons

generated at one region are recombined in a different region. For instance, this could happen in

an absorber whose we want to separate the contribution from the space charge region (assuming

negligible influence of the monochromatic beam on the depletion width) and the quasi-neutral

regions. If electrons generated at the space charge region are able to reach the quasi-neutral

region and recombine there rather than travelling to the other side of the pn junction to be

collected, negative QE rises. This may occur for cases where the absorber minority carrier pro-

perties are significantly poor. QE is inherently positive by definition, but internal processes may

change the generation-recombination difference. In such cases it would be indicated through

the text that the negative QE is set to zero (unless specified) and the recombination excess is

added to one of the adjacent regions in order to be consistent with the total QE of the device.

Looking at negative QE is a powerful way to evaluate a region with very high recombination.

The CE is simply the ratio between carriers extracted to the carriers generated:

CEr(λ) =
carriers collected

carriers generated
=
q
∫ y2
y1
G(λ, y)−R(λ, y)dy

Ia(λ)
2.65

where Ia is the rate of photons absorbed by the structure converted into electrical current. In

other words is the normalized maximum photocurrent that can be extracted from the structure

considering no reflection losses and the absorption of the structure. Ia is an output quantity

given by the simulator [Sil16].

For multijunction purposes, the experimentalist typically measures the subcell QE of a mul-

tijunction structure by sweeping a monochromatic light beam in the range of the subcell of

interest while saturating the rest of the subcells with additional light sources (i.e. LED light)

and setting appropriate voltage bias to ensure: 1) that the rest of the subcells do not limit the

overall photocurrent; and 2) short circuit conditions on the subcell to be measured are achieved

[Meu+03; Bar+15a]. This means that one has access to the subcell QE by using two terminals:

anode and cathode. This could be exactly emulated by the simulator in order to calculate the

desired subcell QE. A different strategy will be described in the next section.
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2.13.5.2 I-V

The recombination current contribution by each region is simply calculated by integrating the

recombination rate over the semiconductor region of interest multiplied by the electron charge

at each voltage point, such as:

IVr(V ) = q

∫ y2

y1

R(V, y)dy 2.66

One could also assign R by any type of recombination (SRH, Auger, radiative...) either in

QE or I-V analysis in order to separate the contribution of each type of recombination.

To extract the subcell characteristics (QE or I-V) there are different possibilities. One op-

tion is to extract the current-voltage pairs by calculating the current within a specific region

(absorber, subcell...) by the convolution of EQEr with the corresponding spectrum. The vol-

tage could be extracted by looking at the quasi-Fermi level separation in a given region, or

through [WW16]:

V =
1

q

∫ right

left

∇εFC(y)dy 2.67

where εFC is the Fermi energy of the conduction band. Using equation 2.67 requires a

careful and appropriate definition of the left and right terminals to define the desired region

within the structure where the voltage is extracted.

Extracting R, G and other quantities as a function of the operating bias could significantly

increase the simulation time. Thus, it is sometimes more practical to define artificial electrodes

between subcells to calculate their QE or I-V. For instance, in a tandem device one can place

electrodes — with ohmic boundary conditions— at the top surface (above the window layer)

and at the back of the so-called back surface field layer (or at the anode/cathode boundary with

the TJ to include its losses) in each subcell. Then, the subcell current-voltage characteristics are

extracted straightforwardly from the additional electrodes.
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3.1 Introduction

This chapter deals with the simulation, characterization and analysis of different III-V single

junction solar cells and tunnel junctions capable of being components of multijunction solar

cells. Specifically, we analyse individually the ones intended to be used in a lattice matched

GaInP/Ga(In)As/Ge 3J solar cell although they can be also incorporated in advanced 4J to 6J

architectures. The analysis of particularities of each solar cell is presented. First, we examine

GaAs single junction solar cell including a model for perimeter recombination to determine

the impact of different sizes, doping concentrations and geometries. Perimeter recombination

is only analysed in GaAs solar cells mainly because its impact on GaInP and Ge subcells has

been shown to be rather low, event at high perimeter-to-area ratios [Esp+15b]. After that, the

GaInP solar cell model is developed and a theoretical assessment of this solar cell for multi-

junction purposes is carried out. In particular, we evaluate the trade-off between Voc increase

due to larger bandgaps and thickness increase to preserve current matching conditions in a

GaInP/Ga(In)As/Ge 3J solar cell. The germanium solar cell is studied in detail as well as the

degradation of its electrical performance when subjected to different thermal loads (i.e. the

growth of upper subcells). Finally, non-local tunnel junction models have been applied to a set

of different structures such as AlGaAs/GaAs and AlGaAs/GaInP high-bandgap tunnel junctions

in order to validate their performance prior their inclusion in a multijunction cell.

3.2 Analysis of GaAs solar cells

Most of the solar cells used within this subsection correspond to the millimeter-range size where

perimeter recombination is an important issue [Ste+90b; Och+14]. Accordingly, the GaAs solar

cell subsection is divided in two parts: 1) we first introduce a model of perimeter recombination

validated to a set of different geometries, sizes and properties of fabricated GaAs diodes where

3D simulations have been used and 2) we present the analysis of the performance of such solar

cells including perimeter recombination under different conditions.

3.2.1 Modelling perimeter recombination in a 3D TCAD environment

Atlas 3-D simulator is based on prismatic meshes and has been developed from 2-D codes that

use triangular meshes. This means that the third dimension is created by stacking 2-D slices

along the z-direction. Dealing with a 3-D problem involves a number of equations at least one

order of magnitude greater than a 2-D problem [Cia+89]. For large problems as will be the case
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shown in following sections (greater than 5000 grid points), iterative and direct solvers can be

used. In this study, we have used iterative solvers due to the lower solution time and memory

usage [Sil12a; Cia+89].

Additionally, one of the main issues in multi-dimensional device simulation is the mesh

definition or gridding. Perimeter recombination is very dependent on the mesh resolution. In

order to provide a high-degree of accuracy, the mesh spacing near the surface perimeter must

be as low as possible, otherwise, the influence of perimeter recombination in the dark I-V curve

will be overestimated for a particular set of interface parameters. In our simulations we have

avoided this problem by setting the mesh spacing adjacent to the perimeter equal to 1 nm while

the spacing increases progressively towards the bulk region.

3.2.1.1 Brief review on device modelling of perimeter recombination in GaAs solar cells

Perimeter recombination must be mitigated in order to increase the efficiency of III-V con-

centrator solar cells. Because of the complexity of the triple junction solar cells (GaInP/-

GaInAs/Ge), it is recommendable to start analysing independently each subcell. So far, the

most studied subcell has been the middle cell by analysing the GaAs single junction diode

[Esp+10; Dod+91; MM93; BK06]. It must be taken into account that because of the negligi-

ble composition of indium (1.2%) of the GaInAs middle cell, the analysis of single junction

GaAs cells grown on GaAs substrates is a valid approach in order to extract conclusions for

the triple junction cells. In addition to the usefulness of understanding the GaAs cell perimeter

recombination for multijunction solar cells, the recent proposal of using GaAs single junction

solar cells for competitive cost of photovoltaic electricity [Atw11] adds interest to this study.

It is well known that, as the perimeter-area ratio (P/A) increases, the perimeter current reaches

significant values that can lead to a decrease in the open circuit voltage and to an important con-

tribution to degradation mechanisms in GaAs solar cells [Esp+10]. Therefore, the performance

of small size solar cells such as the ones used in concentration applications can be affected by

perimeter recombination. For example, for modern GaAs solar cells, chemical treatments have

been proposed [SEA12] in order to decrease the impact of perimeter recombination.

The dominant sources of perimeter recombination are surface states. Their main origin

comes from dangling bonds at the surface and their formation is due to the loss of periodicity

in the crystal (surface states are also created in between interfaces in the crystal and metal-

semiconductor contacts but, in this section we will refer to surface states just at the perimeter

of the whole structure). The formation of surface states is very dependent on the mesa-etching

process, crystal orientation, surface oxidation, adsorption of impurities at the surface, among
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others. The surface states energy levels can have a strong effect on the electrical characteristics

of the semiconductor because the ionic charges on or outside the semiconductor surface induce

image charges in the semiconductor causing the formation of the so-called surface channel or

surface depletion-layer which is a region where minority carriers can be confined. Once this

channel is formed it gives rise to a surface leakage current [Sze81].

Perimeter recombination in GaAs diodes, transistors and solar cells has been experimentally

analysed and modeled by using 1-D and 2-D approaches by several authors [Esp+10; HLM78;

TFW88; Dod+91; MM93; BK06]. The first approximation to describe this phenomenon was

made by Henry et al. [HLM78]. They proposed an analytical expression (3.1) to obtain the

perimeter current assuming: a) Fermi level pinning and b) constant electron and hole densities

at the surface.

Jper = qS0Lsnie
qV
2kT 3.1

where S0 is the called intrinsic surface recombination velocity, which is mainly determined by

the density of surface states and their capture cross sections. Ls is the surface diffusion length

and characterizes carrier injection and recombination in the surface channel. For Henry et al.

the perimeter recombination is controlled by recombination in the surface channel (originated

to preserve the surface charge neutrality) outside the region where the junction space charge

layer intersects with the perimeter and has a 2kT-behaviour at low forward bias. Later the

bias dependence of the ideality factor was studied by Tiwari et al. [TFW88] showing that

perimeter recombination exhibits a 2kT-dependence close to the junction but a kT-dependence

in the quasi-neutral regions. Dodd et. al. [Dod+91] calculated an effective width (where the

perimeter recombination occurs) as a function of the electric field at the surface. Then, the

perimeter recombination current was obtained by integrating the recombination rate (obtained

numerically) all over the diode’s perimeter [Dod+91]:

Ip = qP

∫
Rs(y)dy ≈ qniS0LsP (eq

V
nkT − 1) 3.2

where P is the diode perimeter, Ls is the effective width for surface recombination, S0 =√
Sn0 · Sp0 the recombination velocity of carriers at the surface and n the ideality factor asso-

ciated with the perimeter current. Dodd et. al. also showed that most of the recombination

with 2kT behaviour took place at low biasing where the space-charge region intersected the

perimeter. At higher biasing, the carriers injected in the quasi-neutral regions diffused toward

the perimeter where they recombine. Under such conditions the perimeter current ideality fac-

tor decreases. Then, Mazhari et. al. made some corrections to the Henry model and got and

analytical equation to describe the contribution of the quasi neutral regions to the perimeter
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recombination. They stated that the kT-behaviour assumed at high forward bias is not always

correct and depends on the surface recombination velocity, the doping level and the conductiv-

ity of the regions (n or p) [MM93]. Mazhari et. al. did not predict the current dependence on

the doping level, just the nkT-behaviour.

Finally, Belghachi [BK06] et al. calculated separately the contribution to perimeter recom-

bination current from the space charge region (analytical approach) and from the quasi neutral

regions (numerical approach). For the contribution of the space charge region, they used the

well-known expression for the perimeter recombination current (3.2) and they made an approx-

imation to calculate the electric field. Regarding the perimeter recombination in the neutral

region, they numerically solved the bi-dimensional steady state electron and hole continuity

equations. In order to get the perimeter current they added the contribution from the space

charge region and that of the quasi neutral regions.

In spite of all these studies, the perimeter recombination is still a phenomenon whose origins

are not well known. Therefore, a general model with the following characteristics is required:

a) absence of any restrictive assumption about external conditions such as current flows, voltage

range, etc.; b) consideration of any kind of semiconductor structure: n/p or p/n, different doping

levels and thicknesses of the layers, etc, c) 3-D (three dimensional) nature in order to evaluate

real device characteristics such as geometry (circular, square, etc.), size, etc. Besides, a model

with these characteristics would be able to show the real origins of perimeter recombination

and would help to mitigate it.

3.2.1.2 Experimental

Two GaAs concentrator solar cell epiwafers, namely #A and #B were grown by MOVPE (Metal

Organic Vapour Phase Epitaxy). Their structural characteristics are presented in table 3.1. The

only nominal difference between them is the base doping level.

Front metallization was done by Au/Ge, Ni, Au evaporation while Au/Zn/Au were evapo-

rated at the back contact. Both contacts were annealed in order to achieve ohmic contacts and

they covered the whole surface of both sides in order to avoid crowding effects and to have a

front metal close to an equipotential situation. After the ohmic contact formation, mesas were

defined in order to isolate individual diodes. Circular and square GaAs diodes with different

P/A ratios were manufactured as shown in figure 3.1 and table 3.2.

After diode manufacture, the dark I-V curves were measured using a conventional source-

meter equipment. In order to measure the I-V curve of a diode, typically the source-meter

is swept to a range of voltage and measure the resulting current. Four-wire technique was
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Table 3.1: Structure of n/p GaAs diodes for the two #A and #B epiwafers.

Layer Material Thickness (µm) Doping (cm-3)

#A #B

GaAs:Te 0.17 1 · 1019

CAP
GaAs:Te 0.33 1 · 1018

Window Al0.7Ga0.3As:Si 0.04 1 · 1018

Emitter GaAs:Si 0.167 1.5 · 1018

Base GaAs:Zn 3.5 3.5 · 1017 6 · 1016

BSF Al0.35Ga0.65As:C 152 2 · 1018

Buffer GaAs:Zn 1.16 2 · 1018

Substrate GaAs:Zn 350 2 · 1018

Table 3.2: Geometrical characteristics of the square and circular diodes manufactured.

Perimeter (cm) Area (cm2) P/A (cm-1)

Square Circular Square Circular Square and Circular

1.6 1.257 0.16 0.126 10

0.8 0.628 0.04 3.14·10−2 20

0.4 0.314 0.01 7.85·10−3 40

0.3 0.236 5.63·10−3 4.42·10−3 53.3

0.2 0.157 2.5·10−3 1.96·10−3 80

0.1 0.078 6.25·10−4 4.91·10−4 160
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Figure 3.1: Picture of the resulting square and circular GaAs diodes with different P/A ratios on a 2-inch wafer

portion. Courtesy of P. Espinet-González.

employed to avoid power loss due to wiring. The diodes were measured on a Peltier system

to control their temperature in order to prevent voltage variations due to heating. The resulting

dark I-V curves for several representative diodes of #A epiwafer are shown in figure 3.2 and

they will be described later. The design of experiments was performed and led by P. Espinet-

González. Here we only provide details on device manufacturing for clarification purposes in

order to help the reading of the subsequent modelling which was performed by the author of

this thesis.

Figure 3.2: Experimental dark I-V curves of square diodes for different (P/A) ratios of epiwafer A.
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3.2.1.3 Modelling considerations

Regarding surface states, we use trap centres based on SRH recombination (similar approach

as bulk) to calculate their contribution to the dark I-V curves. Although surface states could

have multiple levels lying inside the forbidden bandgap, a single-level model is useful enough

to describe their impact on the device behaviour. This can be implemented in two ways: 1) by

reducing the carrier lifetimes by assigning an effective surface recombination velocity (SRV-

model) and 2) by modifying the charge density at the surface by adding a specific density of

traps (Trap-model). We have proved that both approaches are valid in order to model surface

recombination in agreement with [Dod+91], but significant basic differences exist by using one

or another. In fact, the presence of surface traps (Trap-model) creates an additional space charge

region along the surface (neglected by the SRV-model) which alters the electrical interaction of

carriers which can be important if the device is analysed under different external conditions.

Therefore, the Trap-model describes more accurately the mechanisms by providing more in-

sight to perimeter recombination and thus it is the model chosen in this thesis to analyse the

origin of perimeter recombination in GaAs diodes and solar cells. The recombination terms

are added to the carrier continuity equations in order to solve self-consistently the semiconduc-

tor fundamental equations to calculate dark I-V curves. The model employed is extensively

described in sections 2.4.3 and 2.4.5.

3.2.1.4 Validation of the model

In order to validate the model, it has to be able to describe the experimental behaviour of

perimeter recombination in GaAs diodes. This has been done by analysing how the model

behaves while the constants or parameters are tweaked. The model has several adjustable input

surface parameters: Nt, σ, Et and g for both electrons and holes and for each type of trap

(donor-like or acceptor-like) [ST71]. We have analysed the influence of each parameter in the

dark I-V curve and verified by simulations that the impact of degeneracy factor and trap energy

level (within a reasonable range) can be masked by a single defect level for these devices.

Thus, all simulations were performed with a trap level located at the midgap in agreement with

[Dod+91]. On the other hand, the densities of traps and capture cross sections have a strong

influence on the I-V curve as figure 3.3 shows for Nt variations. As can be seen in figure

3.3 the perimeter recombination influence can be extended to high bias if Nt is high enough.

Conversely, if the capture cross sections (not shown here) are increased it is also possible to

obtain a high impact of perimeter recombination.
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Figure 3.3: Influence of surface trap densities Nt located at midgap on the dark I-V curve for P/A = 40.

The model validation was carried out by fitting experimental dark I-V measurements such

as those of figure 3.2 to the model. Accordingly, figures 3.4a and 3.4b show the fitting achieved

for square and circular devices for #A epiwafer for three different P/A ratios while figure 3.4c

shows the fitting achieved for square devices for #B epiwafer. It is remarkable that for both

figures (3.4a and 3.4b) the only changed parameters for different diodes were their size and

shape. While the rest of surface and bulk parameters were kept constant (see table 3.3).

Conversely, the only changed parameters for different diodes in figure 3.4 were their size

and shape. Because #A and #B epiwafers have different doping levels, thus different bulk trap

densities have been used for figures 3.4a/3.4b and 3.4c and their values are very similar to those

found in [GOY90]. The surface trap parameters (similar to those found in [Dod93]) are the

same for #A and #B epiwafers indicating that our mesa-etching process (same for both) is not

sensitive to the base doping level analysed. The most reasonable values of trap parameters at

surface and bulk were extracted by using a Levenberg-Marquardt algorithm [Sil12b] and they

are listed in table 3.3. As a result, figure 3.4 shows that the model is able to simulate the whole

I-V curves with high accuracy.

The measurements of the dark I-V curve show the influence of both the area and perimeter

of the GaAs diodes. In order to better analyse the dark I-V curves (see figure 3.2) they were

transformed into JA-V curves (A/cm2) by considering the diode area and Jp-V curves (A/cm)

by considering the perimeter length in figures 3.5a and 3.5b, respectively. As can be seen, at

low bias the current does not correlate with the area while it does with the perimeter so, the

perimeter recombination dominates the dark current. At high bias, the results tend to show a

mixture of area and perimeter correlation except for P/A<40 which exhibits also a near perime-
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Figure 3.4: Data fitting for: a) square devices and b) circular devices for #A epiwafer with P/A = 160, 53, 40 -

in blue, red and green, respectively, and c) square devices for #B epiwafer with P/A = 160, 40 - in blue and green

respectively. Lines are used for simulation and symbols for experimental data.

ter dependence. A similar behaviour was found for circular diodes. Manufactured diodes on

#B epiwafer exhibit perimeter recombination extended to higher biases than #A epiwafer ones.

Once we have proved the validity of the model and verified that dark I-V curves are affected by

perimeter recombination, we are going to use the model to understand the origin and behaviour

of perimeter recombination.
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Table 3.3: Trap parameters at surface and in bulk used in simulations of diodes manufactured on #A and #B

epiwafers.

Epiwafer Type Nt Energy level σn (cm2) σp cm2)

#A, #B @Surface Acceptor 4 · 1012cm-2 Midgap 8 · 10−15 8 · 10−15

Donor 4 · 1012 cm-2 Midgap 8 · 10−15 8 · 10−15

#A @Bulk Acceptor 6 · 1013cm-3 Midgap 1 · 10−16 1 · 10−13

Donor 6 · 1013cm-3 Midgap 1 · 10−13 1 · 10−16

#B @Bulk Acceptor 3 · 1013cm-3 Midgap 1 · 10−16 1 · 10−13

Donor 3 · 1013cm-3 Midgap 1 · 10−13 1 · 10−16

Figure 3.5: Dark a) JA−V curves and b) Jp−V curves of square diodes for different (P/A) ratios of #A epiwafer.

3.2.1.5 Origin of perimeter recombination

Surface states at the perimeter of GaAs devices can be partially occupied by adsorbed atoms

(such as oxygen, excess of arsenic, etc.) which set the character and ionization energy of the

trap. Since we lack information about the energy level of the trap and the amount of charged
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or neutral states at the perimeter, we have set equal trap density and energy level for electrons

and holes. Therefore, surface states at the perimeter are able to trap electrons or holes with

equal probability so, they can be neutral or charged depending on the position of the Fermi

level. For p-type regions the position of the Fermi level lies closer to the valence band than

the conduction band, which in fact sets the charge state (neutral or charged) of the traps. In

such case, the acceptor-like traps (electron trap) are neutral and the donor-like (hole trap) are

positively charged. In order to maintain charge neutrality the same amount of positive surface

charge is screened with negative charges in the semiconductor bulk. This accumulation of

charges makes the bands to bend downwards. The opposite behaviour applies to the n-type

region, bending the band upwards. A representative picture of this can be found elsewhere

[Mön01]. Accordingly, the band bending is characterized by a potential (reduced all along

the perimeter with respect to bulk) that builds a surface channel where minority carriers are

confined. Figure 3.6 shows the impact of the band bending in the electrostatic potential at

equilibrium and the comparison between the built-in potential at surface (Vbis) and bulk (Vbib)

of a diode of #A epiwafer. The interaction of carriers (mainly minority) with surface traps

influences the distribution of the potential barrier Vbis at surface which is smaller (0.16V) than

the built-in potential at bulk (1.39V) so, the potential barrier to be surpassed by carriers at the

p-n junction will be lower at surface than in the bulk region (away from the surface).

Figure 3.6: Simulated 3-D plot of the electrostatic potential at equilibrium in P/A=160 diodes of the #A epiwafer.

X coordinate shows a cross section of the diode where at 0 and 250 µm are placed at the borders of the structure

where perimeter recombination appears. Y-direction (depth) at distances larger than 5 microns (substrate) is not

shown for simplicity. The two dashed ellipses denotes the different potential barriers for carriers (see figure 3.7).



3.2. Analysis of GaAs solar cells 57

In addition, minority carriers from bulk also find a lower potential at the surface (0.56V

from the base to the surface and 0.6V from the emitter to surface), away from the intersection

of the p-n junction with the perimeter, than the one at bulk (Vbib). This potential corresponds to

the difference between Vbis and Vbib (see figure 3.7).

Figure 3.7: Zoom of the dashed ellipses of figure 3.6 representing the cutline at perimeter (Vbis = 0.16V, green

line) and bulk (Vbib = 1.39V, blue line) in the p-n junction. Vbse (0.6V) denotes the potential barrier seen by a

carrier from the emitter bulk to the emitter surface (away from the depletion region where the potential is flat at

bulk) if it moves in the same x coordinate. Vbsb (0.56V) is for case in the base region.

The surface channel region is associated to the local curvature of the bands which is pro-

portional to the space charge density created by surface states. This curvature has two major

characteristics such as its amplitude and width. The width (distance of the band bending from

perimeter into the bulk) extends into the bulk until the band is flat. The wider the surface chan-

nel, the greater the space charge region from surface to bulk where minority carriers decrease.

In the case of the amplitude of the band bending, the higher its value the easier for carriers to

flow to that region. In figure 3.8 the potential distribution at the p-n junction is shown for three

bias voltages. By increasing the forward bias, the voltage applied reduces the built-in potential

at bulk and along the surface. Once the voltage bias reaches values above Vbis, the p-n junction

at the surface is not longer a barrier but an electron sink. This causes the depletion region at

the surface to begin to empty reducing the conduction surface channel width and amplitude by

lowering its curvature so, the surface potential begins to be comparable to the one in bulk. Even

at high bias, there is a lower potential at the perimeter. However, this happens in a very short

distance and is no longer significant to the large amount of carriers at the bulk of the device.

The potential shown in figure 3.8 is related to the spatial distribution of charges affecting

the carrier concentration, thus, the recombination rate. In figure 3.9 we can confirm the surface

channel behaviour under forward bias by analysing the recombination rate at the same portion
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Figure 3.8: 3-D plot of the potential at the p-n junction near the surface perimeter (x=0 µm) for #A (left) and #B

(right) epiwafers under forward bias: a) 0.7V, b) 1V and c) 1.3V. The depth and width (along x coordinate) of the

structure sides is shortened for simplicity. At the ground of the figures letter E denotes emitter while B is for base

region.

of the device where the major influence of surface traps takes place. It can be deduced from

figures 3.8 and 3.9 that minority carriers will recombine more at locations where they find the

lowest barrier to overcome. The lower barriers are always found at the perimeter of the device

but its contribution to recombination changes according to the bias applied. If we analyse the

recombination rate under forward bias we can see that at any voltage the higher recombination

is at the perimeter where the band bending and accumulation of charges is more pronounced. At

low bias, there are locations at the perimeter junction and its surroundings with a high recombi-

nation rate coming mainly from the space charge regions. This recombination begins to spread
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into the bulk as the bias voltage is increased. Therefore, at the vicinity of the space charge re-

gion at the surface and bulk the recombination rate begin to increase due to the fact that all traps

inside the space charge region are ionized so, minority carriers begin to occupy bulk and surface

trap states outside the space charge region. The latter makes the contribution of quasi-neutral

regions significant as the voltage is increased. Hence, at higher biasing, the surface channel still

acts as a sink of carriers but, the difference between bulk and perimeter recombination values

is decreased. This reduction is enough to make the integration of recombination rate in bulk

regions greater than the one at the surface.

The recombination rate is more extended into the base at bulk and perimeter on #B epiwafer

than on the #A one due to the lower potential barrier found (see figure 3.8). This shows that

perimeter recombination also depends on the doping level of the p and n regions. To the best

of our knowledge this is the first time that the doping dependence of perimeter recombination

is shown theoretically. Due to its importance, doping level is analysed in the next section.

3.2.1.6 Doping influence

In the work done by Mazhari et al. [MM93] the influence of doping level and dopant type was

considered but only affecting the kT-recombination regime. Nevertheless, we will show below

that the doping level could also affect the 2kT-recombination regime and plays an important

role in the formation of the surface channel. In figure 3.10, two representative square diodes of

the same size one manufactured on #A epiwafer and the other on #B epiwafer are compared.

The diode manufactured on #B epiwafer exhibits higher recombination current. This is an

interesting result that has not been explained in the past. The larger recombination current of

diodes of #B epiwafer in the whole range of voltage are mainly due to the lower potential Vbis
at the perimeter. In figure 3.6 the built-in potential at surface for #A epiwafer is around 0.16V

which is a very low barrier compared to the 1.39V built-in at bulk (1.34V for bulk and 0.14V

for surface for #B epiwafer). The different potential distribution is due to the difference in the

base doping level and thus the surface channel characteristics. In the case of #B epiwafer the

depletion layer from the n-type region (emitter) to the p-type region (base) is more extended

into the latter when the doping level of the base is lower. For #A epiwafer the surface channel

width for the region where the maximum band bending occurs at equilibrium (at the base of the

diode) is around 60 nm while for #B epiwafer increases to 160 nm. The surface channel of the

emitter for both epiwafers is around 70 nm. Therefore, the space charge region created at the

surface is larger for diodes of #B epiwafer. Consequently, the higher the doping level the higher

the amplitude of the bending. The lower the doping level the wider the surface channel.
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Figure 3.9: Semi-logarithmic 3-D plot of recombination rate at the p-n junction for #A (left) and #B (right)

epiwafers under forward bias: a) 0.7V, b) 1V and c) 1.3V. The depth and width (x coordinate) of the structure sides

is shortened for simplicity.

The effect of the wider space charge region in perimeter recombination is shown in figure

3.9. For both epiwafers the higher recombination occurs where the junction space charge region

intersects the perimeter as Dodd et al. [Dod+91] stated. For #A epiwafer the peak of recom-

bination occurs exactly at the intersection of the p-n junction with the perimeter which is not

the case for #B epiwafer where highest values are found at the p-n junction intersection but the

peak is shifted a few nanometers into the base due to the larger space charge region. The same

fact applies for the bulk recombination in both sides of the junction. The peak of recombination

occurs at the location where there is a maximum availability of carriers (the highest np product).

In order to know the dominant recombination types, figure 3.11 shows the contribution of
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Figure 3.10: Experimental measurements of the dark I-V curve for two representative diodes (P/A=160) manu-

factured on #A and #B epiwafers showing the influence of the base doping level. The blue line corresponds to the

current ratio of both diodes as a function of the bias.

some recombination mechanisms as a function of the bias voltage for both epiwafers. As can

be seen, perimeter recombination is dominant up to V=1.1V (#A) and V=1.2V (#B). There-

fore, perimeter recombination can extend its influence to high voltage biasing, being highly

dependent on bulk doping level.

3.2.1.7 Influence of perimeter recombination on GaAs concentrator solar cells

In this section, the model is used to discuss some of the key factors that affect perimeter re-

combination of GaAs concentrator solar cells. It must be noted that we do not pretend to carry

out an exhaustive solar cell optimization but to show some case studies. First, we analyse the

influence of pn junction doping level followed by the size and geometry of the solar cells.

Doping influence

The optimum base doping level for GaAs concentrator solar cells is a trade-off between

series resistance, recombination current density and photogeneration current. While having a

highly doped base provides a low resistivity it will reduce the photogeneration current by de-

creasing the electron diffusion length (the radiative and SRH lifetimes are better at lower dopant

concentrations). Reducing the doping level will increase the electron diffusion length in base,

but as we have seen, at low doping levels perimeter recombination could be important depend-

ing on the size of the device. Therefore, a further reduction of the base doping level could

be useless without avoiding perimeter recombination. In order to assess the influence of base

doping levels, simulations were performed from 1016cm−3 to 4 · 1018cm−3 (figure 3.12) while
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Figure 3.11: Simulation of the recombination rate contribution for radiative and non-radiative processes for a

P/A=160 diode: a) #A epiwafer and b) #B epiwafer. Auger recombination is negligible with respect to the other

recombination mechanisms so, for the sake of simplicity it is omitted.

keeping constant the rest of parameters from table 3.3. As can be seen, as the doping level

increases the recombination current reduces by a factor of 10 (when comparing NA =1016cm−3

and 4 · 1018cm−3) from low bias until 1.1V (mainly because of the perimeter recombination

influence) and after this value the current increases by a factor of 1.5 (this factor corresponds

to the maximum difference at 1.2V). At high biasing (after 1.1V), the radiative recombination

current is more dominant than the perimeter one while increasing the doping level, due to the

larger carrier concentration and the reduction of perimeter recombination current (see general

trends of figure 3.12). Thereby, when the base doping level is increased, the total current ap-

proaches to a kT-behaviour because of a dominant radiative recombination component. In the

case of the emitter doping level variation (not shown here) the difference in total current is very

low (assuming n/p structures with typical doping levels in base and emitter). Therefore, the

main contribution to dark current comes from the base region.
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Figure 3.12: Simulated dark I-V curve of a GaAs solar cell with a size of 0.01 cm2 (P/A=40) varying the p-base

doping level.

Size influence

In order to quantitatively account for the contribution of perimeter recombination on dif-

ferent solar cell sizes, the boundary condition at the surface (Nt=0, from equation for lifetime

values included in equations 2.28 and 2.29) is removed to separate the influence of bulk and

perimeter surface current. The evolution of both currents for a P/A=40 (0.01cm2) square solar

cell is shown in figure 3.13.

Figure 3.13: Simulation of the contribution of bulk and perimeter currents for a solar cell with a size of 0.01 cm2

(P/A=40) manufactured on epiwafer #A.

Table 3.4 summarizes the transition voltage values where the bulk recombination current
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equals the perimeter one and where the bulk current becomes dominant being five times greater

than the perimeter one.

Table 3.4: Voltage values where bulk current (Ib) is equal and five times greater than perimeter current (Ip) for

different solar cell sizes.

Voltage (V)

P/A(cm−1) Area (cm2) Ib = 5 × Ip Ib = Ip

#A #B #A #B

160 0.00625 >1.3 >1.3 1.229 1.264

40 0.01 1.264 >1.3 1.011 1.229

13 0.09 1.205 1.271 0.929 1.191

10 0.16 1.183 1.26 0.913 1.178

5 0.64 0.999 1.233 0.899 1.121

4 1 0.992 1.224 0.88 1.097

For smaller sizes of square solar cells the perimeter recombination has a strong influence on

the whole voltage range. In fact, the smaller size (6.25·10−4 cm2) analysed shows that perimeter

recombination current is the one that dominates the whole dark I-V curve. Even for larger sizes

(1 cm2 for square solar cells) the perimeter current dominates until 0.88V for #A epiwafer. In

the case of solar cells on #B epiwafer even the larger sizes are strongly affected by perimeter

recombination. For concentrator solar cells, the determination of the optimum size is a trade-

off between the series resistance, perimeter recombination and the capacity to remove the heat

away from the solar cell [Alg07]. Therefore, this study will contribute to such optimization.

Geometry comparison

In order to evaluate the solar cell geometry influence on dark I-V curves, figure 3.14 shows

the current density ratio between square and circular devices ratio as a function of solar cell

P/A and for two bias voltages. The voltages analysed are not affected by series resistance (ne-

glected) and they are intended to show the performance of different solar cells when perimeter

recombination dominates (0.7V) and when they are close to the typical operation point of GaAs

solar cells (1V).

As figure 3.14 shows, square devices exhibit less recombination current for any size at 0.7V.

At 1V, the difference between both geometries decreases with the P/A ratio. When comparing
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Figure 3.14: Simulated dark current density ratio between square and circular devices as a function of their P/A

for two bias voltages. Lines are a guide to the eye.

different device geometries the crystallographic orientation-dependence in perimeter recombi-

nation becomes important. The work of Stellwag [Ste+90a] showed that perimeter recombina-

tion could be reduced if the mesa-isolation process is properly oriented to the crystallographic

axes of the device. Therefore, a given device presents different perimeter properties according

to each orientation side of its mesa etching. For square solar cells, two sides could be aligned

and the other two misaligned to the flat edge of the wafer, thus, the latter will have higher

perimeter recombination values. In the case of circular devices, the orientation to crystallo-

graphic axes is not well defined. Only a small portion of the perimeter could be completely

oriented (much lower than square shapes) to the flat edge. Lower perimeter recombination for

square devices than for circular ones was also found in [DA01].

The reason why at 1V bias voltage the difference between square and circular solar cells

becomes lower than at 0.7V is the following. At 0.7V, perimeter recombination is dominant

(see figure 3.13 and table 3.4) for all P/A considered in the figure 3.14. Square solar cells

exhibit less perimeter recombination than circular ones because of the orientation-dependence.

However, at 1V perimeter recombination influence is decreased and very dependent on P/A.

In the case of a low P/A, bulk recombination starts to dominate over the perimeter one, thus,

the blue line of figure 3.14 decreases as a function of P/A and the difference between both

geometries becomes lower.
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3.2.2 Model validation and analysis

The validation of the model was performed on a traditional n on p GaAs single junction solar

cells grown by MOVPE. Their structural characteristics are depicted in Table 3.5. Details on

the growth can be found elsewhere [Gar10]. Solar cells of 1 mm2 active area were obtained.

No anti-reflection coatings were deposited. A complete characterization of the devices was per-

formed in two stages. The first stage of characterization serves to get reliable input parameters

of the semiconductor structure to the simulation. This includes Epi-RAS, CV and XRD mea-

surements in order to get the values of layer thicknesses, doping levels and to confirm the lack

of any significant lattice mismatch at the interfaces. In a second stage, device characterization

including QE (internal and external), dark and light I-V curves and concentration measurements

were performed. For QE measurements, solar cells with busbar but without fingers were used

to avoid additional uncertainty about the illuminated area. The multi-data fitting has been per-

formed on devices without ARC since ARC highly smooths the impact of the optical behavior

of the semiconductor layers (specially the front layers) of the solar cell. In general, an excellent

agreement is accomplished for all experimental data and the full list of used parameters is listed

in Appendix A.

Table 3.5: Semiconductor layer structure of the GaAs solar cell.

Layer Material Thickness (nm) Doping (cm-3)

Cap 1 GaAs:Te 174 2 · 1018

Cap 2 GaAs:Si 250 2 · 1018

Window GaInP:Si 25 1.4 · 1018

Emitter GaAs:Si 177 1.1 · 1018

Base GaAs:Zn 3696 1.2 · 1018

BSF Al0.3Ga0.7As:C 150 ∼ 2 · 1018

Buffer GaAs:Zn 1000 ∼ 1018

Substrate GaAs:Zn 350000 ∼ 1019

Fig. 3.15 shows the dark I-V curve together with the recombination contribution from

different regions inside the solar cells. Perimeter recombination dominates up to values ∼ 1V

and radiative recombination starts to be comparable to SRH recombination at 1.1V. The orange

filled square line shows the case where Shockley-Read-Hall (SRH) recombination is neglected

and can be considered as the radiative limit on this particular design.
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Figure 3.15: Experimental and simulated dark I-V curve of the GaAs solar cell together with the contribution

from radiative and non-radiative recombinations.

The QE contributions shown in Fig. 3.16 are distributed among the three typical main

regions, namely the emitter, base and SCR. The carrier collection efficiency is shown in brackets

and only the window exhibits a low value, as expected due to surface recombination and low

minority carrier properties. A third of the total QE comes from the base while the SCR is lower

than the contributions from base or emitter. As in the case of dark I-V curves, the QE limitation

of both solar cells is mainly due to SRH recombination

As mentioned previously, almost all layers have excellent collection efficiencies, except the

window. As devices are intended to exploit the full solar spectrum, it is useful to bear in mind

how much gain could be achieved if we improve the collection properties of the window layer

and avoid surface recombination. As can be seen in Fig. 3.17, the EQE at the window can

be significantly increased by improving its surface recombination or its collection properties.

For instance, if we assume a perfect collection for the AM0 spectrum with a higher content of

high-energy photons, a short-circuit current of about 3 mA/cm2 can be collected at the window.

This is roughly three times the value shown by the current structure. Surface recombination

contributes about 65% of the losses and the rest are attributed to the poor minority carrier pro-

perties at the window. If an AlInP window is used instead of GaInP, the gain is still significant

but it is diminished because of the higher transparency of this material. A similar relation-

ship can be expected for the GaInP solar cell which is the material used as top cell in many

multijunction structures.

A summary of the light I-V parameters is shown in Table 3.6. In some cases, SRH recom-
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Figure 3.16: Experimental internal and external quantum efficiency together with the calculated contribution of

different regions of GaAs solar cell with standard design. Bottom: Reflectance of the same solar cell structure.

Symbols are used for experimental data while lines for simulations. The calculated depletion layer width is 230

nm. Carrier collection efficiency for each layer is shown within brackets.

Figure 3.17: EQE contribution of the window layer for three different cases: 1) current devices (green), 2) assum-

ing no surface recombination (red) and 3) assuming complete or ideal collection (blue). Solid lines correspond to

GaInP window layer while dashed lines correspond to an AlInP window layer.

bination has been neglected to show its impact on the performance. For GaAs at open circuit

conditions (OCC), the main losses come from perimeter recombination that accounts for 31 mV
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while the base (bulk) accounts for other 35mV. This design has an upper Voc limit of 1043mV

by neglecting all non-radiative recombination losses (τ → ∞@all). In this instance, radiative

recombination is dominant and photon recycling plays a key role to further increase the Voc to

reported values (∼ 1.12 V) [Ste+13a]. At short circuit conditions (SSC), about 2 mA/cm2 of

Jsc are lost at the surface and window/emitter interface. When compared to GaAs solar cells

with AlInP window, about 1 mA/cm2 increase is expected while the rest 1 mA/cm2 is lost by

surface recombination. At OCC, there is a high limitation from the base and almost negligible

from the emitter.

Table 3.6: I-V parameters for experimental and simulated GaAs solar cells at one sun under the AM1.5d ASTM-

G173 direct spectrum. The I-V parameters under certain assumptions avoiding specific losses (SRH) are also

shown. The minority carrier lifetimes assumed infinite correspond to simulations neglecting the non-radiative

recombination (SRH). Voc values would increase about 10 mV by considering ARC deposition.

I-V
Exp. Sim.

τ →∞ τ →∞ τ →∞
No loss No loss

Parameter @all @base @emitter @win./emi. @per

Jsc ( mA/cm2) 19.81 19.75 21.66 19.88 19.76 20.28 19.75

Voc (mV) 967 970 1043 1037 1003 973 1001

FF (%) 82.24 82.19 88.6 88.4 87.6 82.14 87.6

The validation of the model has been also carried out under light concentration. An excellent

agreement is displayed in Fig. 3.18

Finally, to illustrate the influence of perimeter recombination at different light concentra-

tions, simulations at 1 sun and 700 suns were carried out. Fig. 3.19 shows the 3D plot of

current density at 1V. The current flows mainly through the perimeter region at low concentra-

tions (1 sun) while at high concentrations (700 suns) the current is spread through the window

layer until it reaches the metal regions. The evolution of Voc and other solar cell parameters

with light concentration will be discussed in Chapter 4 where a 3J multijunction solar cell will

analysed.
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Figure 3.18: Experimental and simulated I-V standard GaAs solar cell parameters as a function of light concen-

tration.

Figure 3.19: Current density of a quarter of a 1mm2 GaAs solar cell at 1V for 1 sun (a) and 700 suns (b).

3.3 Analysis of GaInP solar cells

Typically ternary alloys have been used widely in heterostructure systems for optoelectronic

devices. For instance, GaInP exhibits many advantages over other III-V semiconductors such

as AlGaAs, namely: 1) selective etching regarding GaAs using acid solutions; 2) trap levels as-

sociated to oxygen are not typically found in GaInP, e.g., DX centres that have been commonly

related to Aluminium in AlGaAs alloys [LLJ79; Bou90]; 3) band discontinuity in GaInP/GaAs
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has been measured to occur mostly on the valence band, thus the potential barrier associated to

majority carriers may not be an issue in multijunction solar cells; 4) the presence of In inhibits

carbon incorporation when grown by MOVPE; 5) Very low recombination velocities at the in-

terface have been measured for GaInP/GaAs heterostructures [Ols+89; Kur+99], among others.

In general higher quality material can be obtained from GaInP alloys than AlGaAs ones.

Regarding its performance as solar cell absorber, outstanding luminescent properties have

been measured and very high bandgap-offset voltages1 (WOC ∼ 360 mV) have been reported for

n-type GaInP solar cells [Gei+13]. This results in a very attractive pathway for improvement,

however, most of the state-of-the-art solar cells are regarding p-type absorbers and this is the

type of solar cell analysed here.

3.3.1 Model validation and analysis

The validation of the model was performed on a traditional n on p GaInP (partially ordered)

single junction solar cells grown by MOVPE. Their structural characteristics are depicted in

Table 3.7. Details on the growth can be found elsewhere [Gar10]. Solar cells of 1 mm2 active

area were manufactured. No anti-reflection coatings were deposited.

Table 3.7: Semiconductor layer structure of the GaInP solar cell.

Layer Material Thickness (nm) Doping (cm-3)

Cap GaAs:Si 420 > 1 · 1019

Window AlInP:Si 20 8 · 1017

Emitter GaInP:Si 150 8 · 1017

Base GaInP:Zn 550 1 · 1017

BSF AlGaInP:Zn 75 ∼ 5 · 1017

Buffer GaAs:Zn 1300 ∼ 1018

Substrate GaAs:Zn 350000 ∼ 1019

Fig. 3.20 shows the dark I-V curve along with the recombination contributions from differ-

ent regions. The dark I-V curve of GaInP is mainly controlled by non-radiative recombination,

being the base region (including depleted and quasi-neutral regions) the one that dominates the

1WOC is defined as the difference between the bandgap of the material and the measured open circuit voltage of

the solar cell.
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curve even at high bias (1.45V). Radiative recombination is too low compared to SRH recom-

bination at any voltage. The orange filled square lines show the case where Shockley-Read-Hall

(SRH) recombination is neglected and can be considered as the radiative limit on this particular

design.

Figure 3.20: Experimental and simulated dark I-V curve of the GaInP solar cell whose structure is shown in Table

3.7 together with the contributions from radiative and non-radiative recombination.

The QE contributions shown in Fig. 3.21 are distributed again in the emitter, base and SCR.

The carrier collection efficiency is shown in brackets where only the window exhibits low col-

lection efficiency, as expected due to surface recombination and low minority carrier properties.

A third of the total QE comes from the base and the SCR is lower than the contributions from

base or absorber. As in the case of dark I-V curves, the QE limitation is mainly due to SRH

recombination.

A summary of the light I-V parameters is shown in Table 3.8. In some cases, the SRH

recombination has been neglected to show its impact on the performance. At SCC, there is

lower Jsc improvement than GaAs shown in previous sections mainly because the window layer

is thinner and it is compared to different window material (GaInP in the case of GaAs solar cell).

When comparing to GaAs solar cell with AlInP window, the gain is similar, 0.7mA/ cm2 and

1mA/ cm2 for no ARC and with ARC, respectively. At OCC, there is a high limitation from the

base and almost negligible from the emitter. This result shows that, for this particular design,

the removal of a highly doped and defective emitter may not be behind the improvement of the

n-type rear heterojunction solar cells demonstrated in [Gei+13].
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Figure 3.21: Experimental internal and external quantum efficiency and the calculated contribution for the GaInP

solar cell. Bottom: Reflectance of the same solar cell structure. Symbols are used for experimental data while

lines for simulations. The BSF contribution is not zero mainly because the total thickness of the solar cell does

not absorb 100% of light. Depletion layer width is 336 nm. Carrier collection efficiency for each layer is shown

within brackets.

Table 3.8: I-V parameters for experimental and simulated GaInP solar cells at one sun under the AM1.5d ASTM-

G173 direct spectrum. The I-V parameters calculated under certain assumptions avoiding specific losses (SRH) are

also shown. The minority carrier lifetime assumed infinite corresponds to simulations neglecting the non-radiative

recombination (SRH). Voc values would increase about 10 mV by considering ARC deposition.

I-V
Exp. Sim.

τ →∞ τ →∞ τ →∞
No loss

Parameter @all @base @emitter @win./emi.

Jsc ( mA/cm2) 10.70 10.83 11.49 10.84 11 10.84

Voc (mV) 1369 1371 1451 1447 1372 1371

FF (%) 86 85.9 91.1 90.7 86.2 85.9

3.3.2 Design flexibility for multijunction solar cells by tuning the GaInP

bandgap

GaInP is typically used as the top cell of many multijunction solar cells such as state-of-the-art

GaInP/Ga(In)As/Ge solar cells, inverted metamorphic GaInP/Ga(In)As/GaInAs solar cells, or
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GaInP/Ga(In)As/GaInAsN solar cells as well as top junction in 4J solar cells (see for instance

Chapter 5). The preferred tuning parameter in multijunction solar cells to optimize the structure

for a better utilization of the spectrum is the bandgap of materials. In the case of GaInP, it is

possible to increase the bandgap — while preserving lattice-matching conditions — with the

use of Sb to disorder the GaInP [OMK07]. Therefore, by increasing the bandgap of GaInP

solar cells their Voc is enhanced but their photocurrent get reduced due to the lower cut-off

wavelength in the absorption coefficient of the material.

To increase the efficiency of the GaInP solar cell, one must raise the Voc while keeping the

photocurrent as high as possible. To preserve the multijunction current matching, the top cell

thickness base is typically used as an adjustable parameter [KFO90]. However, a base thickness

increase leads to a Voc decrease. Accordingly, Figure 3.22 illustrates the solution of this trade-

off for solar cell architectures in which GaInP lattice matched to Ge (or GaAs) is used as the top

cell. In particular, Figure 3.22 depicts the evolution of Jsc and Voc as a function of thickness and

Eg of the base layer in the GaInP subcell for a typical GaInP/Ga(In)As/Ge 3J solar cell under

AM1.5d ASTM G173-03 spectrum. The bandgap range considered is something attainable

by controlling the ordering around the GaInP composition considered in the example. For the

simulation, it has been considered that: 1) the photogeneration of carriers is zero for photons

with energies below Eg and 2) there is no degradation of the minority carrier properties due to

the use of Sb. As can be seen in Figure 3.22(a), the Jsc is very sensitive to the base thickness,

especially for low values of Eg.

A Jsc gain of around 3 mA/cm2 can be obtained by increasing the base thickness from

300 to 1600 nm for low bandgaps (1.8-1.84 eV). For mid-high bandgaps, a lower increase is

expected (about 1.5 to 2 mA/cm2). Regarding Voc (Figure 3.22(b)), the highest values are

expected for high Eg and relatively thin base thicknesses (300-700 nm). For example, for a

base thickness of 500 nm a gain of 50 mV is feasible by increasing Eg from 1810 to 1880

meV. However, as the base thickness must be as high as possible to keep the same current levels

when using high bandgaps, the dark saturation current is also increased, and consequently, Voc
is reduced. Nonetheless, the net change in Voc due to the increase of Eg and base thickness is

positive, which justifies the procedure. Besides, the kT-recombination current impacts on Voc

gets reduced as the bandgap is increased (almost negligible for Eg>1.88 eV) due to a reduction

of the intrinsic carrier concentration [SN06]. In summary, higher bandgaps are preferred in

order to raise the Voc together with a thicker base to adjust the photocurrent in any particular

multijunction solar cell design.
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Figure 3.22: (a) Calculated short circuit current density and (b) open-circuit voltage of the GaInP subcell latticed-

matched to Ge as a function of the bandgap energy and the thickness of the base layer under AM1.5d ASTM

G173-03.

3.4 Analysis of Ge subcells for advanced multijunction solar

cells

Germanium is an important material for PV industry mostly used as the bottom subcell and me-

chanical support for the most mature III-V multijunction architecture, the commercially avail-

able GaInP/Ga(In)As/Ge 3J. It is not only important for this architecture but also considered as

the bottom subcell of advanced multijunction solar cells relying on lattice matched structures

(four to six junctions, see [Sua+17]). This is mainly because of its bandgap suitability and cost

effectiveness in comparison with other architectures based on more expensive substrates (i.e.

GaAs and InP, see for example [Fra+15; Dim+16], respectively).

The widest used technology for the development of Ge subcells for III-V multijunction

solar cells is MOVPE2. A successful development of a Ge solar cell in a MOVPE environment

involves growth optimization that must ensure: 1) the growth of a defect-free polar III-V layer

(nucleation layer) on a non-polar structure such as Ge; 2) good surface morphology and 3)

successful emitter formation. This can be achieved by growth conditions (e.g. temperature,

V/III ratio, etc.) and a careful surface preparation on mis-oriented Ge substrates [Bar+13].

Typically, Ge n-p junctions for III-V multijunction solar cells are formed by the in-diffusion

of group-V elements —being the most common ones P and As diffused from the nucleation

layer— into p-type Ge substrates. The emitter formation is a critical step very dependent on the

2Despite of the fact that MOVPE is the most used technology to develop Ge subcells, MBE has recently gain a lot of

attention. Ge single junction solar cells grown by MBE have been recently reported ([MFL16]) resulting in useful

devices with lower performance, but close to the Ge subcells (inside a 3J structure) presented in this section.
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thermal load applied that controls the PV properties of the subcell and can significantly degrade

its performance [FO01; Bar+18]. For example, as-grown Ge devices (grown as single junction

solar cells with no extra thermal load from subsequent growth) typically perform much better

than Ge subcells inside a 3J device. Indeed, Ge single junction solar cells usually have a Voc in

excess by tenths of mV (up to 55 mV measured in our Ge samples [Bar+18]) than Ge subcells

inside a 3J [FO01; Kal+10; Hoh+13].

Accordingly, in this section we focus on two main targets: 1) to validate the modelling for

Ge solar cells to be used in a multijunction structure and 2) to analyse the experimental results

obtained in previous works3 for Ge solar cells subjected to different thermal loads by using the

validated model..

3.4.1 Model customization for gradual emitters

Three Ge solar cells with different thermal loads (i.e. time and temperature) have been anal-

ysed4. Two of them correspond to single junction solar cells (as-grown devices), namely #A2

and #A3 with different growth temperatures for the nucleation layer (i.e. GaInP): 640oC and

675oC, respectively. The effect of the thermal load on Ge (emitter formation) coming from the

subsequent growth of GaAs and GaInP top cells is studied on a third Ge solar cell, namely #E3

(etched), that was originally a 3J structure, but with the upper layers etched away to virtually

obtain the same semiconductor layer structure than in single junction cases. The semiconductor

structure for the three samples consists of a 500-1000nm contact layer (nominally doped 8 ·1017

cm-3), followed by a 300-1000nm nucleation layer (nominally doped 1018 cm-3) and the Ge n-p

junction. Measured resistivity for the p-type substrates (Ge base) results in values of 8.8, 9.5

and 20 mΩ·cm, respectively while the emitter properties will be discussed later. Solar cells with

active area of 0.1 cm2 were manufactured5 and no ARC was deposited onto the solar cells.

3.4.1.1 Model assumptions

When growing the GaInP nucleation layer, Ga, In and P atoms diffuse to Ge. The group-III

(Ga and In) are p-type dopants in Ge while P acts as an n-type dopant. Because of the higher

3The experiments were led by E. Barrigón while all simulation analysis and modelling shown here was performed

by the author of this thesis.

4MOVPE growth of this structures was carried out by E. Barrigón and the III-V growth team.

5Manufacturing, processing and electrical characterization of the solar cells was carried out by I. García at NREL

facilities.
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diffusion coefficient of P with respect to Ga and In (about two to three orders of magnitude

[Dun54]), the n-type doped Ge is achieved. Indeed, P diffuses quickly via vacancy-mediated

diffusion mechanisms to form the emitter [CB14]. Therefore, the n-type doping profile is ex-

pected to be non-uniform. For instance, Fig. 3.23 (bottom) shows three different emitter doping

profiles corresponding to the three samples analysed. In general, according to Fick’s laws, typ-

ical diffusion doping profiles show a decreasing curve with thickness (following a complemen-

tary error function) which does not occur in any sample as can be seen in Fig. 3.23 (bottom).

In contrary, doping starts to increase until it reaches a maximum value (vertical dashed lines)

and then the conventional diffusion profile is observed. The physical explanation to the gradual

increase of doping at the beginning of the emitter lies on the fact that thermal load urges the in-

diffusion of Ga and In acting as p-type dopants [Gud+12; Bar+18]. The strength of this effect is

such that is capable of reducing the n-type doping developed by P in the vicinity of the isotype

heterojunction (GaInP/Ge). Indium is suggested – over Ga– as the main cause of the n-type

doping reduction because of its higher diffusion coefficient (see [Dun54; Bar+18] and Fig. 3.22

of L. Barrutia PhD thesis [Bar+17]). Then, when the maximum doping value is reached (ver-

tical dashed lines), a plateau is observed followed by the typical decreasing diffusion gradient

profile.

To exemplify more clearly the region division and to describe the model assumptions, Fig.

3.23 (top) shows a schematic diagram of the layer structure together with different profiles of

doping and material parameters assigned to the emitter (the rest of the layers are assumed with

uniform properties). To feed the simulations, realistic material parameters need to be calculated

for each region. To this end, the Ge solar cell is divided into three regions, two to model the

emitter and a third one to describe the base. The first region, namely, emitter #1 (E1 or gradual

emitter, GE) corresponds to the gradual emitter zone extending from the GaInP/Ge interface

down to the depth where the highest doping level is reached (i.e. at the beginning of the plateau

region in the ECV profile of the bottom graph in Fig. 3.23, i.e. the vertical dashed lines).

This region is the zone where the three diffusion profiles of Ga, In and P coexist and influence

the effective n-type doping in the germanium. The second region, namely, emitter #2 (or E2),

extends from the highest doping level to the junction depth (XE). Analogously, this region

represents the zone of the plateau and tail in the doping concentration where only the diffusion

of P needs to be considered to explain the n-type doping profile in the Germanium. Finally the

third region is just a p-type Ge slab with constant doping, corresponding to the base.

In the case of the first region (E1 or GE), we can expect a severe degradation of the emit-

ter electronic properties due to the heavy dopant compensation (confirmed by bottom graph of
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Figure 3.23: Top: Schematic of the baseline structure (not scaled to real dimensions) and model assumptions

for the Ge emitter. Bottom: Non-uniform doping profiles at the Ge emitter used in the simulations (from ECV

measurements) for the three samples analysed. The curves are shown from the beginning of the emitter until the

junction depth is reached (i.e. ND=BCC). Vertical dashed lines indicate the intersection of emitter #1 and #2 for

each solar cell. XE corresponds to the total emitter thickness, including E1 and E2.

Fig. 3.23 and SIMS measurements in [Bar+18]). In our model this region is simulated with a

constant minority carrier diffusion length (Lh,E), which is the parameter swept in the following

simulations. However, in emitter #2 and in the base of the Ge solar cell a much lower degree

of compensation is expected and thus analytical models for minority carrier properties have

been used. Doping dependence in the minority carrier diffusion length in emitter #2 departures

from the Lh,E value in emitter #1 to ensure material parameters continuity as can be deduced

from Fig. 3.23 (top). In particular, expressions for the doping dependence of minority carrier

lifetime were taken from [Gau+07] for both p-type and n-type Ge whilst those for carrier mo-

bilities were obtained from [Pri53]. The same equations were used for holes as majority (p-type

base) and minority carriers (n-type emitter #2), since to our knowledge, no empirical data for

hole properties in highly doped n-type germanium can be found in literature. Noticeably, hole
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properties in emitter #2 will vary with depth as a result of the gradient in dopant concentration,

whereas electron properties in the p-type base will be constant throughout.

Bandgap narrowing in the highly doped n-type emitter was also accounted for using the

analytical expressions obtained in [JR91]. Despite the fact that this expression was derived for

uniformly doped materials and thus its accuracy may be limited when working with varying

doping profiles [LB89], the good quality of the fits (see next section) obtained backed its ap-

plicability. Again as a result of the doping profile in emitters #1 and #2, a variable bandgap

narrowing vs. depth is calculated in those layers which in turn yields a variable bandgap across

the emitter. Finally, interface recombination velocity (SE) between GaInP and Ge has been con-

sidered together with infinite surface recombination velocities at front and back contacts (i.e.,

ohmic contacts). Further details on the analytical expressions for material parameters employed

can also be found in the Appendix A.1.3 of this document.

3.4.2 Model validation

Following our methodology for model validation, the typical PV characterization curves (EQE,

IQE, R, dark and light I-V) of the three Ge solar cells have been successfully reproduced by

the model by using exactly the same set of material parameters (see section 3.4.3.3) and model

assumptions described previously. Fig. 3.24 shows the measurements (black solid squares) and

simulation (red solid lines) results of IQE (top), EQE (middle) and R (bottom) for the solar cells

analysed. The models and material parameters employed have been validated by simultaneously

fitting the experimental IQE (by fitting independently the EQE and reflectance curves as shown

in Fig. 3.24), light J-V and dark J-V curves as it will be shown later). It is worth to mention that

the simultaneous fit for sample #E3 is only achieved by including the measured doping profiles.

QE degradation at low wavelengths (i.e. emitter region response) suffered by the effect of

increasing the thermal load, as can be observed in Fig. 3.24. Thanks to the modelling, we

are able to quantify the emitter contribution for each sample. Indeed, the emitter collection

efficiency (CE) shown within brackets (pink numbers) reduces from 93% to 75% and 0% for

#A2, #A3 and #E3, respectively. No significant changes have been observed and extracted from

simulations regarding the contributions from the base region. In fact, for the most degraded case

(#E3), the CE is higher (92%) than the best IQE (#A2 with 75%). This can be explained by the

different resistivity measured in these Ge substrates samples. The resistivity of #E3 is almost

twice than that of #A2 (20 and 8.8 mΩ·cm, respectively).

Performance degradation by thermal load did also appear in the I-V characteristics. As can

be seen in Fig. 3.25, the total recombination current increased as a function of the thermal load
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Figure 3.24: Experimental (black square filled symbols) and simulated (red solid lines) IQE (top), EQE (middle)

and reflectance (bottom) curves for the three samples analysed in this section (i.e. #A2, #A3, #E3). The contri-

butions of each region in the structure is also depicted for each IQE curve (dashed lines). The CE calculation (for

λ > 885nm) is shown within brackets for the AM1.5d ASTM-G173 solar spectrum.

and the ideality factor (equal to 1) did not show any modification.

Figure 3.25: Experimental and calculated dark I-V curves for the three samples.

Finally, light I-V curves were measured in several devices under a 1-sun calibrated solar

simulator and their parameters are shown in Table 3.9 for the three samples. All parameters

were seriously affected by the thermal load. The highest Voc drop measured was about 65 mV

for champion cells #A2 and #E3. FF also dropped by 6% absolute. Measured and simulated I-

V parameters of devices #A2, #A3 and #E3 are in good agreement as summarized in Table 3.9.
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The highest deviation (∼4%) occurs for the Jsc values of device #E3, which is explained by

the worse fitting of the IQE from 440 to 700 nm (see Fig. 3.24). All in all, the multiple-fitting

under different bias conditions achieves an excellent agreement with the experimental data.

Table 3.9: Measured and simulated Jsc, Voc and FF of representative devices of structures #A2, #A3 and #E3.

Experimental values correspond to the champion cells. Relative standard deviations for all measured devices

(about 5-10 for each solar cell) were lower than 2% for Jsc and FF and within the range of 0.3-0.9% for Voc.

Sample Jsc ( mA/cm2) Voc(mV) FF (%)

Exp Sim Deviation Exp Sim Deviation Exp Sim Deviation

#A2 20.7 20.7 0.00% 245 244 0.40% 66.8 67 0.30%

#A3 19.03 18.8 1.21% 211 212 0.47% 64.4 64.3 0.16%

#E3 17 16.3 4.10% 180 180 0.00% 60.5 60.8 0.50%

The reasons behind the degradation observed in both QE and Voc in etched 3JSC devices

may be the change in XE and in the variation of the doping profile close to the III-V/Ge he-

terointerface (the gradual region), as experimentally observed in Fig. 3.23 (bottom). We also

speculate that a change in the minority carrier diffusion length at the emitter (Lh,E) and in

the nucleation/emitter interface recombination velocity (SE) may have taken place. In order

to identify or rule out the different mechanisms that may produce such degradation, we have

performed simulations to determine: a) the impact of the gradual emitter shape and XE , b) the

influence of the minority carrier diffusion length at the emitter and SE .

3.4.3 Impact of gradual emitter

3.4.3.1 Gradual emitter profile and emitter thickness

The electric field in a heterojunction between two different semiconductors results mainly from

their band alignment, which can be modified by the doping level in each semiconductor. In

the GaInP/Ge heterojunction that applies to this work, the particular doping profile created by

the simultaneous diffusion of group V and III elements (i.e., the so called gradual emitter)

modifies the conduction and valence band in the vicinity of the heterointerface, as depicted

in the simulation shown in Fig. 3.26. This figure presents the conduction and valence band

diagrams of an n-GaInP/n-Ge isotype heterojunction for three cases, namely, the two doping

profiles presented in Fig. 3.23 and the ideal case of uniform doping. In other words, the band

diagrams of Fig. 3.26 represent those of solar cells #A2 and #E3 (as representative solar cells of
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as-grown and etched 3JSC devices, respectively) and a third case of constant doping included

for comparison. As can be seen in the figure, a depletion region for electrons forms in the

conduction band (Fig. 3.26a), whilst an accumulation region for holes appears in the valence

band in the Ge side next to the nucleation/emitter interface. Such regions become larger for

cases where the gradual doping profile extends wider (e.g., profile #E3). In the valence band, the

accumulation region at the heterointerface confines minority carriers and pushes them towards

the heterointerface where they readily recombine via interface states. In the conduction band,

a depletion region is formed creating a potential barrier for majority carriers. Gudovskikh et

al. suggested the presence of a p-type region between the GaInP window and the Ge emitter

as the origin of the potential barrier of around 120 meV formed at their samples [Gud+12]. In

this work, we find that the gradient in the effective carrier concentration at the emitter interface

is by itself capable to produce significant barriers (i.e. 17 meV for an as-grown sample and 66

meV for an etched one). Indeed, by considering interface recombination (analysed later) the

modification of charge at the interface produces such high barriers (up to 250 meV depending

on the amount of charge accumulation) that covers the values reported by Gudovskikh et al.

[Gud+12].

Figure 3.26: (a) Conduction band energy at equilibrium for different experimental emitter doping profiles. (b)

Valence band energy at equilibrium for different experimental emitter doping profiles.

In order to quantify the impact of these different band diagrams (structures #A2 and #E3) on

the electrical performance of the Ge subcells, the corresponding J-V curves were simulated. As
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a first approach, the emitter minority carrier diffusion length and SE values of structure #A2 (0.6

µm and 1.5·104 cm/s, respectively) were assumed for both structures. In this respect, this first

simulation allowed us to assess the isolated influence of the emitter characteristics (i.e., doping

gradient and thickness) on the Voc of the devices. Under these assumptions, the difference in the

calculated Voc between profile #A2 and #E3 was only 10 mV (247 and 237mV, respectively),

much less than observed experimentally (see Table 3.9). If the simulation is repeated with the

same XE (280 nm) in both cases, but keeping their corresponding gradual emitter, it yields 9

mV loss for Voc. In summary, neither the increase in XE nor the shape of the gradual emitter

fully explain the degradation in Voc experimentally observed for etched 3JSC devices.

3.4.3.2 Impact of SE and minority carrier properties at the emitter

In addition to the emitter depth and doping profile there are other phenomena associated with

the diffusion taking place that may influence the collection properties of the emitter. To name

the most relevant, we have 1) the formation/evolution of new surface states at the GaInP/Ge

heterointerface; 2) the widening of the hole accumulation region explained in Fig. 3.26; and

3) the increase in the concentration of defects or minority carrier traps in the emitter region.

Effects 1) and 2) would increase the effective surface recombination velocity at the emitter

(SE) whereas effect 3) would reduce its minority carrier (hole) diffusion length (Lh,E).

Therefore, to explore how variations in SE and Lh,E affect Voc and Jsc of the Ge subcell

we calculated the contour maps shown in Figure 3.27. Figure 3.27 (a) and (b) are contour

plots of Jsc and Voc, respectively, as a function of Lh,E and SE in emitter #1 for the as-grown

device #A2. For this sample, the measured XE was 180 nm, being the doping upsurge zone

gradual emitter (emitter #1) 40nm deep and the plateau-tail zone (emitter #2) 140 nm thick. The

thick dashed lines in Fig. 3.27(a) and (b) represent the iso- Jsc and iso-Voc curves that match

the experimental values measured for structure #A2 (see Table 3.9). Focusing on the current,

in the iso- Jsc contour for 20.7 mA/cm2 that applies to sample #A2 we have the following

situation: the value of the minority carrier diffusion length stays fixed at Lh,E ∼ 0.45µm for

low values of SE (horizontal stretch of the contour) whereas for high values of Lh,E , the surface

recombination velocity stays fixed at SE ∼ 3 ·104 cm/s (vertical stretch of the contour). In other

words, in the horizontal stretch, the collection is limited by the value of the diffusion length and

is insensitive to the low surface recombination velocity. In the vertical, stretch it is a high value

of SE which determines the amount of carriers lost at the surface (and thus collection) and

Lh,E has no impact since it has a value high enough to collect all remaining carriers. A similar

discussion could be stated for Voc maps in Fig 3.27(b).
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Figure 3.27: Simulated Jsc (a and c) and Voc (b and d) as a function of the effective SE and Lh,E of structures

#A2 (a and b) and #E3 (c and d) with their corresponding emitter characteristics (i.e., gradual emitter and thick-

nesses). Dashed thick lines indicate the range of values that fit experimental Voc and Jsc independently, while the

yellow stars stand for the overlapping of the dashed thick lines corresponding to the best data fitting.

According to the latter explanation, an upper bound for SE and a lower threshold for the

Lh,E can be established for sample #A2. Even more so, since the maps for Jsc and Voc are

calculated independently, the combinations of Lh,E and SE that fit the experimental Jsc and

Voc do not need to be exactly the same, i.e., the thick dashed curves in Figs. 3.27(a) and 3.27(b)

do not exactly overlap. Therefore, the intersection between those curves, represents the set of

possible (Lh,E , SE) that have physical meaning for structure #A2. The overlap for the best

fit occurs at the points marked with a yellow star in Figures 3.27(a) and 3.27(b) and allows to

further reduce the range of SE and Lh,E ranges that fit the results of sample #A2. Analogously,

Figure 3.27(c) and (d) are contour plots of Jsc and Voc for the etched 3JSC device #E3, again as

a function of Lh,E and SE . In this case, the additional thermal load produces an increased XE

of about 100 nm, being the doping upsurge gradual emitter 90 nm deep, whereas the plateau-tail

zone was of about 190 nm. Again, the thick dashed lines represent the iso- Jsc and iso-Voc that

match the experimental values measured for structure #E3 (see table 3.9), and their overlapping

corresponding to the best fit has been also marked with a yellow star. In this case, the iso- Jsc
contour of 16.3 mA/cm2 and the iso-Voc curve of 180 mV that fit the experimental result do
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not look any more as rounded corners but almost as flattened s-shaped curves or almost straight

lines running parallel to the x-axis. This reveals an (almost) total insensitivity to SE and a sole

dependence on a very small diffusion length of Lh,E ∼0.14 µm. In this way, the interpretation

of the degradation process behind the thermal load is straightforward: a severe degradation of

the minority carrier collection properties occurs in emitter #1. All in all, the simulations show

that hole properties of the n-type Ge emitter in the vicinity of the GaInP/Ge heterointerface

are the main responsible for the recombination losses within the structure and are limiting the

Voc of the devices. In fact, according to the simulations, the base accounts for just 16% of the

total recombination losses for the as-grown case whereas it drops to about only 3% for etched

devices.

3.4.3.3 Sensitivity analysis

As deduced from Fig. 3.27, several sets of material parameters are able to fit —within a reaso-

nable range of deviation— the I-V characteristics . This can be achieved by playing around with

parameters SE and Lh,E , however, there may be also additional uncertainties in the mobility

of minority carriers within the emitter (since there is no experimental data for such a high do-

ping concentrations available in the literature). Moreover, other physical mechanisms occurred

within the emitter #1 (that inhibit the electrical activation of phosphorous as dopant) could also

affect the mobility of carriers. Because of this fact, a sensitivity analysis for different SE , τh,E
and minority carrier mobility (µh,E) at the emitter was performed. Again, µh,E and τh,E have

been only assigned to emitter #1 and represent an effective mobility and lifetime of carriers

within that zone.

The dominant Voc losses come from the interface recombination at GaInP/Ge(emitter)

through parameters (SE and Lh,E) as depicted in Table 3.10 where the highest contribution

from the base is only 16% (#A3). Thus, the emitter controls the device performance in both,

as-grown and etched solar cells.

For as-grown solar cells, it is not possible to confirm that both parameters (SE and Lh,E)

contribute to the overall recombination losses, since the experimental I-V characteristics can be

actually explained by degrading only one of them (either by contributing 0 or ∼ 83 − 85%).

However, it is reasonable to expect that both parameters are affected by thermal degradation,

but with the present results we are unable to quantitatively determine it.

A degradation of the minority carrier properties at the emitter is required to explain the

experimental results in etched solar cells. This means that one can ponder about new designs

capable of avoiding any of those parameters with the certainty that some improvement can be
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obtained. This suggests that the thinning of the emitter would be beneficial despite the presence

of high density of traps at the interface6.

The range of values suggested for the material parameters can be extended if larger devia-

tions from experimental results are taken into account (deviations lower than 2% for Jsc and ±
2 mV for Voc were considered). However, special cautions were taken to avoid additional un-

certainties in the measurements, mainly to control precisely the temperature as well as the use

of calibrated solar simulator for 1-sun measurements. Indeed, the threshold assumed achieves

good data fitting taking into account the relative standard deviations measured for all samples.

The full list of material parameters range shows an important fact: µh,E has an unexpected

impact on the Voc. This occurs for #A3 when a maximum SE is considered and for #E3 inde-

pendently of SE . For example, by comparing the material parameters for different mobilities in

#E3 and maximum SE , it is observed that if µh,E = 650 cm2/V·s, τh,E must double its value

(from 0.01 to 0.02 ns) in order to fit the data. By increasing µh,E , QE gets enhanced as ex-

pected, but it degrades Voc. Therefore, τh,E must also be increased in order to fit the data. The

reason why mobility affects open circuit voltage can be explained by its contribution from dark

recombination at Voc in the vicinity of the interface and the asymmetry between E1 and E2 in

terms of minority carrier lifetime, being lower for E1 as described previously. Carriers are able

to move faster from emitter E2 to the interface (GaInP/Ge) rather than towards the junction if

a higher mobility is assumed, thus favouring interface recombination and the recombination at

E1. If mobility is lower, the chances to reach the interface or E1 diminish. The effect of mo-

bility on Voc is highly reduced on as-grown structures such as #A2 and #A3. Indeed, although

the mobility is higher in these cases, holes live longer also in E1 giving higher chances to cross

the junction and avoiding interface recombination. To illustrate this effect, Fig. 3.28 shows the

integrated recombination rate along a portion of the structure for a high and low mobility cases

at a fixed voltage of 160 mV (close to the maximum power point). The Voc difference between

these two cases is about 25mV, being higher for the low mobility case. As can be seen, recom-

bination rate starts to be higher for the high-mobility case at the vicinity of the nucleation layer

and emitter 1 interface. At E1 it shows almost constant values while at E2 increases slightly, but

always being higher than the low-mobility case. The fact that E1 shows almost a constant high

value indicates that the recombination rate at that region does not suffer significant changes with

respect to the values obtained close to the interface, thus its recombination (high) is comparable

6Pathways to increase Voc by modifying reactor conditions, e.g. using shorter nucleation routines could be found

in PhD thesis of L. Barrutia [Bar17]
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to the one at the interface.

Figure 3.28: Integrated recombination rate values at 160mV for etched solar cell #E3 with two different hole

mobilities at E1. Layer notation is that of Fig. 3.23.

Finally, Lb shows consistency with the fact that higher CE’s (as shown in Fig. 3.24) have

been extracted for etched devices mainly because the lower doping concentration measured.

3.4.4 Recovery of Voc with light concentration

Fig. 3.29 shows the Voc (experimental and simulated) as a function of light concentration for the

three samples analysed. Simulations predict a single slope logarithmic dependence (at different

magnitudes) of Voc with light intensity as typical in solar cells. This trend (single slope) is

followed reasonably well for the #A2 (blue squares). Interestingly, for #E3 (etched shown in

red circles), two slopes are clear. One corresponding to low light concentration regime (below

40 suns) and a second one above 40 suns. Maximum deviation from simulation of 25 mV

is observed for the highest concentration measured for this device (436 suns). Despite two

slopes can also be inferred for the #A3 device (as-grown at higher temperature than #A2), the

maximum deviation from simulation is significantly lower than #E3 (5 mV).

Accordingly, Voc of as-grown devices that did not suffer further degradation due to thermal

load (i.e. #A2) follows a logarithmic trend with light concentration while etched devices show

a significant recovery of Voc with light concentration. Different slopes were not found in their

dark I-V curves, suggesting that the main reason behind this recovery may be attributed to dif-

ferent behaviour when current is flowing in one direction or another (i.e., dark or illuminated).

We also speculate that it may be attributed to a dependence of the minority carrier lifetime as

a function of the injection level. This should come from the emitter because these devices are
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Figure 3.29: Simulated (lines) and experimental (symbols) Voc as a function of light concentration for the two

as-grown samples (#A2 and #A3) and the etched one (#E3).

SRH-emitter-limited as shown previously. In any case, the modelling used here did not capture

the Voc recovery whose origin is still unknown and under investigation.

3.5 Tunnel junctions data fitting

Local models were not able to reproduce most of the experimental data available7 for most

of the tunnel junctions developed for multijunction solar cells. Therefore, non-local models

have been used following Baudrit&Algora procedures [BA10]. Baudrit&Algora applied the

non-local models to GaAs/GaAs tunnel junctions. Here we apply those models to two different

tunnel junctions used in multijunction solar cells, namely AlGaAs/GaInP and AlGaAs/GaAs.

In order to include tunnel junctions into a multijunction modelling, calibration parameters for

the non-local model have to be calculated. Additionally, the optical behaviour of such structures

was compared to EQE measurements in order to validate the optical constants of the materials.

The first tunnel junction corresponds to an AlGaAs/GaAs tunnel junction with barrier layers

while the second one is an AlGaAs/GaInP p-n junction without barrier layers. Fig. 3.30 shows

the data-fitting that is achieved for both cases.

Nevertheless, it should be mentioned that by introducing the nominal structure for the case

of AlGaAs/GaInP TJ, no satisfactory data-fitting could be achieved. This structure has a very

thin GaAs layer between anode and cathode and its practical role may has a strong impact on the

7Experimental data provided by E. Barrigón and I. García. Samples shown in this section correspond to annealed

structures, i.e., samples have been subjected to an additional thermal load emulating the total growth of a multi-

junction structure. See more details in [GRA12a; Bar+14]
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output. We speculate that a possible inter-diffusion of dopants or even a formation of a ternary or

quaternary material between anode and cathode may be playing a key role. In fact, by assuming

a low bandgap material (GaInAs with 20% of In composition) able to increase the tunnelling

path and also to augment the contribution of trap-assisted tunneling permits an reasonable fit for

the ohmic (0-0.1V) and excess current (0.4-0.6V) regions8 of Fig. 3.30. Assuming non-physical

extremely low values of the effective masses allowed to fit the Jpeak but not the whole curve.

In any case, for multijunction purposes, both tunnel junctions considered are state-of-the-art

devices capable to handle extremely high current densities, thus the voltage drop is almost

negligible. Accordingly, when operating inside a multijunction structure and at very high light

concentrations, it is expected that tunnel junctions will not be operating in the excess current

region where trap assisted tunnelling dominates the curve.

Figure 3.30: Experimental and simulated I-V for the AlGaAs/GaAs (left) and AlGaAs/GaInP tunnel junction by

using non-local tunnel junction models and trap-assisted tunnelling models.

The QE performance of the middle cell affected by the transparency of the tunnel junc-

tions has been evaluated in order to test the optical constants. Simulations with and without

antireflection coating were performed and compared to experimentally available data for both

tunnel junctions (Fig. 3.31). Reasonable good agreement is achieved, despite the deviation

at low wavelengths for the ARC-less structure of AlGaAs/GaAs TJ validating the simulation

model. These simulated structures will be inserted into the multijunction solar cells studied in

the following chapters.

8The negative differential resistance region exhibits time-dependent oscillations that increase the complexity of the

measurements, thus data fitting.
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Figure 3.31: Experimental and simulated EQE of Ga(In)As subcells (with and without ARC) with two different

tunnel junctions. A GaInP layer of 750 nm acts as an optical filter [Bar+14].

3.6 Summary and conclusions

In this chapter, the validation of the models to GaInP, GaAs, Ge subcells and tunnel junctions

has been carried out. Analysis of the GaInP subcell showed that the present structure is fully

dominated by SRH losses. Besides, a breakdown of the main limiting layers has been presented

allowing the assessment of the improvement of GaInP solar cells by increasing the bandgap

and base thickness in mutlijunction solar cells. Assuming that Sb does not degrade the minority

carrier properties of the material, the increase of the bandgap of the GaInP solar cell with the

use of antimony was found to be beneficial.

The tunnel junctions were also validated with dark I-V curves as well as quantum efficiency.

Calibrated parameters for two different structures were extracted for their use in multijunction

solar cell devices.

In the case of GaAs and Ge subcells more extensive analyses have been carried out. The

first part presented a 3D model for the perimeter recombination in GaAs diodes and solar cells.

The model assumes the variation of the charge density at the perimeter surface by considering a

given density of traps. Additionally, GaAs diodes on two epiwafers with different base doping

levels, sizes and geometries, namely, square and circular, have been manufactured. An excel-

lent fitting of the experimental dark IV curves of these diodes is used to validate the proposed

model. By using the model, it is found that a surface channel region with a width of some tens of

nanometers is proportional to the space charge density created by perimeter surface states. The

model is able to explain why the perimeter recombination is dominant at low voltage biasing

but it can be also very influencing at high biasing. Detailed 3-D figures of electrostatic poten-
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tial and recombination rates are calculated for the real devices manufactured. An interesting

result is the explanation of the influence of the bulk doping level on the perimeter recombina-

tion which is experimentally found in manufactured GaAs diodes. The 3D model is used to

analyse the influence of doping level, size and geometry (square and circular) on the perimeter

recombination affecting GaAs concentrator solar cells. As a result, it is found that small solar

cells can be influenced by perimeter recombination even beyond the typical operation point of

concentrator cells (about 1 V) and that square cells exhibit a lower perimeter recombination

than circular ones. In any case, the control of the doping level can be used as one of the ways to

decrease perimeter recombination. Finally, the model was also used under illuminated condi-

tions achieving excellent fitting to the experimental data (dark and light I-V curves as a function

of the light concentration) and providing the main key losses within the present structure.

Finally, a model has been developed for the germanium solar cell with special focus on the

role of the emitter and interface between GaInP nucleation layer and emitter. An exhaustive

validation of the model has been carried out for samples with different degree of degradation

due to the thermal load associated to the growth of the top junctions as well as different proper-

ties of the base layer. It has been found that the potential barrier formed at the heterojunction

(GaInP/Ge) due to the emitter graded profile was not able to explain the performance degrada-

tion of the solar cells. Instead, the most degraded solar cell (etched device with a loss of 60

mV) was explained by degrading severely one portion of the emitter layer practically acting

as a dead layer. A sensitivity analysis of the minority carrier properties has been carried out

for all samples. All the structures (as-grown and etched devices) were entirely dominated by

the emitter and/or interface recombination at GaInP/Ge(emitter). Interestingly, the Voc showed

different slopes as a function of light concentration for the etched devices. Voc started to re-

cover when increasing the light concentration, thus approaching to the solar cell cases that did

suffer less severe degradations. We speculated that a possible reason to explain this is the en-

hancement of the minority carrier lifetime as a function of the injection level (not considered in

our model). This enhancement should be attributed to the emitter region close to the interface

with the nucleation layer. Another hint may be a possible modification of the electrically active

(or effective) carrier concentration may take place at higher light intensities. All in all, this

behaviour is still under investigation.
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4.1 Introduction

This chapter deals with the simulation, characterization and analysis of lattice matched

GaInP:Sb/Ga(In)As/Ge 3J solar cells. First, a comprehensive fitting of the model to the ex-

perimental baseline structure is described together with an in-depth analysis by means of de-

vice simulations. Then, a couple of case studies targeting less studied applications is pre-

sented, namely the potential use of multijunction solar cells operating under ultra-high irradi-

ance (>1000 suns), and the influence of proton irradiation on concentrator solar cells for space

applications intended to operate under concentrated irradiance for near-sun missions.

4.2 Modelling and characterization of

GaInP:Sb/Ga(In)As/Ge 3J solar cells

The lattice matched 3J GaInP/Ga(In)As/Ge solar cell is the most studied multijunction structure

for PV applications. This is indeed the workhorse multijunction solar cell commercial product

offered by companies (AZUR, Spectrolab, SolAero, CESI, among others) including space and

terrestrial applications. It is a monolithic 2-terminal device grown lattice matched to Ge ac-

tive substrates that offers simplicity and high efficiencies (41.6% at 400 suns terrestrial hold

by Spectrolab and about 30% for space achieved by AZUR). Because it is the most studied

structure, it is an excellent candidate to fully validate the modelling framework developed in

this thesis. Despite the extensive literature available for this structure, the same literature is

significantly scarcer regarding the modelling by using device simulators. Indeed, this is not

only applicable to the GaInP/Ga(In)As/Ge 3J solar cell, but also to multijunction solar cells

in general. Accordingly, here we will briefly describe some of the works regarding the use of

numerical device simulators for multijunction solar cells.

Michael introduced back in 2005 the capabilities of Silvaco Atlas to deal with multijunction

structures and local tunnel junction models. Then, the simulation of an inverted and lattice

matched triple junction solar cells was carried out by using Crosslight APSYS software (see

[Li+08; LXL07; LXL06] and references therein). At the same period, the inclusion of non-

local models enabled more realistic simulations and their suitability for multijunction solar

cells was demonstrated by Baudrit et al. (using Silvaco Atlas, see [BA08; BA10]) and Hermle

et al. (using Sentaurus from Synopsis, see [Her+08; Phi+08]). Later, Olson et al. showed the

potential use of the these simulators on the detection of potential barriers affecting the FF of a

solar cell operating under high irradiance [OSK11]. Additionally, by using the same software
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(Crosslight APSYS), Olson studied the effect of non-uniform irradiance on multijunction solar

cells [Ols10]. The study of multijunction solar cells was also carried out by simulating each

subcell individually. For instance, Haas et al. proposed a design to maximize the energy yield of

GaInP/GaAs dual junction solar cells by using ADEPT [Haa+11]. More recently, Walker et al.

proposed a triple junction solar cell design including a chalcopyrite CuInSe2 (as 1 eV material)

based on device simulations [Wal+14] and Wilkins et al. presented a simulation of a full 4J solar

cell including dilute nitrides in order to evaluate its potential for concentration applications and

the capabilities of device simulators to deal with four junctions [Wil+13; Wil+16].

Although, there have been some excellent works showing the potential capabilities of nu-

merical device simulators, these simulators are still in their validation phase for multijunction

solar cells. While some of these works simulate structures without including tunnel junction

models–simulating the individual behaviour of each subcell, then summing up their I-V curves–

, some others do include TJ-models, but the comprehensively comparison of simulation results

with experimental data is still pending. In general, less attention has been paid to the comparison

between modelling and experimental results. This is where we focus most of the attention in or-

der to validate the models used within this thesis, especially under different optical and voltage

bias conditions. In addition, because of the complexity in the development and functionality

of device simulators, it is always useful to show the output results of this type of simulators

(especially from different software suppliers) for benchmarking. This will help increase the

confidence on the results, analysis and material parameters extraction.

Accordingly, the main objective of the next section is to show how device simulations based

on drift-diffusion and quantum models are now able to reproduce and predict the performance

of multijunction devices. We will also mention their limitations and suggest pathways for im-

provement.

4.2.1 Model validation and analysis

A GaInP:Sb/Ga(In)As/Ge 3J structure is studied in detail and used to validate the multijunction

solar cell modelling (see Fig. 4.1). An important difference from most commercial products

concerns the top cell. Antimony has been incorporated into the ternary compound to disorder

the crystal structure material aiming at bandgap increase. Antimony has only been incorporated

into the base region while the emitter exhibits partial ordering, and thus shows lower bandgap.

Details on the growth can be found elsewhere [Bar+09; Bar14]. Solar cells of 1 mm2 were man-

ufactured by conventional photolithography and wet-etching processes. The front metallization

grid corresponds to an inverted square configuration with a shadowing factor of 2.7%. In some
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cases (QE measurements with no ARC), a solar cell without any metal grid pattern (provided

with a Ni pad front contact) has been used to avoid any influence of the metal fingers. Final

devices include an anti-reflection coating deposited by thermal evaporation using a nominal

MgF2(3nm)/ZnS(50nm)/MgF2(100nm) tri-layer.

Figure 4.1: (a) Nominal structural design of the GaInP/Ga(In)As/Ge triple junction analysed. (b) Band diagram in

equilibrium conditions for the 3J solar cell. A MgF2/ZnS anti-reflection coating of was deposited in some devices.

One of the main drawbacks in the use of physically-based simulators is the lack of reliable

material parameters. In the case of multijunction solar cells the complexity rises since the

devices have usually more than 20 semiconductor layers (as the case of 3 or more junctions). In

addition, several III-V homo-and heterojunctions are formed through the whole multijunction

solar cell (MJSC) structure and their properties and band offsets must be introduced into the

simulator. Accordingly, reliable optical and electrical material parameters as well as models

for the device performance must be used to ensure confident results. To validate the simulation

environment for multijunction cells, we use previous knowledge described in Chapter 3 together

with the comparison of the performance of the solar cell to conventional PV characterization

such as: 1) dark I-V for the 3J device, 2) subcell I-V curves (extracted from EL measurements),

3) calibrated 1-sun light I-V curves, 4) EQE (and IQE) and 5) calibrated light concentration

measurements.

Spectral electroluminescence was performed in order to calculate the internal voltages of
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devices and have access to each specific subcell1. This is calculated by following the reciprocity

relation between electroluminescent emission and external quantum efficiency of solar cells

[Rau07; Kir+08; Gei+14].

Moreover, we have fitted the calibrated light concentration measurements made at the cer-

tified calibration laboratory of FhG ISE of one of our solar cells with the nominal structure of

figure 4.1. This has been done by using the same set of material parameters (most of them

found in Appendix A and some others detailed later in this section) and models and changing

the biasing conditions.

4.2.1.1 QE and Reflectance

Devices with and without ARC have been used to measure QE and R. The reason why we use

devices with no ARC is mainly because an ARC greatly smooths the optical behavior of the

semiconductor layers of the structure. Therefore, we first validate the optical constants, model

and material parameters as well as the thickness and doping concentration of each layer by

comparing EQE, IQE and R for devices without ARC. Then, devices including an ARC were

used and calculations including its performance were carried out. Because final devices with an

ARC include a metal grid pattern that could influence QE measurements, the subcell QE is mul-

tiplied by a corresponding scaling factor extracted from calibrated 1-sun multi source simulator.

This allows to obtain absolute QE’s which are of special importance in multijunction devices

mainly because the QE measurement setup involves many sources of uncertainty (amplification

and lock-in stages, spectral resolution of the monochromatic beam, influence of metal fingers,

underfilling of the illumination area, different illuminated area, the need of voltage2 and light

biasing, etc.). Therefore, the comparison of simulation results to absolute QE measurements

would enhance the accuracy of the material parameters extraction and models.

The experimental and simulated IQE, EQE and reflectance (specular) are shown in Figs.

4.2a and 4.2b for devices with and without ARC. In both cases, the agreement between ex-

1EL measurements were performed at NREL facilities. Details on the setup can be found in section 6.3.2

2QE of multijunction solar cells is performed at short circuit conditions of the subcell to be measured. Nevertheless,

in practice under a given spectrum, the subcell limiting the photocurrent is operating under reverse bias which is

the sum of the open circuit voltages of the rest of the subcells. Therefore, if the QE of the limiting subcell has a

non-zero slope at reverse bias (i.e. shunt effect), the Jsc under 1-sun or calculated from absolute QE curve may

be inconsistent. This is another example that exhibits the complexity of measuring the true QE of a multijunction

solar cell. Anyhow, for a III-V solar cell with high material quality such as the ones of the state of the art, the

voltage dependence of the QE is very low or non-existent.
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perimental and simulated values is quite good. The highest difference (highlighted by the Jsc

deviation) does not exceed 1% in any subcell for both with and without ARC. In the case of the

Ga(In)As subcell, typical oscillations related to a resonant cavity are observed. The phase shift-

ing is perfectly simulated while the amplitudes show some discrepancy that can be attributed

to a possible non-uniformities in thickness (GaInP base and/or BSF) and in a lower extent to a

possibly partial coherence of light within thick layers of the subcell structure, i.e., the GaInP

base. We speculate that this amplitude deviation is related to possible non-uniformities in thick-

ness and/or measurement uncertainty rather than a possible second order effect in this case such

as partial coherence of light. This is because of two reasons: 1) reflectance measurements are

very sensitive to slight changes in layer thicknesses, thus small non-uniformities can be trans-

lated into significant measurement differences and 2) we have perfectly fitted these oscillations

within the Ga(In)As absorption range in other 3J similar solar cells indicating that the formal-

ism used here for photogeneration is valid. Indeed, those structures contain different GaInP

base thicknesses —which is the main responsible parameter of the phase shifting— were the

amplitude of the oscillations were matched. All in all, the Jsc difference is not larger than 0.5%

supporting the use of the model.

It is also worth to mention the disagreement between experimental and simulated QE and

R of the bottom subcell. Phase shifting and large amplitude deviations (in some cases as a

consequence of the phase shifting) are detected in both cases: with and without ARC. This

may be attributed, again, to oscillations associated to the resonant cavity existing in the the top

layers (transparency in the Ge range as well as thicknesses of the order of incident wavelength)

above the Ge subcell as well as error measurement uncertainty3. Possibly to a lower extent,

fluctuations in light reflections can be observed due to the partial coherence length of light as

mentioned previously. Let us remember that the present model considers that, each layer be-

haves coherently (and the substrate as a semi-infinite layer, see more details in section 3.4.1),

but different scenarios may affect the partial coherence of light, namely: roughness at the sur-

face or interfaces, the nature of light sources as well as possible thickness inhomogeneities. In

this regard, no significant roughness is expected at the surface or interfaces of III-V epitaxial

films grown here supporting the assumption of neglecting contributions from diffuse light in the

model as well as in the measurements. Nevertheless, it should be mentioned that although its

3Many sources of uncertainty can appear in reflectance measurements performed along this thesis. Because we have

used the same setup than the one used for QE (monochromator-based), all possible sources of error in conventional

QE measurements apply to this kind of measurement. Moreover, if the sample has a metallization grid pattern, this

can be very reflective thus influencing substantially the amount of reflected light.
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(a) 3J solar cell without ARC. (b) 3J solar cell with ARC.

Figure 4.2: Experimental (symbols) and simulated (lines) EQE, IQE and R for the GaInP/Ga(In)as/Ge 3J solar

cell. Dashed lines indicate the QE contribution of each layer within the corresponding subcell. The numbers

within brackets correspond to the Jsc of simulated curves while the numbers without brackets correspond to the

experimental ones, both calculated using the AM1.5d ASTM-G173 spectrum.

impact is a second order effect —and only affecting the transparency region—, the back side of

the Ge substrate is not typically polished (see for instance [Ari+17]) and some roughness can

be found which may alter its optical behavior.

The inability to deal with partial coherence of light does not discredit the use of the present

model, as only very low deviations from Jsc (<2%) have been found. However, it may raise its

importance when dealing with different devices or architectures. Indeed, as mentioned in pre-

vious sections, complete incoherence could play an important role on III-V multijunctions on Si

where thick glasses (∼ 600µm) are used as handler and placed between the III-V tandem and Si

solar cells (typically >200µm) [Ess+16]. Furthermore, sun light is partially-coherent by nature

due to its finite coherent length and finite spectral width [Pre00]. In this sense, several methods

have already been proposed to deal with partial coherence of light. Their suitability for device

simulators — such as the one used here— remains however, unexplored [Pre00; KS02; Tro+10;

Lee+12]. Although we speculate that the main cause of those deviations can be related mainly

to small non-uniformities in thickness and the complexity/uncertainty in the measurement of

absolute reflectance, we intend to evaluate the inclusion of partial coherence of light in order
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to expand the capabilities of device simulators. Accordingly, even though the Transfer Matrix

formalism used for these calculations does not deal with partial coherence/incoherence of light,

the negligible deviations in photocurrent —well below the range of measurement error— back

its applicability.

Regarding the electrical performance of the structure, the quantitative contribution of each

region to the total QE is also shown in the top graph of Figs. 4.2a and 4.2b as depicted in

Table 4.1. As expected, the SCR shows almost perfect collection efficiencies (CE>97%) in all

cases. The GaInP subcell is the one that shows the highest collection efficiency for any layer

disregarding the window layer. Interestingly, the emitter CE of the mid-subcell is about 80.1%

when for single junction cases is above 90%. The emitter CE in Ga(In)As is lower than expected

(compared to the single junction case reported back in Chapter 3 where the emitter CE>90%),

being the main limiting layer since the base layer shows CE=98.8%. This suggests that the

thinning/removal of the emitter would be beneficial for QE purposes. In fact, in order to achieve

data fitting for Ga(In)As, significantly higher interface recombination velocities were assumed

between window/emitter (about 1 order of magnitude higher than the single junction case).

Germanium subcell is also limited, as expected, by the emitter+interface recombination at the

nucleation/emitter (see section 3.4 for further details on how to enhance the emitter collection).

Table 4.1: QE contribution and collection efficiency for the main active regions of each subcell of the 3J solar cell.

The contribution from the rest of the layers is negligible and is not shown for simplicity.

Subcell
Window Emitter SCR Base

QE (%) CE (%) QE (%) CE (%) QE (%) CE (%) QE (%) CE (%)

GaInP:Sb 1.5 6.2 55.8 87.4 31.7 97.9 10.9 84.3

Ga(In)As 0.05 97.5 5.3 80.1 37.4 99.8 57.2 98.8

Ge 0 - 9.2 70.4 11.2 99.9 79.5 79.8

4.2.1.2 Light, dark J-V curves and subcell internal voltages

Reasonable good agreement is also obtained by comparing light and dark J-V curves of each

subcell (from EL measurements) and calculations together with the full 3J J-V curves (see Fig.

4.3a and 4.3b and Table 4.2). The ideality factors extracted are 1.25, 1.44 and 1 for GaInP,

Ga(In)As and Ge, respectively. In the absence of SRH recombination (bulk and interface) indi-

cated by dashed lines in Fig. 4.3a, germanium cell would get the highest benefit by increasing

its Voc by 77 mV. This corresponds to roughly one third of its total open circuit voltage. GaInP
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gains about 12% (159 mV) while Ga(In)As shows the highest material quality among the three

subcells with a gain of 54 mV (5.6%). If we look at the difference between solid and dashed

lines in Fig. 4.3a, it can be seen that Ge shows the same slope at low and high voltages. This

is not the case of GaInP:Sb and Ga(In)As. In particular, Ga(In)As is very affected by perimeter

recombination at low voltages while at high voltages the simulated dark J-V approaches the

one neglecting SRH losses. This is an indicator that at high voltages, radiative recombination

dominates the performance of Ga(In)As. To a lower extent, GaInP:Sb also approaches at high

voltages the dark curve without SRH losses, but the deviation is still significant. In this case

it is not possible to assess in this manner that the device is purely radiative-dominant at high

voltages. It should be mentioned that this assumption (no SRH losses) is not exactly the radia-

tive limit. We are considering bandgap narrowing, real mobilities as well as the fundamental

losses such as Auger and radiative recombination which are carrier concentration-dependent.

Therefore, it is a more realistic assumption providing quantitative voltage losses in each subcell

due to crystalline defects.

(a) Experimental (symbols) and simulated (including

perimeter recombination) dark J-V curves of each sub-

cell and the full 3J device. Dark J-V curves for cases ne-

glecting SRH recombination are also depicted for each

subcell (dashed lines) as well as from detailed balance

calculations (d-b).

(b) Experimental 1-sun ( AM1.5d ASTM-G173 spec-

trum) J-V curve for the 3J device (circles) and simu-

lated J-V curves for each subcell and the 3J device (solid

lines). The J-V curves including perimeter recombina-

tion are depicted (dashed lines).

Figure 4.3: Dark and light J-V curves for the 3J solar cell and its corresponding subcells.

GaInP is affected by voltage losses related to partial ordering effects. In section 3.3, we

have shown that our single junction GaInP cells developed an open circuit voltage about 1.37 V

which is ∼50 mV higher than the one developed here (see Table 4.2). The single junction case

has a partially ordered GaInP and the estimated bandgap is about 1.83V while the estimated

bandgap in the GaInP:Sb is about 1.87-1.88 eV. Accordingly, recombination mechanisms ap-
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Table 4.2: Experimental and simulated I-V parameters for the 3J solar cell and their corresponding subcells

illuminated at 1-sun AM1.5d ASTM-G173 spectrum. The Voc gain by neglecting SRH recombination losses is

also depicted.

Jsc ( mA/cm2) Voc (V) FF η(%) ∆ Voc, τSRH →∞ (mV)

3J - Exp. 14.40 2.489 0.852 29.91 -

3J - Sim. 14.38 2.513 0.830 29.99 258

GaInP 14.38 1.321 0.835 15.80 157

Ga(In)As 14.76 0.955 0.826 11.72 60

Ge 18.02 0.237 0.661 2.71 61

pear in GaInP:Sb contributing to Voc degradation as it will be discussed later.

Ga(In)As shows a similar behaviour to the single junction explored previously. On the

contrary, Ge exhibits a Voc close to 240 mV which is about 60 mV higher than the ones studied

in detailed in section 3.4. We speculate that these discrepancies between Ge studied in section

3.4 and this one are related to different quality of the wafers used in both cases that are not

considered in the simulations. This is mainly because thermal loads are very similar in both

cases.. Anyhow, this is still under investigation.

Finally, Fig. 4.4 visually summarizes the results of this validation process and shows a

good agreement between experimental light concentration measurements and theoretical calcu-

lations. In this case a lumped series resistance has been included into the calculations following

the procedure found in [AD00]. FF (thus the efficiency) exhibits the higher discrepancy. Typi-

cally, flash concentration measurements that use an unfiltered-Xe lamp may lead to an artificial

increase in the efficiency of a multijunction solar cell due to an overestimation of the FF. The

resulting uncertainty can be in the range of ∼4% for concentrator Ga(In)As based cells and

∼1% for Ge-based [Eme11; Ost+14a; Ost+14c]. In fact, an additional error to the intrinsic

flash measurement uncertainty arises when the bottom cell is over illuminated. Accordingly,

the discrepancy (lower than 2.5% absolute) between the calculated fill factor and the measured

one shown in figure 4.4 can be justified. Voc is probably the most reliable parameter to be

compared in flash measurements because it is far less sensitive to photocurrent changes as well

as current matching conditions than FF is. About 15-30mV deviations (mostly attributed to

Ge) have been detected corresponding to a relative difference ∼1% for the highest deviation.

In this sense, we have also depicted the results from EL measurements (violet empty circles)

to confirm that no significant voltage overestimation took place because of the use of HIPSS
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rather than T-HIPSS measurement technique as stated in [Ost+14b].

Figure 4.4: Solar cell parameters of calibrated concentration measurements of a GaInP/Ga(In)As/Ge triple junc-

tion solar cell. The baseline structure has a measured peak efficiency of 39.2% at 400 suns and about 37% at 1000

suns

4.2.2 Layer-by-layer recombination losses under dark conditions

Getting experimental access to internal subcell voltages by different techniques (i.e. Fig. 4.3a)

is a very powerful and useful way to analyze the individual behaviour of each subcell in a

multijunction stack (see for instance [Kir+08; Nes+15]). Nevertheless, it is not easy to have

access to the layer-by-layer behaviour of each subcell. In this regard, device simulations are

able to provide several outputs such as band energy diagrams, carrier concentrations, generation

and recombination losses as a function of depth or in a layer-by-layer basis. Together with a

proper model validation, these output can be very useful in providing more insight into the

fundamental operation and the limiting regions or mechanisms. Indeed, this is one important

advantage of using device simulations in order to asses enhancements of a given structure. Fig.

4.5 shows the recombination current by regions and types for Ga(In)As and Ge, while GaInP:Sb

will be described later.

In the case of Ga(In)As, the results obtained indicate that the base entirely dominates the

dark current, being SRH recombination the main dominant mechanisms at voltages below 1V

as can be seen in Fig. 4.5. Radiative recombination contributes about 20% at 1V while the

crossover between SRH and radiative recombination occurs at 1.21V. At 1.3V where radiative

recombination reaches 70% of the total. This is consistent with previous analysis on Ga(In)As
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subcells presented in sections 3.2. Germanium exhibits similar contribution from the emitter

(including interface recombination between the nucleation layer and emitter, IRWE) and base

at any voltage analysed.

Figure 4.5: Top graph: recombination current density at different regions for: Ga(In)As (left) and Ge (right)

as a function of voltage bias. Black dashed horizontal line indicates the current value matching the Jsc of this

multijunction solar cell at 1-sun. Middle graph: recombination by types (radiative and non radiative) for the

dominant layers, namely emitter+IRWE (E) and base (B). Bottom graph: fraction of total recombination occurred

at base (red) and emitter+IRWE (green) as a function of voltage bias.

The case of GaInP deserves special attention. The dark J-V curve cannot be explained by

just one dominant region, as the case of Ge and Ga(In)As (including perimeter recombination)4.

If only one of the layers (emitter or base) dominates the recombination, the simulated curve fits

well either at low or at high voltages, as can be seen in Figs. 4.6a and 4.6b, but not over the

whole curve. Therefore, the experimental J-V curve must be explained by a combination of

base and emitter recombination currents.

4For Ga(In)As, it is not expected that the emitter may severely impact the dark J-V curve, as in the case of GaInP:Sb.

We have shown that the base contributes above 80% up to 1.2V bias, being radiative recombination a very important

mechanism at voltages above 1V. Thus, if the emitter is very poor it would substantially affect the performance

at high voltages. Moreover, our GaAs develops a Voc similar to the single junction case indicating that dominant

base is consistent. In the case of germanium, there is no significant flexibility in the minority carrier properties

assumed at the emitter in order to fit the data. Accordingly, no sensitivity analysis has been performed on these

subcells.
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(a) Dark recombination current dominated by the base

region.

(b) Dark recombination current dominated by the emit-

ter region.

Figure 4.6: Experimental (symbols) and simulated (lines) dark J-V curves of GaInP:Sb subcell for different values

of minority carrier lifetimes: base (left) and emitter (right).

The recombination currents extracted and shown in Fig. 4.5 are very sensitive to the mi-

nority carrier properties. Our typical methodology is to fix the minority carrier mobility (when

available) and vary the minority carrier lifetime to match the experimental results. This is

because carrier mobility is less sensitive to growth conditions (i.e., temperature, V/III ratio,

flow rate, etc.) while carrier lifetime is strongly dependent on them, which impacts the growth

technology quality. Minority carrier lifetimes for germanium and GaAs are available in the lit-

erature, however, this is not applicable to GaInP:Sb mainly because minority carrier properties

for both emitter and base in GaInP:Sb5 are not known and they are very dependent on growth

conditions. Thus, is not possible to fix the mobility. It is also likely that the introduction of

surfactants such as Sb affects the conductivity, native defects and mobility in GaInP [Str02].

Furthermore, anisotropy of minority carrier mobility has been detected from direct transport

imaging techniques that could affect diffusion length [Hae+14] of carriers. Consequently, there

is a high degree of complexity in knowing the minority carrier properties of a given GaInP that

require extensive experimental work6. In order to overcome the lack of information and the

material parameters dilemma, we have decided to perform a sensitivity analysis of the main

5Minority carrier mobilities for several doping concentrations have been recently deduced from measurements of

carrier lifetimes and diffusion length for p-type MBE-grown samples in [Hae+14]

6Typically, minority carrier mobility experimental determination is done by obtaining the minority carrier lifetime

using TRPL and the diffusion length by EBIC, transport imaging techniques, among others (see [Sch+13; Hae+14;

Nie+17]). Then, from these two parameters (diffusion length and minority carrier lifetime), minority carrier mo-

bility is calculated straightforwardly by the Einstein relation.
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material parameters involved. This allow us to establish upper and lower bounds — that fit

accurately the QE and dark J-V— in the distribution of recombination losses by layers. The

sensitivity analysis is based on the following procedure:

1. Emitter and base diffusion lengths are extracted from QE data fitting.

2. Dark J-V curves as a function of τh,E and τe,B are computed by using the same diffusion

length to keep consistency with QE data fitting, i.e. the minority carrier mobility is cal-

culated from the minority carrier lifetime swept by using: LD2/τSRHkT (See footnote
7).

3. Extract the range of parameters where Voc is matched within a reasonable tolerance (±5

mV).

Three set of parameters were extracted with the following characteristics. The first set

we call best emitter case using the following minority carrier lifetime ratio between base and

emitter: τe,B/τh,E = 14.3. The second set is called best fit and τe,B/τh,E = 21.8; and finally

the third set is called best base with τe,B/τh,E = 50. Any minority carrier lifetime ratio lower

than 14.3 and above 50 deviates by more than 5mV in any J,V data point of the dark curve. The

range of carrier mobilities deduced for holes at the emitter is 346-660 cm2/V·s and 470-826

cm2/V·s for electrons at the base. The range of values for electron mobility in p-type materials

is indeed consistent with [Hae+14] while no data is found in literature for holes in n-type GaInP

materials.

Fig. 4.7 shows the recombination current for GaInP:Sb subcell as a function of voltage

bias. For all cases, the total recombination is a combination of emitter (although low, it in-

cludes IRWE) and base contributions. For all cases, SRH recombination strongly dominates

the recombination current. The contribution of radiative recombination is lower than 1% even

at voltages up to 1.55V. At this level, the operating point of the cell can be associated to the

performance at about 1000 suns. Therefore, even at 1000 suns the cell is strongly dominated by

SRH recombination. As can be seen in the bottom graphs, the base dominates the performance

at low voltages while the emitter increases its influence at high voltages. Different crossovers

are detected depending on the set of parameters used, shifting within a range of 100mV. Specif-

ically, the crossover points are 1.41V, 1.37V and 1.31V for the best emitter, best fit and best

base cases. Indeed, the voltage window for a reasonable good fit is rather large (100mV). This

7This approach is only valid as long as the QE does not significantly change independently of the µ/τ ratio.
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indicates the high sensitivity of the dark J-V curve to the recombination processes occurring

within the device. In fact, it is not clear up to which extent each layer dominates, specially

at low voltages. In the lower bound (best emitter case) the base and emitter contributions are

about 70% and 30% at 1-sun while at the upper bound (best base case) is about 50-50. The

best fit case indicates that at that irradiance level, the contributions are 65% and 35% for base

and emitter, respectively. At high voltages (above 1.41V), it is clear that the emitter starts to

dominate the performance.

We now come back to the Voc degradation with respect to the single junction cases of

GaInP:Sb subcell. Poorer minority carrier properties or different doping concentrations mod-

ified by the presence of Sb can be some of the causes. Indeed, the presence of Sb has strong

implications on the growth of GaInP. On the one hand, Sb enhances Zn incorporation, thus do-

ping concentration in the p-type base (see [OMK07; Bar+15b] and references therein), which

could affect the minority carrier properties. Nevertheless, to compensate the Zn incorporation

enhancement, careful calibrations were carried out and doping concentrations about 1017 cm-3

have been measured by ECV. This is the standard value used in previous single junction samples

of Chapter 3 where a higher Voc has been measured. Therefore, a possible difference in total

doping concentration is ruled out. On the other hand, it has also been reported that electron

lifetime decreases by increasing Sb [Fet+02; OMK07]. According to our simulations, some

degradation of minority carrier properties is present at the base (the minority carrier lifetimes

extracted is about 5 times lower than the case without Sb described in section 3.3), however,

it seems that is not the sole cause behind the lower Voc. In fact, we have already shown here

that a strong mix of emitter and base contributions suggest that the emitter is also playing a

role in the dominant recombination mechanisms. Another possible reason for the degradation

of GaInP (either emitter or base), is the Ge autodopìng that takes place during the growth of

triple junction solar cells (see [Bar+17] and L. Barrutia PhD thesis [Bar17]). Although the

carrier concentration measured was the targeted value, it does not necesarily means that Ge

autodoping is not degrading the material quality.

4.2.3 Layer-by-layer recombination losses under light conditions

Typically, the analysis under dark conditions is easier and faster than under light conditions be-

cause several illumination steps should be performed involving higher complexity in the calcu-

lations and numerical convergence. As a consequence, time consuming and carefully designed

simulations are required, especially if a rigorous model of tunnel junctions such as the non-local
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Figure 4.7: Top graph: recombination current density at different regions of GaInP:Sb as a function of voltage

bias for three different cases: best emitter (a), best fit (b) and best base (c). Black dashed horizontal line indicates

the current value that match the Jsc of this multijunction solar cell at 1-sun. Middle graph: radiative and non

radiative recombination for the dominant layers, namely emitter+IRWE (E) and base (B). Bottom graph: fraction

of total recombination occurred at base and emitter+IRWE as a function of voltage bias.

band to band and local or non-local trap assisted tunneling models are considered8. Simulations

can be assumed in 2D for the structures used here. In this regard, the simulation under dark and

illuminated conditions can provide relevant information about the device physics. Indeed, the

operation of the solar cell might not be the same under dark and illuminated conditions, includ-

ing opposite current flow directions — where band discontinuities may play an important role

depending on the design— and carrier concentrations are modified differently upon illumina-

tion. Accordingly, we have also computed the Jsc vs Voc pairs as a function of light concen-

tration and compared these curves to the dark ones. For GaInP:Sb (best fit case), the fraction

of recombination is slightly different for both emitter and base and there is also some constant

contribution coming from the window layer (∼5%), undetectable from dark simulations. As

can be seen, the difference between dark and illuminated behavior is voltage-dependent. At

low voltages (to the left of the crossover point between base and emitter), differences up to 10%

are observed while at higher voltages this is diminished to about 5%. The illuminated curve

of the emitter (+IRWE) is above the dark one (∼4%) at low voltages while at high voltages is

slightly below (∼4%). For the base, it is always below the dark one, thus this layer balances the

8By including tunneling models the simulation time increases by a factor of 4 for an appropriate tunneling mesh

and for a specific set of models used in this thesis.
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recombination. This is an interesting result indicating that although both sets of curves ( Jsc vs

Voc and dark ones) develop virtually the same J-V curve, the contribution by regions is distinct.

The cases of Ga(In)As and Ge are similar. The emitter recombination is higher under light than

under dark conditions for both subcells, being almost constant with voltage. On the contrary,

base recombination is higher at dark conditions for both subcells.

Figure 4.8: Fraction of recombination under dark (solid) and illuminated (dashed) conditions by regions of each

subcell: GaInP:Sb (left), Ga(In)As (middle) and Ge (right).

Physically, minority carrier population at the window is increased by several orders of mag-

nitude due to the illumination, thus so is the recombination rate. This is observed in Fig. 4.9.

The recombination rate shows strong correlation with the hole concentration increase at the win-

dow due to the quasi-Fermi level splitting upon illumination (dashed lines). This unbalances

the carrier concentration at the window and emitter interface, favouring interface recombination

between these layers which explains the higher recombination at the emitter (+IRWE) under

illumination at low voltages. In other words, electron-hole pairs generated at the window re-

combine at this layer but also at the vicinity of the emitter. At high voltages, series resistance

influences the recombination distribution at the emitter and base (>1.4V). Then, the base re-

combination should be balanced according to the overall recombination. For Ga(In)As and Ge,

there is also a high increase in minority carrier concentration at the window and the vicinity of

the interface window/emitter. Although window layers of these subcells receive less photons

(already filtered by upper subcells), the emitter does receive a high amount and although small,

the photogeneration at the window is not negligible, modifying substantially the hole concentra-

tion at that layer. Indeed, generation-recombination equilibrium at the window breaks because

of the small injected fraction coming from the upper layer (i.e., Ga(In)As overbuffer layer) and

non-negligible light absorption (∼ 109 cm-3·s−1), resulting in a hole concentration increase of

several orders of magnitude from dark (∼ 10−5 cm-3) to illuminated conditions (∼ 104 cm-3).

The uneven recombination by regions under dark and light conditions is attributed to the

impact of the window layer or/and the interface recombination. For instance, by neglecting
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Figure 4.9: Recombination rate and hole concentration at ∼1-sun as a function of the depth within the GaInP:Sb

subcell (left), Ga(In)As (middle) and Ge (right). The cross section is taken at 1/3 of the total length (illuminated

area) of Fig. 4.1.

interface recombination in these subcells, the fraction of recombination in each region is equal

in both dark and illuminated conditions. For GaInP:Sb, the same difference between dark and

illuminated conditions is still observed because of the high photogeneration rate at the window.

The implications of different contributions under dark and illuminated conditions may have

a major impact on devices with high recombination via interfaces. This is not the case anal-

ysed here (except Ge). Nevertheless, it should be mentioned that as devices approach to the

Shockley-Quessier limit with very high bulk material quality, the relative importance of other

recombination mechanisms such as interface recombinations (although low) might start to be

relevant for improved device performance.

To evaluate the impact of the emitter+IRWE in all subcells, simulations were repeated by

considering the absence of emitter bulk traps and interface states at the window/emitter inter-

faces. The Voc increases at 1-sun by 21mV for GaInP:Sb and 32mV at 1000 suns. Due to this

low increase, the lower than expected Voc measured in this subcell cannot only be attributed to

the emitter (at least in the low voltage range), consistent with the fact that both emitter and base

are contributing similarly in the medium voltage range (1.3-1.45V).

Ga(In)As enhancement assuming a perfect emitter is negligible at low voltages (mainly

due to perimeter recombination). At 1000 suns the increase is <5mV because base radiative

recombination dominates.

Ge shows a constant increase in Voc of 36 mV disregarding the light concentration which is

consistent with the kT-behavior of its dark current independently of the limiting region.

Accordingly, if the emitter is redesigned or removed, some gain can be achieved and the

device will become base-limited. It should be mentioned that it is difficult to evaluate the

material quality of the device having an emitter, base or interface recombination limited device.

In cases where photon recycling is not fully exploited (as is our case), a base-limited device may
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be preferable because this will be an indicator that no other regions exceed the recombination

of the thickest layer. Nevertheless, as devices approach to the S-Q limit some other relative

contributions coming from the emitter or interface recombinations (albeit low) can indeed start

to dominate the recombination losses mainly because the base recombination is so low that is

comparable to such other low losses. Therefore, the examination shown here is very useful to

elucidate which layers are presently limiting the device.

In summary, we can conclude that our simulation environment (model, material parameters,

etc.) is suitable to reproduce the experimental performance of concentrator MJSC. It is also

a very powerful tool for understanding the main limiting mechanisms in order to assess the

improvement of devices. The model developed will be used to analyze the performance of

MJSCs under different scenarios as it will be shown in the following sections.

4.3 Case study 1: Limiting factors of the semiconductor

structure for Ultra-High Concentration (1000-5000 suns)

Multijunction solar cells (MJSC) designed to work under ultra-high concentration (>1000 suns)

could be one of the ways to further reduce the cost of concentrator photovoltaic (CPV) systems

[Alg07]. The operation at ultra-high concentration (UHCPV) is not only interesting in terms

of cost reduction, but its understanding is also interesting for a better operation of the cell un-

der high localized irradiances caused by most optical concentrators. Nowadays, remarkable

advances on the performance of systems working above 1000 suns have been achieved, with

module efficiencies exceeding 35% at standard test conditions [Gho+14]. Furthermore, new

characterization techniques have been successfully developed showing the feasibility of testing

the cells under ultra-high irradiances (up to 10,000 suns) [Kor+07]. Despite these recent ad-

vances, the potential of ultra-high concentration has not been fully explored in CPV. The main

constraints include the performance of the optics used [Ben+10b; Her+12], the extraction of

heat [Gho+14; Alg+06], and the behaviour of the cell.

Regarding solar cell performance, series resistance losses are one of the most important

drawbacks of ultra-high concentration. The main components of series resistance (Rs) typically

found in a well optimised multijunction structure are listed from high to low contribution as

follows: a) top cell window and emitter (roughly half of the total), b) metallization grid and

front contact resistance (roughly one third of the total), c) tunnel junctions (up to ten percent)

and d) the potential barriers formed at heterojunctions (this may dominate the Rs depending

on the heterojunctions present in the multijunction structure). It is important to mention that
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the relative contributions to Rs are very dependent on technology and multijunction solar cell

design. Different emitter and window properties may be used as well as different metallization

grid, tunnel junctions or heterojunctions which may substantially unbalance the numbers given

above. Whereas the contributions of the front metal grid [Alg07; Nis+06] and tunnel junctions

[GRA12b; Bar+14] to the whole series resistance have already been thoroughly addressed for

UHCPV applications showing their suitability, the other contributions related to the top cell

and heterojunctions have not been fully explored. Both top cell window and emitter layers

need to handle large current densities (they act as lateral current spreading layers). In the

case of the contact layer, it is usually highly doped to achieve a good ohmic contact, and thus

its electrical conductivity is assumed to be high enough9. In the case of heterojunctions, the

potential have been shown to become very relevant under high irradiance, thus care must be

taken when selecting the heterojunction systems to be used [Gal+06; KOM10; OSK11].

Accordingly, in this section we optimize the performance of lattice-matched GaIn-

P/Ga(In)As/Ge triple junction solar cells under UHCPV by using the TCAD tool and models

developed in this thesis. The optimization of the MJSC semiconductor structure has focused on

the structural properties (thicknesses and doping levels) of the top emitter and window layers as

well as on the role of heterojunctions inside the MJSC, since we have detected that the rest of

layers do not significantly contribute to series resistance. Although this study is focused on the

standard GaInP/Ga(In)As/Ge triple junction solar cell, the results can be applied to a large ex-

tent to other MJSC architectures such as inverted metamorphic, wafer bonded, diluted nitrides,

etc. [Fra+15; Dim+14; SYW12].

Because of the key role played by the top layers of the GaInP top cell (i.e., window and

emitter layers), material parameters such as carrier mobilities and lifetimes as a function of the

doping level must be provided for the semiconductors constituting those layers, namely AlInP

and GaInP (see figure 4.1). Accordingly, further details about these two materials are given in

next subsections while all the other general parameters regarding all materials involved in the

MJSC structure are given in the Appendix.

9The role of the contact layer has been detected to be negligible if high enough doping concentration is achieved

(> 1019 cm-3). Nevertheless, most of the current crowding occurs within this layer and its role will be also

dependent on the metal grid design. Furthermore, typical etching processes reduce the electrical contact area

[Pra01a] (neglected in our case) being the contact width lower than the metal finger width, thus reducing its

capability to drain current. Therefore, the role of the contact layer taking all previous statements into consideration

has not been completely tackled in this section while we understand that optimizing the solar cell processing and

shadowing factor are key aspects to counteract or completely mitigate its effects.
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4.3.1 Methodology to assess the optimum design of multijunction solar

cells for UHCPV

In this section, solar cells of 1 mm2 are analysed due to the fact that: 1) the heat extraction at

UHCPV requires the use of very small devices (about 1 mm2 or smaller) since the heat dissipa-

tion is much more efficient [Gho+14; Alg+06]; and 2) small size solar cells also benefit from a

reduction in the metallization grid losses. In fact, the approach followed here would only be af-

fected in terms of metallization grid losses if different solar cell sizes were analysed. Although

perimeter recombination increases in small solar cells (especially in GaAs [Esp+15b]), its im-

pact is not a limiting factor at high concentrations as shown previously (see also [Fid+14]).

All simulations were performed at 25oC due to the fact that heat extraction (and then, tempe-

rature) is strongly dependent on the thermal management strategy offered by the CPV module

[GVA16a] and the lack of material parameters at high temperatures for the modelling to be ac-

curate (i.e. electron and hole effective masses, conduction and valence band offsets, diffusion

length of carriers, among others). Nevertheless, it should be mentioned that going to higher

light concentrations raises the cell temperature, degrading the overall performance of the con-

centrator solar cell. The most affected parameter is the Voc while the FF is the less affected one

[GVA16a]. We analyse different Rs components. Since the FF is the most affected by Rs, it

can be concluded that the overall impact of Rs under higher temperatures would be lower than

the changes in Jsc and Voc. Moreover, the solar cell parameters may reduce their sensitivity

to temperature with concentration [GVA16a]. Accordingly, the main conclusions and general

trends we achieve are not compromised by simulating at 25oC. This is also supported by the fact

that for a well optimized grid, the larger contribution to Rs comes from the top cell window

and emitter whose conductivity is expected to increase with temperature thus counterbalancing

the resistivity increase from the grid with temperature. In the case of tunnel junctions, their

contribution to Rs do not vary negatively at higher temperatures [Bar+14; Whe+09], while Rs

from heterojunctions involves higher complexity to be quantified.

Regarding the semiconductor structure, both the top cell window and emitter layers were

examined individually rather than, as an ensemble of both layers. First, the top cell emitter is

evaluated at 5,000 suns to detect if the present emitter properties and the whole structure are

suitable (i.e. η >40%) to work at irradiances from 1,000 to 10,000 suns. Then, the doping

level and thickness of the emitter are optimized before proceeding to any further modification

in the rest of the solar cell. After the emitter optimization, the conductivity properties of the top

cell window layer as a function of doping level and light concentration are examined. The top
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cell window layer is fixed to a value of 25 nm. Thinner layers would be desirable in terms of

minimizing the absorption of high energy photons; however, they may compromise the emitter

passivation quality [Gar10]. On the contrary, thicker window layers are undesirable because of

the higher absorption of light. Therefore, the selected value of 25 nm results from a trade-off

between good passivation properties and low absorption of light [Gar10]. Then, the recombina-

tion losses and high injection effects at high irradiance are discussed and examined. Next, the

impact of heterojunctions is analysed at ultra-high concentration (5,000 suns) to detect which

potential barriers formed can limit the performance. Finally, an optimization loop is carried out

for the whole solar cell taking into account the preliminary optimizations from previous stages,

following the criterion of maximum efficiency as a function of concentration.

4.3.2 Influence of top cell emitter

Fig. 4.10 shows a contour plot of the MJSC performance figures of merit as a function of

the top cell emitter doping density and thickness at 5,000 suns. The best efficiency values are

found for thin emitters (below 100 nm) and relatively high doping levels (5·1018-3·1019 cm-3).

It is noticeable that the efficiency is mainly dominated by the short circuit current and the fill

factor. The short circuit current drops with increasing emitter doping due to the worse minority

carrier properties and the thickness of the emitter becomes more important when the doping

level degrades the diffusion length up to a point (lower than 70-72 A/cm2), where carriers

cannot be collected efficiently. As a consequence, thinner emitters (below 50 nm) are required

to maintain high efficiencies if the doping density increases above 3·1019 cm-3. It is important

to mention that for thicknesses below 50 nm, the efficiency is high, but not the highest, being

lower than the 42% peak corresponding to the white cross mark of Fig. 4.10. In other words,

the efficiency starts to drop slightly for highly doped emitters with thicknesses below 50 nm

(barely noticeable to the right of the white cross mark) because the overall light absorption

is reduced and interface recombination becomes more significant. On the other hand, going to

higher doping levels enhances the FF (stronger impact than thickness) as expected, due to better

lateral conductivity. Therefore, the peak efficiency is 42% at 5,000 suns for a 50 nm emitter

doped as high as 1.5·1019 cm-3 which is actually a trade-off between short circuit current and

FF losses as usual in concentrator solar cell design.
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Figure 4.10: Solar cell parameters of calibrated concentration measurements of a GaInP/Ga(In)As/Ge triple junc-

tion solar cell. The baseline structure has a measured peak efficiency of 39.2% at 400 suns and about 37% at 1000

suns.

4.3.3 Influence of the top cell window

The electrical properties of the window layer become more important as the irradiance is in-

creased. This can be seen in the contour plot of Fig. 4.11. For concentration levels below 700

suns, the efficiency is not affected by the top cell window doping density. However, above this

concentration, an efficiency gain up to 1% absolute (at 3,000 suns) can be achieved by increas-

ing the doping level. Moreover, the peak efficiency is slightly shifted towards high irradiances,

from 2,000 to 3,000 suns when the doping is augmented as indicated by the black dashed arrow.

This gain is entirely related to a better performance in terms of FF because the changes in Jsc

and Voc are not significant.

The reason for the FF improvement is shown in Fig. 4.12 where the total current density

at 5,000 suns through both the top cell emitter and window layers is depicted for two different

top cell window doping densities. The total current density through the top cell window is

significantly lower when the doping density is 1018 cm-3 (see Fig. 4.12a). For a higher doping

density (1019 cm-3, Fig. 4.12b), the current is able to spread through the window layer relieving

the emitter layer from high current densities. Hence, the window layer may not be only a
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Figure 4.11: Contour plot of efficiency as a function of the top cell doping density and concentration. The top cell

emitter doping is 5·1018 cm-3 and the thickness is 175 nm.

passivation layer or hole minority barrier, but it also helps distribute the high current density

from the emitter to the front contacts.

The efficiency gain observed in Fig. 4.11 may be reduced when the doping level of the

emitter layer is increased (as suggested by Fig. 4.10) which would eventually enhance the

conductivity of this layer. If the optimum emitter thickness and doping level values (50 nm

and 1019 cm-3 values from Fig. 4.10) are used, the efficiency gain reduces to 0.8% which is

still a significant increase. Therefore, the use of very high doping levels for the window layer

enhances the performance of multijunction solar cells operating at ultra-high irradiance. A

good lateral conductance at the window and emitter layers is also beneficial because a higher

grid spacing may be used reducing the shadowing factor of the metallization grid.

On the other hand, it could be argued that AlInP mobility values are not well known for

the doping range from 1019 to 1020 cm-3. For example, from Eq. A.3 (see Appendix A),

the calculated mobility for an AlInP layer with a doping level of 1020 cm-3 is 25 cm2/V·s
(see Appendix A, Fig. A.8). Since the mobility at such a high doping level is unknown, we

have forced the case of a very poor mobility (1 cm2/V·s) at the AlInP window layer. As a

result of the calculation, the difference in efficiency is 1%, being obviously lower for the low

mobility case (1 cm2/V·s) than the nominal mobility case (25 cm2/V·s). This efficiency drop

is comparable to the relative efficiency drop calculated by fixing the mobility to 1 cm2/V·s
and increasing the doping densities two orders of magnitude (from 1018 cm-3 to 1020 cm-3).

Accordingly, assuming good metallization properties (as the ones stated previously), the effect

of an artificial extremely low mobility on efficiency would be counterbalanced by using very
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Figure 4.12: Cross-sectional color map of current density at maximum power point (∼3 V) and 5000 suns of top

layers in the GaInP subcell for two window doping densities (a) 1018 cm-3 and (b) 1019 cm-3.

highly doped window layers.

Typical concentrator cells operating around 500 suns have no requirements of higher top

cell window doping levels (see Fig. 4.11); however, working at higher current densities would

require doping levels higher than the one shown in Fig. 4.1. Increasing the electrical doping

level (above 1018 cm-3) in AlInP is not an easy task to accomplish. Silicon-doped AlInP has

been reported to reach doping levels around 1018 cm-3. Nevertheless, further increase of the

doping level by using silicon is difficult because of the incorporation of aluminium and the

occupation of Silicon in lattice sites of group III and V [Dai+15]. Anyhow, higher n-type

doping levels can be achieved by using Se or Te dopants. In fact, we have measured doping

levels of 2-3·1019 cm-3 in Te-doped AlInP when the nominal values were 1020 cm-3 indicating

that achieving very high doping levels is not straightforward. As far as we know, electrical

doping concentrations up to 1019 cm-3 using Te is the highest electrical doping level reported

[Dai+15]. It is also important to mention that very high doping levels may impact the intrinsic

properties of the material and its related heterointerfaces. The use of very high doping levels

may give rise to typical phenomena observed in III-V semiconductor alloys such as: a) band

gap narrowing/widening affecting among others, the transparency of the window layer, b) the

modification in the ordering degree of the material and c) the variation of the band offsets with

the surrounding materials. Besides, deep level defects can increase significantly for very high

doping levels. Although these issues may affect the performance, the suitability on the use of

very highly doped AlInP windows in solar cells (up to 1019 cm-3 using Te) has been already
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reported [Dai+15]. In summary, modelling shows that very high doping levels at the window

layer enhance the maximum power point of the cells. In order to reach the high doping levels

of 1020 cm-3, the use of Se and Te as dopants is recommended. However, such a high doping

level needs to be achieved and evaluated experimentally.

4.3.4 Recombination losses

We have examined high injection effects and different recombination mechanisms at a concen-

tration level of 5,000 suns. Since high injection effects can be stronger in localized regions, they

have been analysed where the maximum current density is found in the structure (i.e. under the

edge of the front metal fingers at maximum power point, see Fig. 4.12). High injection effects

are expected with higher probability at the active regions where most of the photo generation of

carriers takes place. Specifically, the base region is likely to have an excess of minority carriers

exceeding the doping level rather than the emitter due to the lower base doping level. As a

result of the numerical calculation, we have found that the majority to minority carrier ratio is

2.7, 3.84 and 47 for top, middle and bottom cells, respectively. Hence, there are no clear signs

of high injection effects in MJSC at 5,000 suns. Another possible limiting process of the solar

cell efficiency under ultra-high irradiance is the impact of different recombination types. Auger

recombination can be especially important because it increases as the cube of carrier concentra-

tion (see Appendix A). Moreover, in the present design, Auger recombination affects more Ge

than GaInP or GaAs, since Ge has a lower-indirect band gap. In order to elucidate the impact

and contribution of the different recombination mechanisms, we have analysed them under open

circuit conditions where all generated carriers are lost by recombination. Shockley-Read-Hall

(SRH), radiative and Auger recombination contributions can be seen in Fig. 4.13. It is clearly

seen how SRH losses dominate mainly in GaInP and Ge subcells while radiative recombination

is the main loss mechanism in the GaAs subcell. In this cases, improved modelling is achieved

if photon recycling is considered self-consistently. Regarding Auger recombination (and ex-

cluding its role in tunnel junctions), it shows its largest contribution in the Ge subcell emitter

(almost 50%), whilst it only reaches 8% in the Ge subcell base. Accordingly, we found no clear

evidence of Auger-limiting processes at ultra-high irradiance by using the models described in

previous section. This finding is supported by previous work developed by Vossier et al. show-

ing that Auger-limiting behaviour from the Ge subcell does not show significant degradation in

performance for concentration fluxes of thousands of suns [VHG10].
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Figure 4.13: Fraction of different recombination losses within the multijunction solar cells (cross-section view)

at 5000 suns. The recombination losses are calculated at open circuit. Please note that in order to show this plot

clearly, the depth in the structure is not scaled and does not correspond to the real thickness of the layers.

4.3.5 Influence of heterojunctions

We found no significant limitations from the band discontinuities formed in any heterojunction

(see Table 4.3) when they operate at very high irradiances (3,000-5,000 suns).

The interfaces between arsenides (e.g. AlGaAs/GaAs system) are well-known and their

band offsets have been extensively studied. The case of the (Al)GaInP/GaAs system has been

extensively studied too. However, the band alignment has been proved to be dependent on

the ordering parameter of the phosphide and/or aluminium content when employed [Ada09].

Moreover, the band offsets are very dependent on the interface formed and the properties of the

surface which are also dependent on the growth conditions. Consequently, it is reasonable to

expect different properties at each heterojunction that need to be empirically determined. Nev-

ertheless, we evaluate here as a case study the (Al0.2Ga0.8)0.5In0.5P/Al0.5Ga0.5As heterojunction

formed between the top cell BSF layer and the anode of the high band gap tunnel junction. The

reason why we chose this heterointerface is because to our knowledge there is no experimental

data of the band offsets available in the literature. Anyhow, the analysis carried out here can

be applied to any heterojunction with similar band alignments. Accordingly, we compare two

cases with different Valence Band Offset (VBO) namely, nominal case (lower VBO) and higher

VBO case. It has been found that high potential barrier heights (φb) can compromise the per-

formance of the solar cell in terms of FF [OSK11]. This is clearly observed in Fig. 4.14 where

the solar cell parameters for two different VBOs are shown as a function of the BSF doping
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Table 4.3: Band discontinuities for different heterojunctions formed at the MJSC of Figure 4.1 taken from the

literature. All band discontinuities are calculated applying Anderson’s rule. The band discontinuity calculation

starts from experimental measurements of the valence band offset or using nominal electron affinities. When

electron affinities are used, the resulting band discontinuities are comparable with literature. In the case of the

(Al0.2Ga0.8)0.5In0.5P/Al0.5Ga0.5As band offset, it is calculated by applying Anderson’s rule [Sil16] but using the

nominal electron affinities taken from [Gud+09a; LRS96], respectively. Bold and italic numbers correspond to

barriers for majority carriers, electrons ( ∆Ecv) or holes ( ∆Evb). Heterojunctions found in tunnel junctions are

not included in this table because non-local tunnelling models (expected dominant transport process) are used to

simulate carrier transport instead of thermionic and thermionic-field emission boundary conditions.

Region Heterojunction ∆Ecv (eV) ∆Evb (eV) Reference

Top

GaAs / Al0.53In0.47P
0.29 0.65 [Gud+09b]

(Contact/Window)

Al0.53In0.47P/ Ga0.51In0.49P
0.23 0.32 [Gud+09b]

(Window/Emitter)

Ga0.51In0.49P/(Al0.2Ga0.8)0.5In0.5P
0.12 0.15 [ZCF98]

(Base/BSF)

TJ1
(Al0.2Ga0.8)0.5In0.5P / Al0.5Ga0.5As

0.15 0.48 -
(BSF/Anode TJ)

Middle

Ga0.51In0.49P/ GaAs
0.06 0.33 [Gud+09b]

(Window/Emitter)

GaAs / Al0.3Ga0.7As
0.13 0.18 [BW86]

(Base/BSF)

TJ2
Al0.4Ga0.6As/GaAs

0.25 0.275 [BW86]
(Barrier TJ/Buffer)

Bottom

GaAs / Ga0.51In0.49P
0.06 0.37 [Gud+09b]

(Buffer/Nucleation)

Ga0.51In0.49P/ Ge
0.01 1.15 [Gud+12]

(Nucleation/Emitter)
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level. By comparing the lower VBO with the higher one at NA=1018 cm-3, the difference in

FF is about 4% absolute. For higher BSF doping levels, this difference becomes narrower up

to a point where FF of higher VBO is very close (1% difference) to the nominal case. It should

be mentioned that for a case with nominal band discontinuities (black dashed lines) the FF also

improves with doping, but in a lower rate than the high VBO case (about 1% absolute). Voc

and Jsc remain without significant changes as a function of carrier concentration in any case in-

dicating that majority carrier transport is affected more severely than minority carrier transport

through the heterojunction.

Figure 4.14: Solar cell parameters at 5000 suns as a function of doping density of the top cell BSF layer for a high

VBO ∼ 700meV (red lines) and for a nominal VBO ∼ 480meV (black dashed lines).

The recovery of FF with the increase of BSF doping level can be explained by looking

at Fig. 4.15 where the valence band energy is shown for three cases: a) Nominal VBO, b)

Higher VBO and c) Higher VBO with higher doping level than the others. In the nominal

VBO case (black dashed lines, nominal band alignment and doping level), the majority carrier

transport is better than any other case due to its lower VBO, thus lower φb (220 meV). As

can be seen, a highly doped BSF region (like the green dashed line, NA=1020 cm-3) shifts the

band upwards (Fermi level lies inside the band) and the band bending gets reduced in the BSF,

thus its depletion width. This leads to a reduction of the potential barrier thickness enhancing

the hole transport by tunnelling through the spike from BSF to the tunnel junction anode, even

though φb is high (480 meV).

Similar dependencies with doping in heterojunctions have been described in [OSK11] on

p-type GaAs (base)/GaInP (BSF) heterointerface with a high effective potential barrier (300
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Figure 4.15: Valence band energy at equilibrium between AlGaInP/AlGaAs (top cell back-surface field (BSF)

and tunnel junction anode). The effective barrier height for each case is: 220 (black dashed line), 430 (red line)

and 480 meV (green dashed line). Different transport processes are illustrated such as tunnelling and thermionic

emission corresponding to the main mechanisms to overcome the potential barrier formed at the heterointerface.

meV). Although it is not the same heterointerface, the behaviour was similar to Fig. 4.14 show-

ing that higher doping levels were capable to recover the FF on GaAs solar cells. The same

procedure was later replicated inside a multijunction structure [KOM10]. Dependencies with

doping level for the same heterojunction were also found for a high/low base doping which is

different of what we have done here [HB12]. On the other hand, higher doping levels in the

lower band gap material may lead to the opposite behaviour as the one shown in Fig. 4.15.

The main issue is that at the lower band gap region such as the base layer, the band alignment

with the BSF creates an accumulation region (see GaInP base of Fig. 4.15). Then, if doping is

increased, the band shifts upwards augmenting the effective barrier height. In this case, neither

tunnelling effect nor thermionic transport processes are favoured. In general, a proper opti-

mization of the band offsets and/or carrier concentrations can promote tunnelling or thermionic

emission in order to overcome the barriers found at any heterojunction in a multijunction struc-

ture.

4.3.6 Voltage loss with light concentration due to perimeter recombina-

tion in 3J solar cells

Because the solar cell analysed is very affected by perimeter recombination, especially at the

Ga(In)As subcell (see for instance [Esp+15b]) the evolution with concentration of the open

circuit voltage losses at the perimeter is shown in Fig. 4.16. In consistency with dark J-V
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curves, perimeter recombination reduces the Voc in about 30 mV at one sun, but decreases as

a function of light concentration. Indeed, above 1000 suns (where radiative recombination is

dominant) the voltage losses due to perimeter recombination are less than 5 mV.

Figure 4.16: Absolute and relative —with respect to 3J— Voc losses due to perimeter recombination as a function

of light concentration. The device P/A ratio is 40. Ga(In)As base doping level is 2 · 1017 cm-3.

4.3.7 Global optimization

Heretofore, we have not found any significant limitation in a MJSC operating under ultra-high

concentration. Some of the limitations discarded with the present approximation include: con-

straints from top layers where there is high current density, limiting heterojunctions, Auger-

limiting processes, high injection effects, etc. In particular, we have shown that a proper tuning

of the top layers makes the cell suitable to operate under ultra-high concentration. Accordingly,

in this subsection we have carried out an optimization procedure in order to find the most suit-

able design to work under UHCPV by taking into account all previous results. Furthermore,

we have also evaluated the impact of different metal grids in the resulting optimized structure

by using typical metal grid parameters found in state of the art multijunction solar cells. The

following constraints are considered in the optimization procedure:

1. Top cell emitter doping level has been varied between 1018-5·1019 cm-3 and the top cell

emitter thickness ranges between 25 to 150 nm, as suggested by Fig. 4.10.

2. Top cell window doping density is fixed at 1020 cm-3 (see Fig. 4.11) and its thickness

is set at 25 nm, which is a value widely used experimentally providing good passivation

properties and low absorption in the direct spectrum.
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3. Heterojunctions are kept as the ones from the baseline structure for any concentration

simulated.

As can be seen in Fig. 4.17, an ideal efficiency peak of 43% is reached at 4,000 suns without

considering metal grid losses. If we assume resistive losses corresponding to already achieved

front metal contacts, i.e. RM=50 mΩ/sq and ρFC=10−6 Ω·cm−2, efficiencies above 42% can

be still achieved for concentrations up to 5,000 suns. In this case, the peak efficiency (42.5%)

is reached at 3,000 suns with the following I-V parameters: Jsc=43.7 A/cm2, Voc=3.34 V and

FF=87.5%.

Figure 4.17: Efficiency as a function of light concentration of a 1 mm2 GaInP/Ga(In)As/Ge triple junction solar

cell with an inverted-square metallization grid for different metal sheet resistances. The optimized structure has a

top cell window doping level of 1020 cm-3 and 25 nm thickness, the 50 nm-thick top cell emitter doping level is

1019 cm-3 doped.

As a result of the optimization, it is suggested to use thin (50 nm) and highly doped emitters

up to a point where the photocurrent is not compromised (∼1019 cm−3). This will be entirely

dependent on the prediction of the top cell emitter lifetime as a function of the doping level

and dopant used. The lifetime model used for the GaInP may differ to what can be achieved

in practice. Nevertheless, we have shown that high efficiency cells for UHCPV can still be

obtained (η >41%) by keeping the emitter as usual (see baseline structure) and using very high

doping densities at the top cell window layer which would eventually yield a better spreading

of the current, and thus efficiency. The highly doped window required is less restrictive in terms

of photocurrent due to the low contribution of the window to the final Jsc. On the other hand,

typical metal grid and front contact resistances are not the main constraint for the cells to work

under ultra-high irradiance, as can be seen in Fig. 4.17. Consequently, a proper tuning of the
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window and emitter doping and thicknesses is suggested to provide devices operating efficiently

under ultra-high irradiances.

4.3.8 Other multijunction solar cell architectures

Previous sections show the potential of the use of ultra-high irradiance in conventional triple

junction solar cells based on germanium substrates and using a GaInP subcell as top cell. How-

ever, the use of ultra-high irradiance is not limited to just one MJSC architecture. Other high-

efficiency cells such as Inverted Metamorphic, wafer bonded cells, dilute nitride cells, etc. can

also be considered. In the case of the former, the role of the graded buffer layers must be treated

properly to detect if the series resistance of these layers can be an issue. In that case, a proper

tuning of the number of layers, doping levels and thicknesses may be required to avoid a signif-

icant contribution to the series resistance without compromising the dislocation density and/or

relaxation of strain. In the case of the wafer bonded cells, the conductivity of the bonding has

already achieved resistances lower than 10 mΩ/sq which is promising [Dim+14]. Higher com-

plexity may be found in next-generation MJSC containing AlGaInP as top cell [Per+15] which

has to be tested because going to such a high doping level may lower the collection proper-

ties of this material differently than GaInP. Besides, AlGaInP mobilities are lower than GaInP

[Ada09]. Anyhow, we have demonstrated that just changing the top cell window doping density

is always beneficial when operating under ultra-high irradiance. Regarding the heterojunctions,

new systems may appear in any architecture that must be tested theoretically and empirically.

Accordingly, any MJSC architecture can be studied by the models and procedures presented

here in order to realise multijunction solar cells that operate efficiently (>42%) under ultra-high

irradiance.

4.4 Case study 2: Proton irradiation effects on concentrator

lattice-matched GaInP/Ga(In)As/Ge triple junction solar

cells for space applications

This section presents the experimental results of a 10 MeV proton irradiation on concentrator

lattice-matched GaInP/GaAs/Ge triple-junction solar cells and their corresponding component

(single junction) subcells. Electro-optical characterization such as external quantum efficiency,

light and dark I-V measurements, is performed together with theoretical device modelling in

order to guide the analysis of the degradation behavior. The degradation of devices corresponds
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to an irradiation fluence equivalent to an 8-years satellite mission in LEO. The information

presented here can also be useful for different missions where the irradiance can vary from low

to high intensities, i.e., missions to mercury, near-sun missions, among others. This is a result of

a group collaboration between IES-UPM and Comisión Nacional de Energía Átomica (CNEA).

The author of this thesis contributed mostly to the characterization, analysis and modelling of

the devices.

In the past decade, the lattice-matched GaInP/GaAs/Ge triple-junction solar cell (triple junc-

tion solar sell (3JSC)) has been chosen for space power generation in spacecrafts and satellites

mainly as a result of its high efficiency (∼30% at AM0), relatively high power-to-mass ratio

and good radiation hardness [Sta+02; Ada+13; Ima+03]. Other existing multijunction solar cell

architectures capable of achieving higher efficiencies than the conventional 3J namely, inverted

metamorphic (IMM) solar cells, solar cells including dilute nitride subcells, multijunction de-

vices fabricated through wafer bonding, among others have not yet fully demonstrated neither a

radiation hardness comparable to the 3JSC case (see for instance Ref: [Ada+13]10) nor a feasi-

ble and cheap manufacturing process. Despite the good properties of the GaInP/GaAs/Ge 3JSC

at beginning of life (BOL), its electrical performance gets degraded when exposed to charged

particles in space such as protons and electrons. Obviously, such radiation damage has a dele-

terious impact on the electrical performance of the cells (mainly via the degradation of their

minority carrier properties [Sat+09a]) and hence the analysis of solar cell performance emu-

lating the conditions found in real space missions is a must in order to envisage the optimum

configuration of the devices and predict their operation in space.

Although extensive literature exists about radiation damage of 3JSCs [Sta+02; SOI09;

Max+13; Sat+09b] the radiation degradation analysis of these cells remains a topic of great

scientific interest and debate, as a result of the high complexity of the multijunction structure.

Besides, most of the works related to proton damage in multijunction solar cells analyze sepa-

rately either single junction cells or triple-junction solar cells [Wal+05; Ima+02]. The analysis

of each subcell inside a triple-junction has also been studied indirectly by using different ir-

radiation particle energies to control the depth and thus the subcell to be damaged [Ima+02;

Sum+03] and by using electroluminescence characterization techniques capable of reconstruct-

ing the electrical characteristics of each subcell [Nak+12; Hoh+13]. Even though this indirect

technique gives excellent results, it does not provide a direct access to the radiation damage

10The reader is also referred to recent publications dealing with radiation hardness on IMM solar cells: [Ima+16;

Sha+17]
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in each subcell. Another motivation to increase the number of degradation studies in conven-

tional 3JSCs is that such structure is the baseline of the so-called 4-junction lattice matched

multijunction solar cell which inserts a 1eV cell between the GaAs and Ge subcells [Tho+14;

Web].

In this section we expand the experimental data available to understand the degradation in

space of GaInP/GaAs/Ge triple junction solar cells and, in particular we do so by analyzing

the radiation resistance of devices whose semiconductor structure has been designed to operate

under concentrated light. Space applications of this type of devices would also range from near

sun missions [Plu08] to alternative space solar panel designs where concentrators are used to

reduce the total weight of the panels and increase their efficiency [ONe04]. It should be stressed

that devices tested in this work were designed to operate under concentration at about 1000

suns, and this concentration level is probably beyond the actual targets for space concentrator

systems. This fact would imply that larger devices should be used for potentially practical

applications. Anyway, it is expected that results obtained here will at least hold, given the

influence of perimeter recombination in our tiny devices could be considered as not the optimum

case for current practical space applications.

In this study, we combine degradation experiments of concentrator triple-junction solar cells

(GaInP/GaAs/Ge) together with their corresponding component subcells in the same exper-

iment and report on the effects of 10 MeV proton irradiation at different fluences on these

cells. The solar cells have been experimentally characterized in situ –i.e. inside the irradiation

chamber– by dark and light I-V measurements and ex-situ by deep level transient spectroscopy,

and quantum efficiency. The Technology Computer Aided Design (TCAD) tools described

in previous chapters have been used to simulate the solar cells and analyze the experimental

findings. The tasks contained in this section were carried out within the framework of a col-

laboration project with the Departamento de Energía Solar (DES) at the Comisión Nacional de

Energía Atómica (CNEA) in Buenos Aires, Argentina.

4.4.1 Experimental

10 MeV proton energy is the standard energy used to simulate a space irradiation. The selected

fluence represents the fluence received during a space mission in a LEO during 8 years and it

was determined using the method previously developed at DES [Alu04].

For this study we grew and manufactured lattice-matched GaInP/GaAs/Ge 3JSCs as well as

component cells for each subcell type, namely, single junction GaAs and Ge solar cells together

with GaInP/Ge solar cells with active Ge subcells cells (see Table 4.4). The layer design (in
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particular, the tunnel junctions and top cell emitter) was adapted to concentrator operation. For

further details on the growth see Refs [Gar+09; Bar+09]. Solar cell epiwafers were processed

into small area solar cell devices (see Table 4.4) following a procedure very similar to that

described in [Bar+09].

All cells received four accumulated fluences reaching a final total fluence of about 5·1011

p/ cm2. More details are given in [Och+17].

Table 4.4: Solar cell structures subjected to 10MeV proton irradiation. The GaAs solar cells were grown on a

highly doped p-type GaAs substrate while the other solar cells were grown on Ge substrates. Two different devices

have been irradiated for each solar cell type and their corresponding fluences are shown in the last two columns

Solar cell Active area ( cm2)
Final fluences

(1011 p/ cm2)

GaInP/Ge 0.01 3.35 3.81

GaAs 0.01 2.93 4.99

Ge 0.1 3.59 3.6

GaInP/GaAs/Ge 0.01 3.76 4.78

The cells were characterized ex situ before and after irradiation by quantum efficiency mea-

surements, deep level transient spectroscopy, dark and light I-V (under AM0 spectrum) mea-

surements. More details can be found in [Och+17].

4.4.2 Displacement damage dose analysis

The proton irradiation fluence was converted to the displacement damage dose (Dd
11) in or-

der to characterize the radiation response of the solar cells [Sum+94; Mes+01]. Since proton

irradiation with energy > 0.1 MeV was performed, it is reasonable to calculate the Dd as the

product of the non-ionization energy loss (NIEL) and the particle fluence [Mes+01]. In this

case, there is usually a linear dependence between the damage coefficients and the NIEL such

as the degradation curve may be explained by a single characteristic curve (i.e. Pmax vs Dd).

Thus, the degradation damage is given by the following semi-empirical expression (see for

instance [Mes+01]):

11The Dd is used to correlate the effects of ionizing radiations and provides a means for predicting cell performance

from a minimum of ground test data [Sum+94]



4.4. Case study 2: Proton irradiation effects on 3J concentrator solar cells for space applications 129

P

P0

= 1− Clog
(

1 +
Dd

Dx

)
4.1

where Dd is the displacement damage dose in units of MeV/g, P and P0 can be applied

to any photovoltaic parameter (i.e. Jsc, Voc, FF and Pmax) at a dose Dd and before irradia-

tion respectively, and C and Dx are the fitting parameters. To define a criterion of observable

degradation, a value of 0.98 for P/P0 was chosen as a limit taking into account the estimated

experimental error. For the calculation of Dd, the GaAs NIEL (6.588·10-3 MeV· cm2/g for

10 MeV protons [Sum+94]) was used for any material namely, GaInP, GaAs and Ge. This is

mainly because of two reasons: 1) for the proton energy used, the NIEL does not vary sig-

nificantly for the three materials used in this study [WSM00] and 2) for the 3J solar cell; the

observed degradation is dominated by the response of the GaAs subcell.

4.4.3 Radiation damage on individual component cells

Fig. 4.18 shows the trend degradation of short circuit current density ( Jsc), open circuit voltage

(Voc), fill factor (FF) and maximum power (Pmax) observed in situ in Ge and GaAs single junc-

tion and GaInP/Ge double junction solar cells at different Dd. In the case of the GaAs cell, it

exhibits the highest damage measured. Pmax starts to decrease for Dd > 3·108 MeV/g showing

a power loss of 10% for the final Dd as illustrated in Fig. 4.18(d). The main contribution to

Pmax loss comes from the reduction of Voc (5.7%) while the drop in photocurrent is lower (3%).

Regarding the Ge solar cell, its Pmax shows signs of slight degradation mainly at final Dd.

A Voc loss of about 2% is observed while the photocurrent and FF drop by 1-2% and 1%,

respectively. This is equivalent to a Pmax loss of about 4%. For the GaInP/Ge cell, Pmax starts

to decrease for Dd > 4.5·108 MeV/g exhibiting an absolute loss of about 4% for the final Dd.

The overall loss in this cell is a combination of degradation in Voc (0.8%), Jsc (0.6%) and FF

(1.6%). All solid lines in Fig. 4.18 correspond to the data fitting obtained by using Eq. 4.1 and

the resulting fitting parameters are presented in Table 4.5.

Fig. 4.19 shows the dark I-V curves at BOL and EOL for the same cells. The Ge recombina-

tion currents at BOL and EOL are almost equal having a slight 10% shift between them which

eventually yield to a Voc loss of 3 mV being consistent with Fig. 4.18. Similar results have been

found for Ge subcells in a triple-junction solar cell for comparable conditions as the ones used

in this study [Sat+09a; Wal+05; Hoh+13; Ohs+06]. The dark I-V curves of 2J GaInP/Ge show

larger shifting (30%) to higher recombination currents from BOL to EOL which is equivalent

to a 12 mV loss at open circuit conditions also in accordance to Fig. 4.18. This loss can be
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Figure 4.18: Degradation in a) Jsc, b) Voc, c) FF and d) Pmax of Ge, GaAs and GaInP/Ge solar cells for in situ

measurements at different Dd of 10 MeV proton irradiation. Two different devices are shown for each solar cell

type. An experimental uncertainty of 2% can be expected. Solid lines correspond to the data fitting of Eq. 4.1.

Table 4.5: Fitting parameters of Eq. 4.1 to Jsc, Voc and Pmax degradation curves of Fig. 4.18.

GaInP/Ge GaAs Ge

C Dx (MeV/g) C Dx (MeV/g) C Dx (MeV/g)

Jsc 0.5 4.65·1010 0.64 2.60·1010 0.03 1.20·109

Voc 0.011 3.76·108 0.06 4.81·108 0.39 1.73·1010

Pmax 0.672 1.63·1010 0.18 1.27·109 0.63 1.40·1010

attributable mainly to a degradation of minority carrier properties in GaInP and in some extent

to the Ge subcell. In agreement with the light I-V curves, the highest damage is confirmed for

GaAs solar cells as could be observed in Fig. 4.18 (a), (b) and (d) and Fig. 4.19 where the

larger differences between the recombination current at BOL and EOL will be discussed later.

In order to investigate where the damage took place inside the solar cell, EQE measurements

have been performed before and after the irradiation. In the case of Ge and GaInP/Ge solar

cells, no significant degradation is observed in their photocurrent (lower than 2% and within

experimental error), fact that is confirmed with their EQEs (not plotted here). However, the EQE



4.4. Case study 2: Proton irradiation effects on 3J concentrator solar cells for space applications 131

Figure 4.19: Dark I-V curves for BOL and EOL for GaInP/Ge, GaAs and Ge solar cells.

of the GaAs solar cell shows noticeable differences (which correspond to a 3% current loss) as

illustrated in Fig. 4.20(a) along with the corresponding data fitting from TCAD modelling. The

degradation of the EQE starts around 600 nm up to the cut-off wavelength. At this region, the

dominant photo generation rate (PGR) and the final photocurrent is a mixture of emitter+base

contributions as can be seen in Fig. 4.20(b) (the sum of BSF, buffer and substrate photocurrents

is too low to be considered). As a result of the PGR calculation, we find that for regions where

the emitter is dominant (400<λ<550 nm), there is no degradation of the EQE indicating that

most of the damage took place at the base region. Accordingly, in order to fit the EQE at EOL

(blue diamonds of Fig. 4.20(a)), only changes at the base region were made and an excellent fit

could be attained (blue solid line in Fig. 4.20(a)).

One of the primary consequences of proton irradiation is the physical displacement of atoms

that may lead to vacancies, interstitials or even cluster defects all of them creating different en-

ergy levels within the gap [Sat+09b; War+10; Tur+13; Mes+13]. These defects can act as traps,

recombination centers or as compensation (or carrier removal) sites where the free charge in-

troduced by dopants is localized at the defect effectively reducing the free carrier concentration

[35]. Carrier removal is not the radiation damage mechanism in our GaAs solar cells since elec-

trical C-V measurements (not shown here) indicate no significant difference at the base doping

level before and after the irradiation (1.2·1017cm-3 and 1.3·1017cm-3, respectively). Moreover,

carrier removal usually occurs for higher fluences than the ones used here [Max+13; Mes+13]

On the contrary, the formation of vacancies, interstitials or cluster defects is the most

probable cause behind the degradation observed [Sat+09b; War+10; Tur+13; Mes+13]. Af-

ter proton irradiation, the new defects (or native) may change in density and capture cross

sections depending on the particle energy and cumulated proton fluence used in the experi-
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Figure 4.20: External Quantum Efficiency measurements and corresponding data fitting of the GaAs solar cell

before (BOL) and after (EOL) 10 MeV proton irradiation. (b) Calculated photogeneration rate (PGR) of the GaAs

solar cell structure. BSF PGR is augmented by a factor of 106. No ARC has been deposited

ments [Ohs+06]. Therein, Deep Level Transient Spectroscopy (DLTS) measurements 12 were

performed (not shown here) finding one well defined trap level (hole trap corresponding to a

majority carrier trap) located at 0.46 eV from the valence band minima with capture cross sec-

tion of 4.4·10-16 cm2 similar to Refs. [LLK77; ZAI81]. After irradiation, no significant changes

were observed in the properties of these defects and no other levels were found. These mea-

surements confirm that deep levels associated with majority carriers do not significantly con-

tribute to degradation after irradiation as expected [Tur+13]. Nevertheless, as suggested by Fig.

4.20(a), the performance losses in GaAs are related to the alteration of the minority carrier trap

density and/or properties after the irradiation. To the best of our knowledge, no values of mi-

nority carrier defects after proton irradiation experiments in p-type regions have been reported

in the literature. There are some studies where DLTS measurements showed the presence of

more than one defect level (majority or minority) in n-type regions of p+n type GaAs cells but

nothing related to the study of a p-type region which is our case [War+10; Tur+13; War+04].

12DLTS measurements were performed by E. López.
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Given the difficulty to measure minority carrier traps, we have overcome the lack of information

about the defects properties through numerical simulations. S-R-H recombination is modeled

by including a specific defect density located at the middle of the band gap energy [SR52]. In

most GaAs solar cells, the recombination losses are dominated by S-R-H recombination at the

space charge region and the perimeter both at low forward voltages and at the quasi-neutral

regions at high forward voltage bias (above 0.9V for a 1 mm2 device) [Och+14]. Even though

multiple defects and thus energy levels may arise from 10 MeV proton irradiation, it can be

possible that one particular defect level dominates over the others [ZAI81]. In such case, one

single defect level would be able to reproduce the EQE as shown in Fig. 4.20(a). In order to

fit BOL and EOL data, the bulk defect density of electron traps at the base region has been

increased about 30 times from BOL=5·1012 cm-3 (resulting in the simulated curve plotted as the

black dashed line in Fig. 4.20(a)) to EOL=1.5·1014 cm-3 (solid blue line in Fig. 4.20(a)). The

higher density of traps reduces the diffusion length of carriers affecting the carrier collection

from the base layer and thus its contribution to the EQE.

To provide consistency to the EQE data fitting, dark I-V curves have been computed and

fitted simultaneously for the GaAs component cell with the same material parameters and mod-

els. A good agreement has been achieved for BOL and EOL for dark I-V curves as can be seen

in Fig. 4.21.

Figure 4.21: Dark I-V curves of representative GaAs solar cells at BOL and EOL and their corresponding data

fitting. Black lines show the slopes of typical ideality factors of the two diode model.

In order to fit the EOL I-V curve of Fig. 4.21, we have fixed the bulk traps estimated

from EQE data fitting and vary the properties of the perimeter. Perimeter trap density has been
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increased one order of magnitude, from a surface defect density of 5·1012 cm-2 to 5·1013 cm-2.

This increase was required to fit the dark current for values below 0.95V while one single bulk

defect level was able to fit the curve above this voltage. In such small GaAs solar cells (about

1mm2), perimeter recombination dominates the low voltage behavior (no perimeter passivation

is employed) and its properties can be modified by proton irradiation.

Despite the possible high impact of perimeter recombination, typical space solar cells have

much larger areas (for instance 8x4 cm2) and hence lower perimeter to area ratios than the solar

cell measured here. At higher voltages the fitting is achieved by the increase of minority bulk

trap density (as described above) that also degrades the photocurrent as shown in the EQE data

[Sat+09a].

In summary, the Jsc for single junction GaAs cells is affected mainly by the reduction in the

minority carrier properties at the base region due to higher concentration of recombination cen-

ters while the Voc reduction at EOL is suggested from modelling to be a combination of losses

between: a) recombination centers (70%), and b) perimeter recombination (30%). On the other

hand, the loss in Voc attributable to the reduction in Jsc is negligible (less than 1 mV) due to

the limited fall in Jsc (3%). Finally, it is worthwhile to mention that the GaAs solar cell degra-

dation curves of Fig. 4.18 can be corrected for perimeter recombination in order to compare

these results with larger space solar cells. If the degradation curves are corrected (neglecting

perimeter recombination), they can still be fitted by the same set of fitting parameters shown in

Table 4.5. This is mainly due to the fact that perimeter losses do not vary significantly between

BOL and EOL (5 mV at Voc) and they lie between experimental error and fitting deviation. This

fact provides more confidence when comparing the fitting parameters of Table 4.5 with larger

solar cells.

4.4.4 Radiation damage on triple-junction solar cells

In the case of the triple-junction solar cell (Fig. 4.22), the Pmax starts to decrease at very low

Dd > 7·107 MeV/g reaching about 12% loss at the final Dd (3.15·109 MeV/g).

Fig. 4.23 shows the EQE of one of the triple junction solar cells before (red lines) and after

irradiation (black lines). The GaInP top cell EQE is slightly affected in the base region, which

corresponds to a 1.5% loss between BOL and EOL by integrating the product of the AM0(λ)

spectrum and the EQE(λ). On the other hand, the GaAs subcell Jsc drops by ∼ 9% in the

wavelength range between 700 - 900 nm evidencing a lowering of the minority carrier diffusion

length in the base region as the GaAs component subcell case (see black and red dashed lines

in Fig. 4.23).



4.4. Case study 2: Proton irradiation effects on 3J concentrator solar cells for space applications 135

Figure 4.22: Normalized a) Jsc, b) Voc, c) FF and d) maximum power output of two lattice-matched triple-

junction GaInP/GaAs/Ge solar cells as a function of the Dd. The corresponding data fitting to Eq. 4.1 is shown in

solid red lines while the fitting parameters are shown in the inset table.

An interesting effect is observed in the Ge bottom cell, whose EQE seems to increase after

proton irradiation. This effect suggests a quenching of the photon coupling between the middle

and bottom subcells after irradiation [Bau+07]. Before irradiation, the measured EQE of the

Ge bottom cell is artificially low and shows some extra response from 800 nm to 900 nm as a

result of photon coupling from the GaAs middle cell [Lim+13]. Once irradiated, the radiative

recombination of the middle cell is greatly decreased and an artifact-free EQE of the bottom cell

is measured. If the measurement artifact of the EQE before irradiation is corrected [Ste+13c],

there is no significant difference between the corrected BOL EQE (blue dashed line) and EOL

EQE of the Ge subcell ( Jsc is 0.4% lower than corrected BOL). The EQE of the Ge subcell

at EOL differs in 1.6% from the component cell case, however, it should be kept in mind that

the light is filtered by top and middle cells in the 3JSC case and this difference is small enough

compared to the measurements uncertainty.

Fig. 4.23 contains an additional evidence to further substantiate the conclusion that the EQE

of the triple junction solar cell can be understood just by the superposition of the individual

behavior observed in irradiated component subcells. This evidence is obtained by plotting



136 CHAPTER 4. Simulation, characterization and analysis of GaInP/Ga(In)As/Ge 3J solar cells

Figure 4.23: External Quantum Efficiency at BOL and EOL of each subcell of a representative lattice matched

triple-junction solar cell GaInP/GaAs/Ge. Dashed blue line shows the EQE of the Ge-subcell after correction.

Black and red dashed lines correspond to the EQE measured in the single junction GaAs solar cell. No ARC has

been deposited onto the solar cell.

the EQE of fresh (red dashed line) and irradiated (black dashed line) single junction GaAs

cells in their overlapping spectral range (600 to 880nm). The EQE of both devices (GaAs

single junction and GaAs middle subcell in the triple junction) show an excellent agreement

disregarding the oscillations that appear in the GaAs middle cell resulting from the optical

interference of the GaInP top cell. This backs the idea that the analysis made for the degradation

of the GaAs single junction device also applies for the middle subcell in the 3JSC design.

Fig. 4.24 shows light I-V measurements of a triple junction solar cell device with no ARC

before and after the irradiation. As summarized in the inset table, Voc losses are about 70mV

after the irradiation which is in agreement with the Voc losses from component subcells GaInP

and GaAs (12 mV and 55mV, respectively). Since this is a middle-cell limited device under

AM0 spectrum, the photocurrent losses are attributed to the degradation of the EQE GaAs

subcell (see Fig. 4.23).

Finally, as can be noticed in Table 4.6, the absolute differences in I-V parameters between

BOL and EOL conditions confirm a high correlation between the experimental degradation of

triple junction solar cells with their related component subcells.
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Figure 4.24: Light I-V curve measured under 1-sun AM0 spectrum of a representative triple junction solar cell at

BOL and EOL and their corresponding solar cell parameters. No ARC has been deposited onto the solar cell.

Table 4.6: Absolute differences and relative loss in I-V parameters between BOL and EOL conditions for the

solar cells analysed under 1-sun AM0 spectrum. Negative values do not indicate a gain in performance, but values

within the measurement uncertainty.

Solar ∆Voc ∆ Jsc ∆FF ∆Pmax

cell (mV) (mA/ cm2) (%) (mW/ cm2)

Ge 3.8 0.86 0.56 0.32

GaAs 54 0.55 -0.07 1.48

GaInP/Ge 11 0.09 0.9 0.42

3J 69 0.39 0.75 1.69

4.5 Summary and conclusions

A 2-D numerical model has been developed and validated for a lattice-matched GaIn-

P/Ga(In)As/Ge 3JSC including tunnel junctions, typical recombination mechanisms (radiative,

S-R-H and Auger) and grid metal losses. The validation was carried out at different operating

conditions and validated with measurements such as dark I-V curve, light concentration as well

as quantum efficiency and reflectance. The subcell I-V curves were also validated through the

comparison to EL measurements. A comprehensive analysis of the losses by layers under dark

and illuminated conditions was presented as well as the corresponding sensitivity analysis for

the validation of the model. Once the model has been validated a couple of case studies were
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presented.

In the Case Study 1, the limiting factors of the semiconductor structure design were exam-

ined when operating under ultra-high concentration (1,000-5,000 suns). The series resistance

components such as those of the top cell window, top cell emitter and heterojunctions have

been analysed. It has been found that the window layer may relieve the emitter from high cu-

rrent densities by increasing the doping level (1020 cm-3) achieving efficiencies 1% higher than

for a lower doping case (1018 cm-3). No evidences of high injection effects or Auger-limiting

processes have been detected for concentrations up to 5,000 suns with the approximation used

here (drift-diffusion models). No important impact from literature band discontinuities have

been found for potential barriers formed at heterojunctions from a theoretical point of view. As

an example, it has been found that for cases where high band offsets are present; their impact

can be mitigated by increasing the doping level favouring the tunnelling of carriers through the

potential barriers. The optimization shows the possibility to reach efficiencies above 42% at

ultra-high concentration (3,000 - 5,000 suns) by a proper design of the cell. This makes inter-

esting the study of the performance under ultra-high concentration of other MJSC architectures

such as Inverted Metamorphic, dilute nitride and wafer bonded multijunction solar cells.

In the Case Study 2, the effects of 10 MeV proton irradiation for an 8-years satellite mission

in LEO in concentrator lattice-matched GaInP/GaAs/Ge triple-junction solar cells and their co-

rresponding component subcells have been studied experimentally and theoretically by means

of our TCAD modelling. The GaAs solar cell exhibited the highest damage while GaInP/Ge

and Ge showed slight signs of degradation at their corresponding final cumulated fluences.

The degradation results of the component subcells (individually grown) are consistent with the

degradation observed in the triple junction solar cell. The 3JSC losses a 3% in photocurrent

while losses in Voc are on the order of 70 mV which corresponds fairly well to the degrada-

tion of Ge, GaAs and the GaInP component cells. A single-defect model can reproduce the

degradation damage observed on bulk and perimeter of GaAs solar cells for the accumulated

fluences used here. However, the presence of multiple defects at different energy levels cannot

be neglected. In summary, concentrator solar cell structures show similar results than those of

traditional space-targeted designs reported in literature suggesting that no particular changes

may be expected if using triple-junction concentrator cells in space.



CHAPTER 5

Four junction solar cell including a dilute
nitride subcell for terrestrial and space

applications

139



140 CHAPTER 5. Four junction solar cell including a dilute nitride subcell for terrestrial and space applications

5.1 Introduction

This chapter is dedicated to the study of dilute nitride solar cells and their inclusion into 4J

lattice matched structures grown on Ge substrates. First, a brief general introduction of the

interesting materials such as dilute nitrides is presented as well as their use in multijunction

stacks. Then, a comprehensively experimental and theoretical analysis involving the behavior

of dilute nitrides as single junction solar cells is described. Finally, the results of a 4J struc-

ture developed by combining MOVPE+MBE technologies are examined including theoretical

predictions of its improved performance.

5.2 Background

III-V-N alloys have gathered great interest due to their potential for optoelectronic devices. In

such alloys, the group-V element is partially replaced by a small fraction of N that perturbs dra-

matically the optoelectronic properties of the material. These alloys named dilute nitrides, are

classified into the class of semiconductor compounds called highly mismatch alloys (HMAs)

with very active research in the past decades. The dilute nitrides are materials that exist in

the limit of kinetic stability making the crystal growth a very challenging task even for the

most advanced techniques such as Molecular Beam Epitaxy (MBE) or Metalorganic Chemical

Vapour Deposition (MOCVD) [Ero08]. The first evidence of N perturbation to crystal lattice

was reported back to the 1960’s [TH66]. Narrow photoluminescence lines with energy within

the forbidden gap were measured for GaP doped with N. Later, N-doping of GaAs was used to

modify the emission characteristics of the compound. However, the isolated N energy level in

GaAs did not contribute to the luminescence because it lies about 0.25 eV above the conduction

band minimum [Wol+85]. Hence, N concentration had to exceed the doping range to modify

the emission characteristics of GaAs hindering its application. It was not until the early 1990’s

when N was successfully incorporated up to a few percent into the GaAs compound by using

MOCVD [WSA92; WS93]. This was highly influenced by the development of wide-gap ni-

trides and the associated technology deployment of N sources and precursors. Indeed, Weyers

et al. showed strong red-shift in photoluminescence (PL) energy peaks (up to 170 meV) in the

GaAsN alloy by the successfully introduction of minute amounts of N (within the so called
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dilute regime1, N=1.4%) [WSA92].

The incorporation of a very different and more electronegative element (N) to a III-V mate-

rial (i.e. the GaAs compound) leads to a large local perturbation of the crystal lattice potential,

affecting drastically the band structure of the material. The most important consequence of N

incorporation is the large bandgap reduction with small fractions of N. Even though the bandgap

of GaN is more than twice larger than that of GaAs, the bandgap of the GaAsN alloy reduces

with nitrogen instead of increasing which would be expected from a linear interpolation be-

tween each compound (i.e. GaN+GaAs). In global terms, this is the most unusual characteristic

of the III-V-N materials (i.e. GaAsN) which is opposite to what occurs in III-V alloys.

The tremendous an unusual bandgap bowing have been explained by the band anit-crossing

(BAC) interaction between the host material and localized states of nitrogen [Sha+99; Sha+04].

The conduction band splits into two nonparabolic subbands (the lower subband, E−C and the

upper one, E+
C ), being the downward shift of the E−C subband the responsible of the reduction

of the fundamental bandgap. Additionally to the band structure modification, the changes in

the conduction band structure result in significant increase in electron effective mass and large

drop in the electron mobility [VR07] which is undesirable for some applications such as pho-

tovoltaics. Accordingly, it is now well established that the dependence on alloy composition of

the fundamental bandgap of GaAsN is non-linear and does not follow a quadratic dependence

as is the case of most III-V alloys which makes the material highly awkward.

The profound reduction of bandgap with N and the possibility to grow alloys that can be

formed on GaAs opened up a wide range of applications. For example, after the reported

reduction of the bandgap of GaAsN with N incorporation by Weyers et. al, the GaInNAs system

was then proposed as a potential candidate for long-wavelength lasers diodes due to its excellent

performance at high operation temperature and the possibility to be lattice matched to GaAs

[Kon+96].

More recently, besides the GaInNAs system, more complex alloys such as the GaNAsSb and

GaInNAsSb have become very attractive materials not only for long-wavelength applications

(e.g. photo-detectors, lasers and vertical cavity surface emitting lasers) but also for photo-

voltaic applications, specially high-efficiency multijunction solar cells. Indeed, next generation

lattice matched multijunction solar cells with 4, 5 or 6 junctions demands materials with spe-

cific bandgap requirements in the range of 1-1.2 eV [Jon+13]. Accordingly, the most important

1It is usual to find a classification as follows: ultra-dilute regime (N < 0.01%), the very dilute regime (∼0.1%) and

the dilute regime up to 10% of N [Hen05; Erk10].
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feature of dilute nitride alloys for multijunction applications is the ability to achieve the desired

bandgap while preserving the lattice constant to either GaAs, Ge or Si (see Figure 5.1).

Figure 5.1: Band gap energy versus lattice constant for germanium and different III-V (N) alloys. The orange

fringe shows the range of desired bandgap for multijunction solar cells with 4 or more junctions on Ge (up to

6) [Jon+13]. Blue lines correspond to the bandgap of dilute nitrides calculated by using the BAC model and

parameters taken from [VM03]. Vertical green line is placed at the germanium lattice constant.

5.2.1 Dilute nitrides for solar cell applications

After the successful introduction of nitrogen in GaInNAs by Kondow, it seemed feasible to

attempt to grow GaInNAs active layers for solar cell applications. Indeed, dilute nitride 1 eV

GaInNAs solar cells were grown by MOCVD at the end of the past century [Fri+98; Gei+98].

Internal quantum efficiencies of about 20% were measured for standard base doping levels (1017

cm-3) and up to 60% for lower doped absorbers. Although this carrier collection was not high

enough for multijunction solar cells, it allowed to realize of the low minority carrier properties

of this material and the strong depletion width dependence of carrier collection. Moreover,

(insufficient) improvements in the material quality were observed by changing the growth tem-

perature or by employing post-growth anneals [Gei+98] opening a possible pathway for en-
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hancements. Then, attempts to grow the same material by MBE were carried out (see [PFJ02]

and references therein). These huge efforts to understand the limitations helped to determine

some of the main issues: hydrogen and carbon background impurities, gallium vacancies and

deep level defects associated to N [Pta+03]. Despite background impurities and gallium vacan-

cies had some impact on material the degradation, they were not associated to the dominant loss

mechanism. Indeed, the unintentional background impurities are about two to three orders of

magnitude lower in MBE than MOCVD which favours lower doping concentrations at the ab-

sorber. Consequently, historically the highest collection efficiencies have been measured mostly

on MBE samples, but may be associated to higher depletion widths rather than a suppression of

N-related defects in the MBE-grown material. Although some defect related material properties

are found to be different in each growth method (MBE or MOCVD) [Kur+02b], defect struc-

tures related to N have not been linked to the growth technique (see [Vol+08] and references

therein). Indeed, similar minority carrier properties (lifetimes on the range of 0.4-0.6 ns and

Hall hole mobilities about 100-200 cm2/V·s) have been measured for dilute nitride materials,

either grown by MOCVD or MBE (see [PFJ02],[Jac+07],[Tho+14],[Gub+14] and section A.2).

At that point, lowering of background impurities that results in larger depletion widths (and

possibly higher carrier mobilities) became a pathway to raise the photocurrent generated. Ptak

and co-workers at the National Renewable Energy Lab (NREL) were able to achieve very low

acceptor concentrations and practically complete carrier collection for MBE-grown 3 µm-thick

GaInNAs of 1.15 eV [Pta+05], but no complete carrier collection has been achieved system-

atically for 1 eV dilute nitrides (a recent publication have demonstrated very high collection

efficiency for a 3 µm-thick GaInNAsSb solar cell of 1 eV [MAO17]). Moreover, the achieve-

ment of large depletion widths is not easy even by using MBE-growth because some growth

parameters need to be well controlled namely, the substrate temperature, the optimization on

the use of deflection plates, ions from the radio-frequency plasma source for N, among others

[PFK07]. In MOVPE growth, it is even more difficult to achieve large depletion widths due to

the unintentional carbon incorporation which is practically unavoidable by using current precur-

sors. Promising research on alternative precursors for MOVPE attempts to mitigate this issue

as well as the other key problem of this technology: the low N incorporation efficiency that

impedes the use of large precursor overpressure and the related cost increase [Ste+16].

Although high photocurrents have been achieved by reducing the background doping, this

is not desirable in high efficiency solar cells because it lowers the Voc (lower quasi-Fermi level

splitting for typical minority carrier lifetimes) and it does not remove or annihilate the main

loss mechanism such as N related defects. Indeed, bandgap voltage offsets of about 500-700
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mV have been frequently reported for dilute nitride solar cells (see [MAO17], [Leo+16] and

references therein) indicating that there is still room for improvement (very high quality solar

cells are able to achieve Woc < 400 mV). Most of the focus is now paid to the annihilation or

mitigation of N-related defects as the main loss mechanism. In this regard, thermal annealing

treatments have shown a pathway to increase the material quality of dilute nitrides and has

become a key step on the development of dilute nitrides for multijunction solar cell applications.

Due to this fact, more details on the effect of thermal annealing are given in the following

section.

5.2.2 Annealing effects

Despite the interesting properties of dilute nitrides, the successful growth of high quality ma-

terial suitable for multijunction solar cells (4 or more junctions) is still difficult and has not

been completely accomplished. The main drawbacks in the growth of these materials are

related to generation of point defects — As antisites AsGa, split interstitials (N-N)As, N-N

chain ordering, Ga-vacancies, N-H complex and others (see [Kri+02; Kri+03; Vol+09; Kos+16;

Pol+16b])—, high background impurities, phase segregation, inhomogeneities in composition

as well as poor structural quality, to name a few (see Table 5.1 for a general summary). While

some of those issues can be avoided or minimized by the growth conditions (i.e. V/III ratio,

growth temperature, rate or technique) others such as point defects are difficult to annihilate.

Besides optimizing the growth conditions, thermal annealing is typically employed to increase

the material quality. In fact, it is now well established that in situ and/or ex situ thermal an-

nealing achieves dramatic improvements in dilute nitrides and it is an imperative process in

order to detect significant photovoltaic signatures [MAO17; Lom+17]. This is again, a different

behaviour compared to what occurs in other III-V materials [Har+05]. The counterpart is that

several complex changes can occur in the structure upon annealing that are not fully understood.

Moreover, some of the point defects are not removed by the annealing. Some of the observed

general effects are: blue shift of the bandgap (50-100nm), displacement of the junction or type

conversion of conductivity (typically p-type material shifted to n-type), increase/decrease of the

background concentration, partial removal of N-related defects, among others.

In general, blue shift is extensively reported for different dilute nitrides (i.e. GaIn-

NAs[Har+05] and references therein, GaNAsSb [Har+02; Wic+05; Pol+16b] and GaIn-

NAsSb[Har+07]). Despite the high level of controversy regarding the mechanisms behind this

phenomena, Harris et al. described thoroughly the main candidates from their experiments in

QW structures: point defects, NN rearrangement, N diffusion or removal, Ga-In interdiffusion
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Table 5.1: Summary of the general requirements and challenges for subcell materials (GaInNAs, GaNAsSb and

GaInAsNSb) for 4 or more junctions solar cells on Ge (up to 6)

Requirements Challenges Pathways

1 - 1.2 eV Non-radiative traps Thermal annealing

Lattice Matched Charge localization treatments

High material quality Growth of coherent layers Growth technique

Reliable >1µm Specific growth conditions

Radiation Hardness Ion damage during growth Superlattices, QW, DBR’s

Spatial non-uniformities

Low background

impurities

and localized depressions in bandgap due to N clusters (see [Har+05] and references therein).

Moreover, it is also mentioned that only point defects or NN rearrangement are processes that

saturate over annealing time or temperature which results in no further blue shift of the bandgap.

However, this does not necessarily implies that if saturation exists, NN rearrangement or point

defects are the only mechanisms governing the performance of the material.

Type conversion of conductivity (either non-intentionally p-type to n-type or vice versa)

has been reported for several GaInNAs solar cells either grown by MBE or MOCVD [Tuk+16;

Kur+04] not only upon annealing but also in different scenarios: with different V/III ratios

[Lan+15b], substrate temperature, presence of In or Sb [PFK07], among others. In MOVPE

growth, the formation of N-H complex is associated to hydrogen impurities acting as a donor in

contrast to the strongly amphoteric nature of H in most other III-V semiconductors [Bro+17].

Although hydrogen has been shown to enhance the surface morphology [OMO02], it has

been also related to form complexes with N and H that act as acceptor background impuri-

ties [Pta+04].

The annealing may have different effects depending on the material system. In GaInNAs

N-As split interstitials and (NAs-AsGa) complex were decreased after annealing (GaInNAs

with 30% In content) [KLR15]. In MOCVD, the dissolution of chain-like N-ordering was

investigated and correlated to an increase in PL intensity and QE [Vol+08]. GaInNAsSb has

shown that Sb may act as a surfactant (under specified growth conditions) that can hinder the

formation of defects. Both have shown in different studies the lowering of background carrier

concentration (BCC) after annealing. For GaNAsSb, no lowering of BCC was observed after
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annealing at 750oC (N ambient) for 15 minutes. The material quality appears to improve and

the annihilation of a specific trap level has been identified as the main cause of the improvement

(see [Pol+16b]). However, the photocurrent is still far from the desired values in this material.

Moreover, a possible increase in the background impurities may occur in GaNAsSb samples that

were subjected to a two-step annealing process in our laboratory2 (in situ + ex situ annealing in

Rapid Thermal Annealing (RTA) using N2 as process gas [Lom+17] at different temperatures

for 10 minutes). The difference between these two studies is that our samples start to show

a hypothetical increase in BCC from 750oC to 850oC. A complete different shape in the QE

at the highest temperature suggests that the absorber is indeed higher doped (or similar) than

the emitter or even partially converted. No further blue shift was detected in our samples with

additional ex situ annealing treatments.

All in all, the annealing has shown positive effects such as the lowering of the BCC that

increases the depletion width, the removal (or reduction) of vacancies, interstitials and other

related defects or complexes. Nevertheless, other nitrogen clusters or defects still remain as

limiting factors on the minority carrier diffusion length upon annealing. Therefore, the achieve-

ment of very high quality dilute nitrides (comparable to other III-V materials in high efficiency

MJSCs) is an extremely complex task.

5.2.3 State of the art multijunction solar cells including dilute nitrides

Presently, lattice-matched triple junction solar cells that incorporate dilute nitrides have reached

efficiencies of 44.0% at 942 suns by using a GaInP/GaAs/GaInNAs(Sb) 3J structure grown on

inactive GaAs substrates [Jon+13]. For space applications, efficiencies of 31% (AM0) have

been already announced [Web]. These efficiencies can be exceeded using a 4-Junction device

that incorporates a dilute nitride 1 eV subcell which can be grown on an active germanium

substrate. In order to take advantage of the inclusion of a 1 eV dilute nitride solar cell into a

4-Junction structure, the following requirements must be met: 1) Jsc of∼13-14 mA/cm2 needs

to be achieved for current-matching demanding high collection properties in the 1 eV subcell

including an efficient broadband anti-reflection coating (ARC) has to be developed and 2) a

suitable fill factor. On one hand, to comply with the current-matching criteria, MBE-grown

dilute nitrides have shown better photovoltaic properties than their MOVPE counterparts as

demonstrated in [Kur+13; Jon+13; MAO17]. However, the quality of the material is very de-

pendent on the optimized growth conditions and specific in situ and/or ex situ thermal annealing

2 The annealing experiments have been performed by I. Lombardero within the framework of his PhD thesis work.
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treatments and their effect on the evolution of nitrogen related defects and background impu-

rities [Pol+16a; MAO16a; MAO17; Lom+17]. On the other hand, incorporation of the dilute

nitride subcell into the 4-junction stack leads to reduction of the light impigning the germanium

subcell. In fact, it compromises the current-matching requirement due to lower carrier absorp-

tion/collection of germanium at long wavelengths (>1600nm) and the higher reflectivity at the

infra-red region due to the nowadays lack of a broadband ARC. In this sense, recent develop-

ments of broadband antireflection coatings have shown superior performance than conventional

designs [Per+14; Bue+15], and could be applied to this design of 4J solar cell. All in all, we

investigate on the realistic potential of a concentrator 4-Junction solar cell using a∼1-eV dilute

nitride subcell grown on germanium active substrates.

In order to undertake the development of a 4-Junction solar cell, we are investigating the

combination of both MBE (to grow the dilute nitride) and MOVPE as a first step towards a full

MOVPE process. This final approach is desirable because it would reduce the cost per wafer

by using monolithically grown cells in a single process with enhanced efficiency.

To date, the quinary alloy (GaInNAsSb) is the most successful absorber material [MAO17]

for high-efficiency solar cells while the quaternary GaInNAs has shown also promising results

[Pol+16a]. The GaAs1-x-yNxSby system is the less studied and it is the one we have had access

to it through our collaboration within low cost germanium substrates for next generation 4-

Junction space solar cells utilising dilute nitride technology (LONGESST) project framework.

Therefore, it is the material on which this chapter focus most of the attention as a possible

candidate to be used in 4J lattice matched (LM) solar cells.

Accordingly, in this chapter, the advances on modelling and experimental developments

towards a 4-Junction including GaNAsSb as a candidate for the ∼ 1eV subcell are described.

The chapter is organized as follows: First, we focus on the individual performance of the dilute

nitride subcell analyzing theoretically and experimentally the performance of GaNAsSb single

junction solar cells. Then, the preliminary requirements for the successful design of the 4J

are established. Finally, the first results of the development of a 4J solar cells including dilute

nitrides are shown together with projections to explore its short-term realistic potential.
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5.3 Modeling and characterization of GaNAsSb single junc-

tion solar cells

In this section, the performance of several manufactured MBE-grown GaNAsSb solar cells is

analysed theoretically and experimentally. First, we show typical solar cell characterization,

then the modelling described in Chapter 2 is used to correlate experimental and simulation

results in order to examine the roughly 1 eV-GaNAsSb solar cell. Finally, a set of minimum

photovoltaic properties is established and suggestions to improve the performance of dilute

nitride solar cells are given.

5.3.1 Device characterization

Four GaNAsSb solar cell structures (see Fig. 5.2) with different absorber thicknesses and do-

ping concentrations have been grown by MBE with nominal compositions of 1.8% and 8.5% of

nitrogen and antimony, respectively. Details on the growth can be found elsewhere [Tan+11]3.

Three structures have absorber (base) thicknesses of 1, 1.5 and 2 micrometers unintentionally

doped (typically p-type with doping level of 5·1015 cm-3) and the fourth epiwafer has an ab-

sorber thickness of 1.5 micrometers with a nominal p-type doping level (Be) of 5·1017 cm-3.

The emitter is an n-type (Si) region with a doping level of 1017 cm-3 and 100 nm-thick. The

p-n junction is surrounded by highly doped GaAs front and back surface field layers as can be

seen in Fig. 5.2. The epiwafers were processed into 0.1 cm2 active area solar cells with no ARC

[Och+16d].

The optical and electrical device performance of the GaNAsSb solar cells has been evalu-

ated by means of quantum efficiency, reflectance and current-voltage measurements. The best

performance in terms of QE (see Fig. 5.4a) corresponds to a 1 µm absorber thickness solar

cell. This subcell would produce a photocurrent (calculated from the convolution of EQE and

the spectral irradiance in the range of 880-1200nm) inside a 4J of 6.25 and 7.75 mA/cm2 for

terrestrial and space spectra, respectively. This is about 60-65% of the photocurrent required

in a 4-Junction solar cell for any solar spectrum. The low IQE values in the useful range (880-

1200nm) are mainly due to the low diffusion length of carriers measured for these materials as

a result of nitrogen-related defects (see [Tan+11] and section A.2.2). As a consequence, solar

3The MBE growth of the samples was carried out by Nangyan Technological University (NTU) in Singapore,

Republic of Singapore.
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Figure 5.2: Schematic structure of GaNAsSb single junction solar cell. The buffer layer also acts as a BSF layer.

cells with very low doping levels at the absorber are typically used, since their photocurrent is

dominated by electric field-assisted collection [Fri+05; Och+16d]. No significant reflectance

modifications due to doping or thickness were observed (as the next section will show), as

expected.

(a) Experimental IQE of GaNAsSb solar cells with dif-

ferent absorber thickness. Red circles correspond to the

only intentionally doped absorber (5·1017 cm-3).

(b) (hc/λ× ln(1 − EQE))2 curve versus energy. The

bandgap is extracted from the x-axis intercept of a linear

fit (dashed lines).

Figure 5.3: QE characterization of champion solar cells. Five or more solar cells have been measured showing

similar results within typical deviations associated to sample-to-sample variation.

Interestingly, the intentionally-doped absorber solar cell has the worst performance between

880-1200nm while its response improves between 400-700nm. This result is qualitatively in

agreement with the fact that the carrier collection is electric field-assisted. A better response

at the emitter region is caused by a strong electric field (a minimum value of 40kV/cm has

been calculated from our simulations) and a fully depleted emitter due to the lower doping level
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(1017 cm-3) with respect to the base (5·1017 cm-3). The depletion width at the base reduces from

500 to 100 nm being the main cause of the poor response at higher wavelengths (880-1200nm).

Additionally, it has been found that the IQE drops as thickness increases as can be seen

in Fig. 5.4a. Our modelling suggests that the IQE degradation with thickness cannot be ex-

plained just by electric field-assisted collection and the low diffusion length extracted under

the assumptions made here (i.e. uniform doping profiles and uniform material compositions)

as it will be detailed in following sections. Thus, a different cause is behind the lower IQE of

thicker devices. Possible inhomogeneities in material composition, non-uniform doping pro-

files or uncontrolled unintentional doping concentrations may be some of the causes and they

will be discussed later in more detail.

In the case of illumination current-voltage characteristics, Table 5.2 summarizes the solar

cell parameters measured under 1-sun AM1.5d spectrum. As can be seen, the highest fill factor

measured is about 65% being lower than expected (>70%) mainly due to the electric-field col-

lection dependence. Open circuit voltages up to 425 mV have also been measured. Considering

the effective Eg estimated in Fig. 5.4b by using the Tauc method [TGV66], the bandgap-voltage

offset values (Eg − Voc) are in the range of 630-660 mV indicating that the material quality has

to be improved. For solar cells with very high material quality, 400mV of bandgap-voltage

offset is attained [Kin+11].

Table 5.2: Average I-V parameters of the GaNAsSb single junction solar cells. ∗The epiwafer N2980 has a

nominal absorber doping NA=5·1017 cm-3. The standard deviation is shown between parenthesis. Five or more

solar cells were measured for each epiwafer.

Epiwafer Wabs (µm) Jsc (mA/cm2) Voc (mV) Eg -Voc (mV) FF

N2976 2 15.18 (0.79%) 425 (1.42%) 627 64.6% (2.67%)

N2978 1.5 14.3 (1.95%) 392 (4.22%) 655 48.5% (7.46%)

N2980 1.5* 13.4 (1.46%) 367 (1.54%) 660 65.2% (2.74%)

N2982 1 16.04 (1.72%) 412 (1.09%) 630 56.6% (6.48%)
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5.3.2 Model validation and analysis

The electrical performance of GaNAsSb MBE-grown solar cells has been also evaluated the-

oretically. The EQE and reflectance measurements are shown in Fig. 5.4 along with the co-

rresponding simulation data fitting (solid and dotted lines) and the contribution from different

semiconductor layers to the total EQE (dashed lines). Two different simulation results by fol-

lowing two criteria are plotted: 1) by modifying two adjustable parameters at the base region

such as NA and τe,abs and 2) by fixing NA to the typical unintentionally doping concentra-

tion and adjusting τe,abs. In the following, we will focus on criteria 1 (data fitting with solid

lines) while criteria 2 will be discussed later. As can be seen, at mid-wavelengths (between

700-870 nm), there is a worth to mention disagreement of about 5-6% (N2982), 6-7% (N2978)

and 3-4% (N2976) between experimental and simulated EQE. For N2980, a disagreement up

to 10% takes place in a wider wavelength region (500-870 nm) and interestingly, the converted

shape of the QE due to the modification of the depletion width is qualitatively explained by our

calculations —this is an special advantage of the modelling tool used over the semi-analytical

approaches—. The excellent agreement between measured and calculated reflectance indicates

that the large deviations in mid-wavelengths cannot be attributed to the amount of light reflected

by any solar cell (real thickness and measured refractive index have been used, see for instance

Appendix A.2). Possible causes of this discrepancy may be related to non-uniformities in the

doping profile at the vicinity of the p-n junction or to the role of nitrogen-defects related charge

accumulation, which does not follow the classical SRH statistics used. Nevertheless, those de-

viations are not dramatic and the high quality of the fitting (less than 1% of Jsc deviation) in

the wavelength range of interest (880-1200 nm) provides a reasonable degree of confidence on

the use of the model.

Regarding the QE contributions by regions, most of the carrier collection comes from the

space charge region (SCR) (more than 65% in any sample)4. In the useful range inside a 4J

device, the SCR is more than 80% for all samples disregarding the doped case where the com-

4A non-negligible electric field is present at the whole emitter. For the UID samples the lowest value is about

7-10% of the maximum value developed at the p-n junction, however, between the interface with the front surface

field (FSF) and the lowest value coordinate there is also a high amount of electric field due to the adjacent wider

gap material. We have decided to consider as the emitter the region between the coordinate of the lowest value and

the interface with the FSF to distinguish it with the SCR of the p-n junction and the one from the interface with

a wider gap material such as the FSF (GaAs). The thickness of the emitter (the so-called quasi-neutral region) is

about 60 nm. For the case of the doped material, the emitter is fully depleted by the p-n junction and the lowest

electric field reaches values as high as 30% of the maximum electric field at the p-n junction.
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plete QE contribution comes from the SCR. There is also a very low contribution to the QE

coming from the base (lower than 2% and up to 6% inside a 4J for the best device). It has been

detected that some part of the base region is working as an effective recombination zone where

there are more recombined electrons than photons absorbed (i.e. negative QE). This means that

some of the photogenerated electrons within the depletion region (the p-type zone) are indeed

recombined at the quasi-neutral base reducing the total contribution of the SCR.

Figure 5.4: EQE and reflectance for the 4 epiwafers studied in this chapter. The contribution of the different

semiconductor layers to the total EQE curve is also depicted (dashed lines). Symbols correspond to experimental

curves (circles for EQE and crosses for reflectance). Solid lines correspond to data fitting by modifying the average

doping concentration at the absorber (and lifetime) while dotted lines correspond to the fits obtained by modifying

only the minority carrier lifetime of the absorber.

We now come back to the IQE degradation with thickness. The fact is that, while the

IQE decreases with thickness, the Voc does not follow this trend and changes substantially

between samples (see Table 5.2). As mentioned before, fluctuations in element composition

as well as uncontrolled depletion widths may be behind the IQE degradation. In the former

case, different N and Sb compositions impacts the material quality which is expected to be

lower with an increase of the N content. This will decrease the electron diffusion length, thus

the IQE. Even though some compositional fluctuations may be present through the structure, it

can be deduced that this is not the main reason because the effective Eg (extracted from IQE

measurements) seems to be unaffected. Focusing on the devices with unintentionally doped

absorber, the differences in the cut-off wavelength are only about 3 meV while the maximum

deviation between samples is about 12 meV (i.e. the doped absorber case) as can be seen in

Fig. 5.4b. Therefore, although compositional fluctuations are typically found in dilute nitrides,

the overall Eg suffers just small deviations suggesting that is not the main cause behind the

IQE degradation. Furthermore, any sign of lattice mismatch has been detected either from
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Transmission Electron Microscopy (TEM) or X-Ray diffraction (XRD). Additional information

has been obtained by TEM measurements showing no structural defects, abrupt interfaces and

the absence of significant dislocations at the GaNAsSb/GaAs interface.

Another cause behind the IQE degradation can be related to the inability to grow coherent

layers (> 1µm) in dilute nitrides. This has been ruled out because it would negatively affect

the quality of the material, e.g. τe,abs, which would be unable to explain the measured Voc’s.

In other words, the 2 µm-thick device would generate lower photocurrent (which is the case)

and lower Voc but as shown in Table 5.2, this device exhibited the highest open circuit voltage.

Accordingly, the suggested reason behind this dependence is not related to thickness rather

than the effects of unequal properties at the absorber either because of inhomogeneity in the

growth or dispersion in the material quality and/or BCC. Because of the complexity to control

the depletion widths (i.e. BCC), it is reasonable to expect different BCC after annealing on

the samples as well as possible graded doping profiles as already reported for dilute nitride

materials [Tuk+16]. Indeed, preliminary electrical C-V measurements reveal a non-uniform

doping profile that tends to increase deeper in the base region. Moreover, possible displacement

of the physical location of the p-n junction may also occur upon annealing, however, this would

also affect negatively the Voc’s which is contradictory to the measured values.

Despite the complexity to control the depletion widths in UID absorbers, it is possible to

draw some important conclusions by the correlation of the simulations with the experimental

results. Specifically, the correlation between carrier collection and open circuit voltage. Both

macroscopic parameters are strongly affected by carrier concentration and minority carrier pro-

perties at the absorber providing very useful information of the device performance. The carrier

collection provides useful information about the diffusion length of carriers, but also on the de-

pletion width (i.e. unintentional doping). The Voc is useful to deduce minority carrier lifetime,

being a good indicator of the material quality and it is also affected by doping concentration.

Therefore, we remind that simulations were performed following two criteria: 1) modifying

τe,abs and fixing NA to the nominal values (fit 1) and 2) varying the two parameters (fit 2).

As can be seen in Fig. 5.4, a very good fitting (specially above 880 nm) can be achieved

either by modifying NA and/or τe,abs. Both, dashed (criterion 1 or fit 1) and solid (criterion 2

or fit 2) lines are practically equal above 880 nm in all samples. No distinction between the

impact of NA and τe,abs can be made just by looking at the IQE. Nevertheless, if NA is fixed

to the typical unintentional value of 5·1015 cm-3, the predicted Voc’s for the UID devices are

lower than the experimental ones as can be seen in Fig. 5.6a (triangles). By increasing the

absorber doping concentration, the simulated Voc’s (circles in Fig. 5.6a) are comparable to the
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experimental values.

Figure 5.5: Left: Experimental (crosses) and simulated (circles and triangles) Voc for all devices with different

NA and τe,abs. Right: Difference between quasi-Fermi energies for electrons and holes at the p-n junction for

device N2976 at different doping concentrations and electron lifetimes at the absorber. Two different set of param-

eters of NA and τe,abs that achieved successful QE data fitting are shown. Fixed NA corresponds to the nominal

or UID expected (5·1017 for N2980 and 5·1015 cm-3 for the rest.). The electron lifetime fixed corresponds to fit 1

case (70 ps).

Voc increases with doping concentration mainly because of two reasons: 1) the increased

τe,abs assumed to fit Voc (criterion 2 or fit 2) and 2) the larger quasi-Fermi level splitting (thus

higher built-in potential) as shown in Fig. 5.6b. In this case, about 100 of mV are lost because

different NA and τe,abs. To determine how much of each parameters is involved in the Voc

difference we have computed the Voc for sample N2976 by fixing τe,abs and varying NA. Thus,

44 mV are lost by bulk properties while the other 58 mV difference comes from the difference

in NA (close to one order of magnitude, see next section). According to the aforementioned

discussion, the modelling suggests that the difference between samples can be attributed to

modifications of the BCC for the case of UID samples. Another interesting fact is that the

thicker the base region the higher the doping concentration deduced disregarding the Voc (see

next section, Table 5.3). This indicates that an increase in the thermal load during the growth

of the absorber may lead to higher BCC. For the intentionally doped device (N2980), the better

results are also estimated for the case of different doping concentration than the nominal one. In

this case, lower doping than the target and extremely low carrier lifetimes have been deduced.

5.3.2.1 Material parameters for model validation

The material parameters deduced are equal in all samples for all regions disregarding those at

the base region. In the case of the dilute nitride emitter, the extracted minority carrier diffusion

length from the EQE fitting is 82 nm (µp = 20 cm2/V·s, τp = 0.14 ns). For N2976 and N2980,
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a high interface recombination velocity at FSF/emitter was assumed for both structures (4 · 106

and 2 · 106 cm/s, respectively). For N2982 and N2978, there was no need to invoke surface

states at the FSF/emitter. Regarding the base region, µn = 33 cm2/V·s while τe,abs was varied

as well as the doping concentration as can be seen in Table 5.3. The electron diffusion lengths

estimated are: 160, 145, 124 and 48 nm for N2982, N2978, N2976 and N2980.

Table 5.3: Fitting parameters of the absorber region for two different fittings in all epiwafers.

N2982 (1 µm) N2978 (1.5 µm) N2976 (2 µm) N2980 (doped)

NA τe,abs NA τe,abs NA τe,abs NA τe,abs

[ cm-3] [ns] [ cm-3] [ns] [ cm-3] [ns] [ cm-3] [ns]

Fit 1 5·1015 0.22 5·1015 0.1 5·1015 0.07 5·1017 0.1

Fit 2 7.5·1015 0.3 1.5·1016 0.25 3·1016 0.18 1017 0.0275

One can ponder about the possible range of values of NA and τe,abs capable of providing

the same data fitting. For example, although mobility is also expected to change with doping

concentration, a constant value has been used in all simulations mainly because this parameter

would affect the carrier collection, but it is not expected to affect the Voc, at least within the

range of τ assumed here. Due to this fact, multiple combinations with slight changes in mobil-

ity, lifetime and doping concentration can lead to the same results. Interestingly, τe,abs for three

of the four samples is indeed very similar to the ones already measured in section A.2.2 which

suggests that the minority carrier mobilities assumed are reasonable. Another reason of confi-

dence in the parameters of Table 5.3 is that τe,abs decreases with deduced doping concentration,

as expected. Finally, we would like to draw the attention to the fact that the qualitative results

of the data fitting suggests a different BCC at the base region, being systematically higher for

the UID samples. Even though BCC can fluctuate or be graded at the base region, in the end the

average doping concentration appears to be higher than the typical UID (or lower in the case of

the nominal) and it is the suggested reason that explains the measured Voc’s.

In the case of reflectance measurements data fitting, the most important parameters are the

thickness of the materials as well as the optical constants. Some modifications in thickness (see

Table 5.4) were required to achieve the data fitting of Fig. 5.4. The same optical constants

have been used for the UID samples while for N2980 different optical constants were employed

to properly fit the bandgap cut-off region. In this case, the optical constants measured for

a 1017 doped samples (see Appendix A.4) were assigned to the base region. These optical

constants exhibit significant absorption coefficient extended to wavelengths up to ∼ 1240 nm
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(significantly higher cut-off than the ones used for the rest of the samples).

Table 5.4: Nominal and modified (in red) thicknesses employed for reflectance data fitting.

Nominal N2982 N2978 N2976 N2980

Contact 50 50 50 50 44

Window 40 28 46 35 47

FSF 100 110 110 110 110

In summary, although important limitations on the diagnostic tool (i.e. the non-

consideration of non-parabolic bands), uncertainties in some input parameters such as the po-

ssible fluctuations of local atomic composition and doping concentration profiles (to name a

few), the modelling has shown quite confident results that match reasonably well the experi-

mental data. Indeed, we have shown that the comprehensive analysis of the manufactured set of

solar cells through a multiple data fitting of the IQE and Voc suggests that the average BCC is

systematically higher than expected for the UID samples. Additional confirmation of these val-

ues (average, graded or fluctuations in doping concentrations) are required to: 1) fully validate

the modelling tool or 2) show paths for improved modelling by considering another possible

mechanisms behind the p-n junction electrostatics.

5.3.3 Analysis of electric field-assisted collection

We will stop briefly to state one of the advantages of physics-based device simulators over an-

alytical approaches regarding electric-field assisted collection. The most important one is that

device simulations take into account inherently drift collection (plus diffusion one) that involves

directly the effect of electric-field assisted collection without the requirement of any additional

calculations. This is an important difference compared to analytical approaches where its in-

clusion implies unrealistic assumptions or corrections (such as full depletion at the p-junction)

[Fri+05]. Indeed, previous treatments of carrier collection in dilute nitrides observed that QE

decreases when considering low LD’s [Fri+05]. In the case of the numerical simulations per-

formed in this chapter, we have observed that QE does not get modified when increasing the

thickness (considering also low LD’s). Despite of the fact that we have observed experimen-

tally a degradation of the carrier collection with thickness, we have shown in previous section

that different BCC can be the origin of this degradation. Accordingly, this is an important dis-

tinction between approaches that results in very different conclusions that should be taken into
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account when examining such devices.

Due to the low carrier collection properties of the solar cells analysed in this section, most of

the collected current comes from the space charge region as shown previously, which suggests

a high dependence on the electric field. To confirm this dependence, experimental I-V curves

in a wider range of reverse voltage bias were performed. As can be seen in Fig. 5.6, the I-V

curve show a non-zero slope at small reverse bias —a sort of shunt-like behaviour that does not

appear in dark I-V curves—, which confirms the electric-field aided collection and agrees with

I-V curves and EQE data in [Fri+05].

Figure 5.6: Experimental light I-V curves using a 940-nm LED – which is only absorbed in the GaNAsSb region

– with intensities close to 1 sun (circles) and 2 suns (diamonds). No ARC has been deposited onto the solar cells.

Considering the performance of the GaNAsSb solar cells is strongly dependent on the elec-

tric field distribution at the p-n junction, simulations with different base doping levels and thick-

nesses have been performed to evaluate the impact of the p-n junction configuration. Fig. 5.8a

depicts a contour plot of the EQE values at 1000 nm for different base thicknesses (Wb) and

doping levels (NA). Since most of the collection is electric-field assisted, the diffusion lengths

of carriers are fixed to the values extracted from Fig. 5.4 (champion design) for all doping

concentrations in order to evaluate the impact of different electric field profiles disregarding

the diffusion length of carriers. This indeed may be a reasonable assumption according to

the similar minority carrier lifetime measured by Time Resolved Photoluminescence (TRPL)

(see Appendix A.2.2) for a wide range of doping concentrations (in the range of 0.1-0.5 ns

for NA=5·1015-1017). As can be seen, for Wb>700 nm and NA>2-5·1015 cm-3, higher doping

levels reduce EQE mainly due to the smaller depletion width at the base region (Xp, defined as

the depth where the electric field is about 1% of the peak value found at the junction) as can be

seen in Fig. 5.8b. For NA <2·1015 cm-3, that trend is broken and EQE decreases when doping
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level is reduced. By lowering NA from 5·1015 cm-3 to 5·1014 cm-3 for 2 µm base thickness,

EQE drops from 49% to 43%. This indicates that carrier collection is not only a function of

the depletion width but it is also dependent on the field profile and intensity, as can be seen in

Fig. 5.8b where the black line (NA=5·1014 cm-3) has a larger Xp but shows the lowest electric

field peak (18000 V/cm). This also establishes a minimum electric field threshold required to

drift carriers across the junction. For NA similar or higher to ND (1017 cm-3), the collection is

very low (32-37%) and almost insensitive to thickness. EQE is also insensitive to thickness for

Wb >700 nm and NA >2-5·1015 cm-3 and lower than ND (1017 cm-3) which indicates that for

the assumed diffusion lengths, achieved higher thicknesses would not enhance the collection

(700 nm absorber thickness is able to get very similar carrier collection than any other higher

thickness). Finally, for Wb <700 nm and NA <1016 cm-3, the low light absorption reduces

substantially the EQE (up to ∼10%). Although Fig. 5.8a shows the EQE at 1 µm wavelength,

it should be mentioned that very similar contour plots were obtained by plotting the Jsc values

(not shown).

Figure 5.7: Left: Contour plot of the EQE values at a 1000 nm wavelength as a function of NA and Wb. Right:

Electric field profile across the p-n junction as a function of NA for solar cells with Wb=2µm. The electric field

spans to a depth of 1.2 µm for clarity.

Accordingly, the current-matching requirement in the current structure could not be met

through changes in doping or thickness. Interestingly, the modelling suggests that the reduction

in background impurities found experimentally may help to assist carriers but further reduction

does not necessarily means higher collection. In practice, lower background carrier concentra-

tions were accomplished (∼1014 cm-3) elsewhere and high collection efficiencies were obtained

for a GaInNAsSb (see [MAO17]) after an optimization of thermal annealing procedures. This

may be contradictory to what Fig. 5.8a predicts. However, although thermal annealing effects

usually results in a reduction of the background impurities, it is also reasonable to expect an

enhancement of the minority carrier properties. Besides, higher carrier mobilities than the ones
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assumed here are expected if doping concentration is reduced. Indeed, Ptak et al. shown very

high QEs for GaInNAs even though no post-growth annealing was performed on the samples

and mainly because of the very low carrier concentration in the absorber (∼1014 cm-3) [Pta+05].

Once the main mechanisms governing the carrier collection are identified, simulations5 of

QE as a function of the voltage bias were performed in order to derive the required electric field

intensity (and profile) resulting in a complete carrier collection for a particular low LD (see

values for N2982 in Table 5.3). As can be seen in Fig. 5.9a, complete carrier collection (>99%)

is achieved at -8V for a 1µm-thick absorber. At this voltage bias, the electric field applied within

the whole absorber is above E > 2 · 104 V/cm as observed in Fig. 5.9b. This may suggest that

having an electric field with magnitude above 2·104 V/cm should allow to reach complete carrier

collection for any absorber thickness. However, if we look at the carrier collection developed

at -8V for a 3µm absorber and doped 1014 cm-3, incomplete carrier collection of about 85% is

achieved although the absorber region is fully depleted with E ∼ 3 · 104 V/cm. In fact, notice

that a higher doped absorber (5 · 1015 cm-3) is capable of reaching higher carrier collection

(empty squares in Fig. 5.9a) than the 1014 cm-3 one (crosses in Fig. 5.9a) although its absorber

is not fully depleted.

Figure 5.8: Left: Carrier collection with zero reflection losses versus thickness of an ideal GaNAsSb absorber

(solid line) and calculated values (symbols) of our real solar cells for different bias voltages, i.e. from -8V (blue)

to 0.35V (green). Right: Electric field profile across the p-n junction for different bias voltages illuminated with a

beam of 1 µm wavelength light for two different doping concentrations: 5 · 1015 (solid) and 1014 cm-3(dashed).

The thickness of the absorber is 3µm. Carrier collection is evaluated in the useful wavelength range in a 4J solar

cell (885-1200nm) for both ideal and real devices operating at different bias voltages. Each symbol’s color of left

figure corresponds to the ones of the electric field profile of right figure.

This result is in agreement with previous discussion suggesting that the carrier collection is

5Reverse bias breakdown and tunneling transport mechanisms have been neglected.
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not only dependent on the depletion width, but also on the gradient of the electric field within the

absorber. If the field profile is not favorable, very strong magnitudes of electric field—difficult

to get through doping concentrations or gradual doping profiles— are required to achieve high

carrier collections. Despite of the fact that very high electric fields exhibit a completely depleted

absorber, it is not possible to achieve carrier collections above 85% (see low doped case in Fig.

5.9a). The reason of this fact is the following: considering carrier transport is mainly by drift,

the low minority carrier mobility estimated from data fitting —and used in these simulations—

is not able to get any advantage of the high electric field. Indeed, by using a carrier mobility

about 200 cm2/V·s (as usually measured in some dilute nitrides by Hall technique6, see for

example section A.2.1 and [Kur+02a]) the carrier collection at -8V and 0.35V for the low doping

case is about 94% and 30%, which is significantly higher than the values shown in Fig. 5.9a.

In this sense, the low mobility is in turn the main limitation to achieve high carrier collection.

Accordingly, a higher LD is imperative to take advantage of this dilute nitride structure in very

high efficiency multijunction solar cells.

A final note to add is that large depletion widths resulting in high carrier collection do not

have the same impact on n-type than on p-type UID absorbers. Indeed, if n-type absorbers

(thickest layer) are attained, the depletion width is developed at the back of the absorber where

lower photo generation takes place. Therefore, the minority carrier properties requirements are

expected to be tougher than those for p-type absorbers where most of the photo generation takes

place at the front of the junction in the presence of high electric fields. Moreover, typically the

minority carrier lifetime of electrons exceeds that of the holes.

5.3.4 Minority carrier lifetime, mobility and carrier density

The impact of minority carrier lifetime and mobility is now investigated for different doping

concentrations. With this, we pursue: 1) to determine the required minority carrier properties

to generate the desired photocurrent and 2) to evaluate the impact on solar cell performance

6Note that Hall technique measures the majority carrier mobility. It may be reasonable to find such a low minority

mobility as the ones estimated from data fitting.
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of uniform and gradual doping profiles at the absorber7. Although gradual doping profiles

are not expected to produce the electric field required to accomplish the Jsc target (as shown

previously), these simulations are intended to evaluate how much the carrier properties need to

be increased to take advantage of a gradual design.

Simulations have been performed on a GaNAsSb solar cell (similar to the structure shown in

Fig. 5.2) of 1.04 eV8 with a 3-µm-thick absorber (p-type). Five different doping concentrations

at the absorber have been considered: 3 of them correspond to uniform doping profiles with

values of 1017, 5 · 1015 and 1014 cm-3 and the other two, namely LGA and LGB correspond

to linear gradual doping profiles. From back surface to top surface, LGA starts from 1017 cm-3

and decreases linearly to 5 · 1015 cm-3 while LGB starts from 1016 cm-3 and decreases linearly

to 1014 cm-3. In the case of graded designs, the minority carrier properties were assumed to

be doping-independent mainly because of the lack of information. Although this may be un-

realistic (specially for carrier mobility), it will allow us to show to what extent gradual doping

designs can improve carrier collection by means of its comparison with uniform doping cases.

A MgF2/ZnS ARC optimized to minimize the overall reflection within the absorption range in-

side a 4J device: 885nm< λ <1192nm has been assumed. The overall reflection (not weighted

by the solar spectrum) is almost negligible with just 0.3% of the incident light that escapes

out of the solar cell. This low reflection impacts the photocurrent —calculated with AM1.5d

ASTM-G173 solar spectrum— just by 0.04 mA/cm2. Therefore, the Jsc values shown later

can be easily compared to the typical photocurrents developed by any other subcell inside a 4J

stack. Moreover, in our calculations the Jsc has been normalized to the maximum photocurrent

(i.e. ideal IQE) in order to show internal collection efficiencies.

Fig. 5.9 depicts the I-V parameters as a function of τe,abs and µe,abs for the 5 different cases

7For low LD cases, it may be reasonable to evaluate the impact of bandgap gradual absorbers —or regions with

different bandgaps— in such way that carriers can be confined and re-directed to cross the junction. This is of

special importance if we take into consideration that the incorporation of Sb in some dilute nitrides could only

shift the valence band of the material [Har+07]. Furthermore, the minority carrier properties in dilute nitride

absorbers is strongly related to the amount of N in the material. Therefore, a gradual bandgap design with regions

of higher bandgap (less amount of N) could possibly attain higher minority carrier properties, thus resulting in

improved QEs. Indeed, as previously mentioned, GaInNAs has shown a complete carrier collection for Eg=1.15eV

[Pta+05]. The counterpart is that either the achievement of controlled bandgap regions or gradual doping profiles

can be a difficult task because of two main reasons: 1) the complexity to control precisely the desired amount of

an element compositions in the material and 2) the bandgap is also influenced by thermal annealing which is a

pending issue in dilute nitrides.

8Details about the reasons why we chose this bandgap energy value can be found in section 5.4.5
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of doping concentrations at the absorber. The main observations are:

• Voc trends are consistent with expected device physics, i.e., higher carrier lifetime and/or

hole density (keeping lifetime as a constant) results in higher Voc’s. The maximum Voc

is 670 mV and the Eg − VOC = 370 mV which is comparable to the state-of-the-art

III-V solar cells such as GaInP, GaAs and GaInAs (with Eg of 1 and 0.7 eV) [Fra+15].

The contour lines are mostly flat as a function of µe,abs indicating the low impact of this

parameter on Voc, as expected.

• The collection efficiency results are also intuitive. Lower restrictions in hole diffusion

length are observed for the lowest doped absorbers (i.e. 1014 cm-3 and LGB) mainly be-

cause larger depletion widths. By comparing these two cases, there is no significant low-

ering restriction if a graded design is used. For example, in order to achieve CE>85%, the

lowest τe,abs for the highest µe,abs is about 0.1 ns for both cases. The most restrictive case

is that of the highest doping. For the highest µe,abs, τe,abs should be in the mid-ns range.

This case also establishes a minimum mobility required (>40 cm2/V·s) disregarding the

τe,abs used in these simulations.

• FF shows similar trends with mobility for all cases, being more accused for the lowest

NA. Again, as expected, the highest FF are achieved for the highest doping level.

• The best performance in terms of output power is achieved by a conventional design for

mobility values above 100 cm2/V·s. If lower mobilities and high lifetimes (tenths of

nanoseconds) are attained, the better performance is observed for the graded designs.

Although the maximum power is achievable with the conventional doping concentration

case (1017 cm-3), low doping designs are typically considered because they are less restrictive

in terms of diffusion length. In this sense, this is the most important parameter to consider in

dilute nitrides. Once the photocurrent is accomplished, the Voc can be useful and the low FF can

be mitigated through enhanced design of the multijunction solar cell (i.e. avoiding its current

limitation). Nevertheless, it should be taken into account that a significant amount of Voc would

be lost (100-150 mV) because of the reduced built-in potential due to lower doping. Moreover,

the route to very high efficiencies is to develop all of their components with the highest possible

material quality, so they can approach to S-Q limits or, at least, be comparable to the rest of the

III-V solar cells.
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Figure 5.9: Set of contour plots representing the I-V parameters at 1-sun AM1.5d ASTM-G173 solar spectrum for

GaNAsSb solar cells as a function of both minority carrier mobility and lifetime for different doping concentrations

assuming a 3 µm-thick p-type absorber. Both LGA and LGB stand for linear gradual doping (different ranges)

from bottom to top of the absorber.

5.4 Modeling and characterization of 4J solar cell

In this section, the performance of a manufactured 4J LM solar cell combining MOVPE+MBE

technologies is analysed theoretically and experimentally analysed. Firstly, we show the typ-

ical solar cell characterization. Secondly, the modelling previously developed and calibrated

for each independent subcell of the 4J GaInP/Ga(In)As/GaNAsSb/Ge in this thesis, is used to

examine the performance of the 4J solar cell. Finally, simple but realistic projections based on

state-of-the-art devices is carried out as a first approximation to envisage the potential of this 4J

structure.

5.4.1 4J solar cell manufacture

The 4J solar cell was developed within the framework of a European project called LONGESST.

MBE dilute nitride material (1eV) has already demonstrated higher material quality and has

become a promising candidate to be included into a 4J stack.

Two lattice matched GaInP/Ga(In)As/GaNAsSb/Ge solar cells (see Fig. 5.10) have been
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developed and grown by combining MOVPE9 and MBE10 growth technologies. One sample

(M2367) has a 1 µm-thick GaNAsSb absorber while the second sample (M2366) has a 2 µm

GaNAsSb. The motivation to grow different thicknesses of GaNAsSb relies on the unknown

impact of MOVPE environment (i.e. the presence of atomic hydrogen and thermal loads) on

the material quality. Therefore, the effects of MOVPE growth would be more easily observed

in a thicker device (i.e. 2µm), specially if they benefit the GaNAsSb material quality. Although

both the epitaxial growth and the solar cell manufacturing are out of the scope of this thesis, the

following aspects are of interest. First, a typical nucleation routine in a MOVPE reactor was

carried out on a Ge substrate for subsequent growth of III-V materials. The p-n junction of the

Ge subcell is formed by phosphorous diffusion into the p-type substrate during the growth of a

GaInP nucleation layer. Then, the tunnel junction was grown and this structure was transfered to

the MBE reactor for the growth of the GaNAsSb subcell. Finally, the epiwafer was again placed

into the MOVPE reactor for the growth of the second tunnel junction and the two top junctions

(GaInP and Ga(In)As). More details on the growth can be found elsewhere [Gar+17b]. Solar

cells of 0.1 cm2 active area were fabricated by conventional photolithography techniques and

using gold electroplating for back and front contacts. No ARC was deposited onto the solar

cells.

5.4.2 Preliminary device characterization

The performance of the 4J solar cell was evaluated by typical PV-characterization, namely

EQE, R, I-V and EL measurements11. Fig. 5.11 shows the EQE measured of the 4J solar cell

and control cells used for comparison. As can be observed, the performance of each subcell of

the 4J stack (dashed lines) is very similar to the reference control cells (conventional 3J GaIn-

P/Ga(In)As/Ge and 1J GaNAsSb). This is an important result indicating that the integration

of the components after the hybrid MOVPE+MBE+MOVPE growth did not affect the EQE of

the subcells. Therefore, the multi-reactor approach used to manufacture this structure was suc-

9The MOVPE growth of this structure was performed by I. García and the MOVPE expitaxy team at IES-UPM.

10The MBE growth of this structure was performed by Nanyang Technological University (NTU) in Singapore,

Republic of Singapore.

11The PV-characterization was performed at IES-UPM, but in order to evaluate some additional aspects (i.e., cal-

ibrated 1-sun measurements, EL.) and for benchmarking, the PV characterization was also performed at NREL

(USA) facilities by Mario Ochoa, Iván García and NREL’s III-V team. In the case of 1-sun I-V measurements, a

calibrated simulator composed by Xe lamp and LED light sources was used.
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Figure 5.10: Schematics of the semiconductor layer structure corresponding to the 4J solar cell analysed in this

chapter. The MOVPE growth was carried out at IES-UPM facilities while the MBE growth took place at NTU.

cessful in terms of QE performance. In the case of germanium, there is a significant increase

of 11% in Jsc calculated by the convolution of the EQE with the AM1.5d ASTM-G173 solar

spectrum. Nevertheless, this high difference may arise from a different reflectance once the

GaNAsSb subcell is introduced into the stack. Thus, it is more difficult to assess some degra-

dation in this subcell, however, it can be stated that the degradation is at least comparable to the

one suffered inside the 3J developed at our facilities. Indeed, this has been recently confirmed

in [Gar+17b].

Despite the fact that GaNAsSb subcell is 1 µm-thick which results in the incomplete absorp-

tion of photons (about 60% according to previous section, see Fig. 5.9a), its low response is

mainly related to the low minority carrier diffusion length, as expected from previous results on

single junction devices. Besides, as we have shown previously, the EQE of the GaNAsSb would

not improve for thicker devices because the low diffusion length forces an effective thickness

for carrier collection lower than 1µm. The low material quality has been also confirmed by

spectrally resolved EL measurements. As can be seen in Fig. 5.12, no EL signal has been

detected for the GaNAsSb subcell while the rest of the subcells show significant EL intensities,
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Figure 5.11: Experimental EQE of a representative 4J solar cell (1µm GaNAsSb absorber) manufactured (solid

lines) and the control cells (dashed lines). The control cells are both GaInP/Ga(In)As/Ge 3J cell and a GaNAsSb

1J solar cell. For a proper comparison, the wavelength range used for Jsc calculation has been restricted to λ >

885 nm for the GaNAsSb solar cell and λ > 1200 nm for the Ge cell and their corresponding EQE’s have been

cutted for better visualization. For instance, the Jsc of the Ge subcell considering the whole range from 885 nm is

10.35 mA/cm2.

specially the top junctions. The absence of luminescence at room temperature precludes the use

of advanced EL characterization techniques to gain access to internal voltages of the subcells.

Anyhow, the modelling we have developed for multijunction structures would help to provide

insight into the performance of this 4J solar cell. The rest of the device characterization will be

analysed in the following section together with the model validation.

Figure 5.12: Spectral EL for different injection currents showing different light emission and EL peaks coming

from GaInP (1.83 eV), Ga(In)As (1.4 eV) and Ge (0.7 eV) subcells. No GaNAsSb light emission has been detected

at room temperature.
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5.4.3 Model validation and analysis

In order to develop a realistic model for the full 4J including the dilute nitride subcell, we use our

previous knowledge of the conventional LM GaInP/Ga(In)As/Ge 3J solar cells with a multi-sun

efficiency∼ 40% (see Chapter 4). Then, we incorporate the GaNAsSb subcell already analysed

in Section 5.3.

As can be seen in Fig. 5.13, a quite good agreement has been obtained for EQE, IQE

and R by using exactly the same material parameters and optical constants. This demonstrates

the robustness and confidence on the model used since about 30 layers with different doping

levels, thicknesses, optical constants and related material parameters have been included in the

calculation.

Figure 5.13: Measured (symbols) and calculated (lines) IQE (top), EQE (middle) and reflectance (bottom) for the

4J solar cell manufactured by the hybrid MOVPE+MBE technologies.

Nevertheless, there are some important discrepancies to mention. The highest deviation is

observed for Ge subcell. Reflectance measurement is very sensitive to slight changes in layer

thickness, thus slight non-uniformities would impact severely the measured R, specially for



168 CHAPTER 5. Four junction solar cell including a dilute nitride subcell for terrestrial and space applications

cases where the light has already passed through a high number of upper layers (i.e., about 25

layers lie above Ge subcell). These fluctuations are also observed for the GaNAsSb subcell and

in both subcells it is also reflected in the EQE curve. For the multijunctions analysed here (3J

and 4J based on thick Ge substrates), it is important to be aware about those deviations, but

keeping in mind that the overall impact is significantly diminished because the Ge subcell is not

the limiting one and the GaNAsSb deviation —when calculating its Jsc— is only about 2.6%

which is reasonable. Moreover, when an ARC is included, those fringes would be smoother

and final devices may be modeled more accurately (see further discussion in section 4.2.1.1).

Another source of uncertainty derives from the measurement setup as previously mentioned.

The influence of spectral resolution, slits apertures, etc., would significantly affect the light

reflections. Regarding the simulation of the other subcells —GaInP and Ga(In)As—, the trend

is followed more accurately and a good data fitting has been achieved (see Table 5.5).

Table 5.5: Summary of the Jsc calculated from the experimental and simulated QE curves for each subcell and

by using the AM1.5d ASTM-G173 spectrum.

Jsc (EQE) Jsc (IQE)

Experimental Simulation Deviation Experimental Simulation Deviation

1st 10.32 10.42 1.0% 14.29 14.53 1.7%

2nd 11.18 11.59 3.5% 15.48 14.73 -5.1%

3rd 5.21 5.35 2.6% 7.25 7.33 1.1%

4th 10.02 9.18 -9.2% 13.96 12.73 -9.7%

Following our usual methodology, the light and dark I-V curves have to be computed by

using exactly the same unified set of models and material parameters. Differently than previous

cases (single junction and triple junction solar cells), the 4J structure could not be fitted by using

the same set of models and material parameters than the ones used for QE data fitting. Fig. 5.15a

shows the experimental light I-V curves under 1-sun12 AM0 (circles) and AM1.5d (crosses)

spectra with the corresponding data fitting (red lines). The black dashed line corresponds to the

simulation of the 4J structure (under AM0 spectrum) by using the material parameters extracted

from the performance of each single junction solar cell. Then, it corresponds to the expected I-V

12It is important to recall that the I-V measurements were taken under a calibrated 1-sun solar simulator at NREL.

If uncalibrated simulator is used, high errors in the FF can be expected. Indeed, deviations higher than 15% have

been measured. This is mainly because the GaNAsSb was not the limiting subcell under the uncalibrated simulator

(see section 5.4.4 for details).
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curve of the 4J assuming that the integration of the components was perfect and successful. As

can be seen, only Jsc has been predicted correctly (about a 10% higher than the calculated from

the QE, as observed in detail in next section) while the rest of the curve is significantly different

than the experimental case. Even though the QE did not show signs of further degradation than

the one suffered in a 3J case, Voc and FF were highly affected. About 400 mV have been lost

in the attainment of the 4J and the FF is just 56% while our prediction suggested a higher (but

low) FF of about 72.6% (in agreement with values expected from GaNAsSb current limitation).

By looking at the dark I-V curve (Fig. 5.15b), a significant shunt is observed at low voltage bias

that increases the effective ideality factor up to 10.

Figure 5.14: Left – Experimental (symbols) and simulated (lines) light I-V curves of the 4J solar cell under 1-sun

both ASTM G173 and AM0 spectra. An inset table shows the experimental and simulated (inside parenthesis) I-V

parameters. Right – Experimental and simulated dark I-V curve of the same solar cell.

The calculated dark and light I-V curves (red lines) are shown mainly to emphasize that one

can achieve an excellent agreement to the whole light I-V curve just by fitting theVoc point.

Nevertheless, the calculated dark I-V curve has completely different slopes than the experimen-

tal one. This indicates that although the L-I-V fitting is quite good, the device performance is

not being reproduced correctly. Fitting only one curve separately cannot be considered as a rea-

sonable model validation, specially if one tries to reproduce the behavior of non-ideal devices.

Accordingly, the assumptions made13 to obtain the L-I-V data fitting can be misleading if one

does not look at the dark I-V.

The unexpected origin of the shunt behavior was later analysed by Garcì́a et al. [Gar+17b].

By comparing single and multijunction devices a decrease of about 140 mV in GaNAsSb Voc

13Extremely poor minority carrier lifetimes (on the order of ps for the emitter and tenths of ps for the absorber) and

higher mobilities of GaNAsSb (175 and 100 cm2/V·s for emitter and base) were required to achieve QE and L-I-V

simultaneous data fitting.
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was revealed as well as the fact that Ge subcell also suffered some degradation (about 50 mV

which is comparable to the case in a 3J). Moreover, a significant density of micro defects were

observed in the epiwafers received after the MBE growth of the GaNAsSb that could explain the

remaining 200 mV loss. Indeed, the shunt behavior at low voltages was detected to be dependent

on the device size. Lower ideality factors, thus reduced shunt influence was observed in smaller

devices (1 mm2) suggesting a decrease of micro defects within the device area.

5.4.3.1 Optical parameters for model validation

An interesting finding has been deduced by fitting the QE of the 4J. The GaNAsSb absorber

thickness was reduced down to half-micron (targeted value is 1 µm) in order to fit the Ge

subcell curve in the range of the GaNAsSb (885-1200nm). Such a high deviation from the

nominal thickness is not expected. Indeed, SEM analysis in previous MBE GaNAsSb samples

showed thickness deviations from target values that did not exceed 10%. Another possible

reason behind this lower thickness assumption is related to a modification of the absorption

coefficient. Indeed, the fitting to EQE and R does not ensure a good estimation of the absorption

within the structure which is indirectly deduced by the EQE fitting and well-known optical

constants. Nevertheless, it may not be unreasonable to expect that the GaNAsSb refractive

index (e.g. absorption coefficient) decreased after the thermal load (and the possible annealing

effect) of the two top junctions growth and/or the possible influence of atomic hydrogen. In fact,

reflectance measurements performed in our laboratory in a 2J GaNAsSb/Ge solar cell showed

very different signatures when subjected to in situ annealing treatments (with equal nominal

thicknesses) at different temperatures suggesting a modification of the optical properties of the

material.

Finally, the thickness reduction of the GaNAsSb was also required to fit the Ge subcell curve

(not shown) in the 4J containing a nominal 2 µm-thick GaNAsSb (M2366). In this case, also a

50% of the targeted value was employed to properly fit the response of Ge within the range of

the 3rd subcell. Any case, this is still under investigation and more experiments are required to

confirm the possible modification of the refractive index.

5.4.4 Shunting behavior of GaNAsSb inside a 4J solar cell

As shown previously, dilute nitride solar cells that have low photocurrents and electric field-

assisted carrier collection can be detrimental to the overall performance of a 4J solar cell. This

is not only in terms of current matching, but also for the FF. This can be seen in Fig. 5.16a
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(left) where the simulated I-V curve of the 4-J device is shown together with the corresponding

I-V curves of each subcell. At Voc, all subcells are working in forward bias. At a limiting

photocurrent of ∼4.7 A/cm2 and close to the maximum power point (MPP) of the dilute nitride

subcell (0.55 V), the shunt-like behaviour of the dilute nitride subcell starts to dominate the 4J

device performance resulting in a poor FF (73%).

Figure 5.15: Left – Simulated subcells and complete 4J cell I-V curves under 500-suns AM1.5d ASTM G173

spectrum. Right – Magnification of the region close to short-circuit conditions to highlight the increase in the 4J

Jsc by summing up the behavior of all the subcell I-V curves.

We have estimated that the FF could recover up to 87% if the 4J solar cell were top cell

limited (avoiding current limitation from GaNAsSb and Ge subcell) despite the poor FF of

GaNAsSb. However, this would require significant light transfer from the other subcells, reduc-

ing the performance of the whole device. Interestingly, the Jsc of the 4J does not correspond to

the lowest Jsc among subcells (that of dilute nitride ∼5.7 A/cm2) but it is indeed higher ∼ 6.3

A/cm2, about 10% higher. This is because at short-circuit conditions, the dilute nitride subcell

is operating under reverse bias (see red points in right graph of Fig. 5.16a) at -2.5V, being this

voltage the sum of the other subcells Voc’s. This is attributed to the non-zero slope photocurrent

of the dilute nitride subcell both at near short circuit conditions and in reverse bias (between

-2.5V and 0V) as a result of the electric-field assisted collection which is dependent on vol-

tage. Similar trends have been already reported for a GaInAsP/InGaAs dual-junction solar cell

[Bra+11]. Therefore, it can be concluded that the electric field increases the carrier collection,

thus Jsc, but it is detrimental for the overall FF of the 4J device. Beyond the obvious but so far

elusive way to increase the carrier collection is to improve the carrier diffusion length (i.e., the

material quality). Other approaches could be directed towards reducing the length that carriers

have to travel to reach the depletion layer of pn junction, for example by using Bragg reflectors

to reduce the absorber layer thickness needed.

The band diagram in equilibrium and at critical points (i.e. Jsc, Pmax, Voc) of the light
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I-V curve is depicted in Fig.5.16. At Jsc, it can be clearly observed how the third p-n junction

has a very steep band bending (a high effective built-in potential), being an indicator that it is

operating at high-reverse bias accentuated by the low doping density at the absorber. Indeed, at

MPP a significant band bending at the GaNAsSb p-n junction is still observed.

Figure 5.16: Energy band diagram at (a) equilibrium, (b) Jsc, (c) Pmax and (d) Voc. Each color corresponds to

different regions within the structure of Fig. 5.10. Gray regions contain each tunnel junction with barrier layers (if

used) and buffer layers. Note the difference in the vertical axes of these graphs.

5.4.5 Photocurrent requirements

It is typically thought that the 4J over Ge would easily outperform the 3J by simply adding

the 1 eV subcell. This is not the true at all mainly because of adding a 1eV subcell implies

additional constraints — from the device level point of view — that are going to be described in

this section. In general, one of the main disadvantages of the LM 4J solar cell is the constrained

flexibility in the bandgaps of the subcells when optimizing for maximum photocurrent. For a

proper design, the 4J structure based on GaInP and GaInAs top cells usually requires the thin-

ning of them to maximize the spectrum utilization of the two bottom subcells. Although one

can tweak the thickness to distribute the amount of light between subcells, this parameter will

always has an upper limit of absorption determined from their Eg. Moreover, and more impor-

tantly, Eg is usually the preferred parameter to optimise because it provides higher flexibility

on the design for maximization of the photocurrent and substitutes the thinning of the subcells

by the use of higher bandgap materials resulting in higher open circuit voltages and fill factors.
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The bandgap of a compound semiconductor can be tuned by modifying the composition of

their constituents. However, these changes in composition typically involve modifications on

the lattice constant of the materials. Considering these premises, the LM GaInP/GaAs/GaNAsS-

b/Ge stack shows the following characteristics regarding the bandgaps of their components (see

also Fig. 5.1):

1. Eg,GaInP can be tuned between 1.8-1.88 eV by modifying the ordering parameter either

by growth conditions or using Sb without affecting the lattice constant [Str+00; Bar+16].

Besides, a small amount of aluminum can be added to the ternary compound to increase

Eg,GaInP as long as good minority carrier properties are preserved [Per+16].

2. Eg,GaInAs cannot be modified without introducing undesirable lattice mismatch to Ge.

As for the case of GaInP, a small amount of Al can also be added in order to increase the

bandgap of the material.

3. Dilute nitrides are able to vary its bandgap in a wide range depending on the compound

used. Generally, dilute nitrides based on GaAsN (such as GaInNAs, GaInNAsSb or

GaNAsSb) offer the possibility to reduce the bandgap from that of GaAs (1.42 eV) to

well below 1 eV by increasing the amount of nitrogen (and antimony) in the crystalline

structure.

Next generation of these multijunction solar cells (more than 4 junctions) would strictly

rely on the addition of aluminum for both top cells (GaInP and GaInAs) in order to modify

their bandgap. Aluminum is typically a non-desirable element due to its tendency to oxidize

and the formation of DX centers that degrade the material properties. However, to get the

desired bandgaps just a small Al amount is required and promising results on these new solar

cells have been recently demonstrated [Per+16; Sua+17].

Besides the bandgap considerations that can be tackled through thinning of the subcells, this

4J structure has additional constraints:

• The presence of an indirect material such as Ge will always be less efficient than any other

III-V counterpart. Not only because the lower absorption coefficient, but also because the

lowVoc achieved and the degradation of I-V parameters when subjected to higher thermal

loads (see for example [Bar+18; Gar+17b] and section 3.4). Moreover, the Ge subcell

does not have any excess of photocurrent as in a 3J case.
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• Presently, the best dilute nitride is grown by MBE and the successful development of Ge

subcell by MBE has not been demonstrated. Thus, currently the manufacturing of the 4J

solar cells implies the use of the hybrid MOVPE+MBE growth.

It should be mentioned that in the particular case of terrestrial applications, the impact of

atmospheric absorption bands remains to be studied in detail for this structure. The atmo-

sphere absorption bands lie mainly near the mid-range absorption wavelength of each subcells,

specially those found within the 3rd and 4th ones (1400-1500 nm). In the case of Ge, the atmo-

spheric absorption band lies in the plateau region of its QE. Therefore, it is unlikely that any

shift due to temperature could affect substantially the subcell Jsc. Nevertheless, since the Jsc

required is difficult to achieve in dilute nitrides, it would set higher restrictions on the design

considering atmospheric absorption bands. Consequently, the effect of atmospheric absorption

bands is an important parameter that affects the design of multijunctions solar cells, specially

those with 5 or more junctions [MFG17].

By considering all the previous constraints and without any modification of the well-known

subcells GaInP, Ga(In)As and Ge, we are going to carry out a simple analysis of the 4J Jsc to

establish the main requirements of the new subcell (i.e. GaNAsSb) in order to maximize the

overall Jsc. The photocurrents are calculated from their IQE curves, thus no reflection losses

are considered. In order to base the calculations on realistic data, measured QE’s have been used

for Ge, Ga(In)As and GaInP subcells. In the case of the dilute nitride (DN) QE, the following

assumption has been made:

IQEDN(λ) =

{
0 : Eg,DN > Eph

x : Eg,DN <= Eph

where x is the QE magnitude for all wavelengths which will be varied between 0.5 and 1.

For terrestrial and space spectrums, increasing the bandgap of the top cell (or decreasing its

thickness) is required to distribute the light in an optimum manner. Hence, Eg,GaInP is set to

1.9 eV and Ga(In)As to 1.4 eV and both subcells have been thinned. As a first approximation in

terrestrial applications, these top junctions were thinned to produce the 1st target of 14 mA/cm2

in order to be comparable to 3J cases where the Jsc is typically higher than 14 mA/cm2. Then,

it was realized that this target is very difficult to achieve because the required dilute nitride

QE magnitude is over ∼95% (Fig. 5.17a). Therefore, to minimize this complex restriction the

target was later reduced to 13.5 mA/cm2 (Fig. 5.17b). The target values correspond to the

photocurrent produced by the GaInP and Ga(In)As semi-transparent junctions with the corres-

ponding thinning of their absorber regions. Accordingly, the top two junctions were fixed and
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simulations were carried out calculating the 4J Jsc as a function of two parameters in the dilute

nitride: 1) bandgap and 2) QE.

As can be seen by the intersection of the target (red dashed line) in Fig. 5.17b, the real Ge

IQE (black dashed line) and the DN QEs, a more reasonable QE target (∼ 90%) is obtained

for Eg,DN values around 1.04 eV. Therefore, this is the value that will be used hereinafter.

Interestingly, the highest Jsc is achieved for values higher than 1 eV which is the typical value

assumed to increase the efficiency in these structures. It should be mentioned that we have

assumed here that temperature dependence of the Jsc can be counterbalanced by tweaking

the thicknesses of the solar cells thus similar trends may be expected when solving for higher

temperatures within the typical range of operation. Nevertheless, if higher temperatures are

considered, the best Eg would still be higher than 1.04 eV.

Figure 5.17: Jsc of the 4J solar cell by considering measured QE’s for GaInP, Ga(In)As and Ge for different

dilute nitride QE magnitudes as a function of its bandgap. The cases where Ge is ideal or real (black lines) are also

depicted. The calculations have been made at 300K for Jsc targets of (a) 14 mA/cm2 and (b) 13.5 mA/cm2.

Finally, the intention of Fig. 5.17 is not to provide accurate values of the required material

bandgap for operation under real specific conditions, but to introduce that there are some other

prior constraints that need to be taken into account. Without modifying (e.g. increase material

quality or collection efficiency) the other subcells of the stack (specially Ge), very high QEs

for the DN subcell are required to take advantage of 4J structure over the 3J case. Tougher

restrictions would be present when considering reflection losses.

5.4.6 Germanium subcell limitation and potential enhancements

Because of germanium can become the limiting-current subcell inside multijunction solar cells

(e.g, lattice matched with more than 3 junctions or even 3J inverted metamorphic), it is compul-

sory to evaluate different pathways that could increase its performance. Besides the low Voc,
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the main limitation comes from the very low spectral response of germanium solar cells at long

wavelengths. The reason of this is mainly due to the low diffusion length of germanium (see

Section A.1.3).

As can be deduced from Fig. 5.18 (solid lines), the conventional IQE of germanium sub-

cell (red symbols) is not taking full advantage of long wavelength photons (within the indirect

range for λ > 1600nm) as the ideal case does (absorption=collection shown by solid lines as a

function of slab thickness and calculated by means of: [1− exp(−αL)].

Figure 5.18: IQE and absorption calculated using the term [1− exp(−αL)], being L the thickness of the germa-

nium slab considered (values in µm) assuming absorption=collection. No FCA was considered and Rback = 0.

Red symbols show a typical state-of-the-art IQE of germanium solar cell with thickness of 150 µm and doped

NA = 1018cm-3.

Increasing the carrier collection could be done by achieving longer diffusion lengths. This

could be obtained by lowering the doping concentration of the substrate to increase both, minor-

ity carrier lifetime and mobilities. Indeed, if NA is lowered to 1016cm-3, LD increases to values

> 300µm which would result in a significant increase in the carrier collection. Additionally,

the use of back reflectors (BSR) could be considered in order to increase the optical path length

(lessening LD requirement). In any case, it is also possible to consider the use of a BSF layer

that could help minority carriers absorbed at long wavelengths (at the back of the solar cell) to

travel back to the front junction and increase the collection.

Another interesting subject of research is the use of these kind of structures in space appli-

cations. In the case of Ge-based multijunction solar cells, it would be beneficial to reduce the

wafer thickness in order to minimize the weight of the solar cell, thus decreasing the launch-
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ing cost. Indeed, attempts to reduce the wafer thickness have been already conducted by Ge

manufacturers (e.g. UMICORE following guidelines of ESA). In this sense, if the Ge thickness

is reduced, it is important to evaluate the absorption/collection of photons as a function of the

thickness as well as the surface recombination at the back of the structure.

Accordingly, light I-V curves under 1-sun were computed as a function of the thickness and

back surface recombination velocity for two different structures (No ARC has been considered).

The first one is a conventional structure while the second one includes a highly doped 300 nm-

layer (NA = 1020cm-3) that acts as a BSF. To illustrate the influence of these parameters, Fig.

5.19 shows the solar cell I-V parameters for both spectra: AM0 and AM1.5d. Following we list

the main aspects deduced from Fig. 5.19:

• The general trends in all I-V parameters are similar for both spectra.

• The benefits by the inclusion of a BSF increases with LD and decreases with thickness,

as expected. If thickness is reduced — or LD is increased — a higher amount of carriers

coming from the back of the structure can now be collected, thus benefiting from the BSF

influence.

• Voc and FF remain constant with thickness by considering a BSF layer (with significant

gains) and disregarding the back surface recombination velocity. This may be attributed

to the fact that the BSF acts as a minority carrier barrier reducing the probabilities for

electrons to recombine at the back surface.

• For practical purposes, there is a need to obtain low back surface recombination velocities

at the BSF in order to maximize the efficiency, given the pursued thickness which is in

the range of 20-80 µm.

Although no FCA together with Rb = 0 are considered, the results shown previously let

us to evaluate electrically the great benefits of including a BSF layer (i.e., up to half percent

in absolute efficiency depending on LD and Wb). Additionally, it is possible to deduce how

much can we thin the current solar cells avoiding a significant Jsc loss. For instance, the Jsc

ceases its increase at about 40, 90 and 200 µm for Sb equal to 1000, 100 and 0, respectively for

any spectrum. This means that one could thin the device until those thickness values without

loosing any Jsc.

If a back reflector wants to be placed in order to increase the optical path length, the con-

sideration of FCA is a must because it will substantially reduce the reflection capabilities. On

the one hand, reducing doping level is one of the pathways to diminish the FCA effects and
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Figure 5.19: Ge subcell I-V parameters as a function of base thickness for different solar cell with and without

BSF at 1-sun for both spectra: AM0 and AM1.5d. Values in the legends (0,100,1000 in cm/s) correspond to

the back surface recombination velocity assumed (Sb). Note the different y-scale for Jsc and efficiency for both

spectra. No FCA either ARC was considered and Rb = 0. The structure without BSF has a diffusion length

∼ 70µm.

also increases LD. Indeed, this has been already demonstrated ([Fer+08; Hoh+10]) by using

local BSF region (Ge highly p doped with Al) and using low doped substrates (with thicknesses
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above 150 µm) to diminish the FCA and increase LD. An outstanding IQE increase was ex-

perimentally demonstrated. Nevertheless, some other concerns arise: 1) low-doped substrates

could increase series resistance and 2) high injection effects. Both concerns are more important

when operating under high light concentrations. Additionally, lower doping would result in

lower quasi-Fermi level (QFL) splitting, thus lowering open circuit voltages. However, the LD
increases substantially with lower dopings (see Appendix A.1.3) because of the increase in both

minority carrier mobility and minority carrier lifetime. Therefore, the optimized doping con-

centration — in terms of Voc — may be a trade off between higher QFL separation and minority

carrier lifetimes, as usual in photovoltaic devices. The other possible pathway to diminish the

FCA effects is the thinning of the subcell. If the thickness gets reduced, the effects of FCA also

reduce and could enable the use of higher doping concentrations.

Extended modelling can be developed by including the influence of a back reflector as well

as the effects of FCA. The modelling of a back reflector is straightforward by the simulator,

but this will require to deal with incoherent waves in thick germanium as well as FCA. If one

intends to optimize such structures in terms of doping concentration, it is compulsory to include

FCA effects because the calculation of the photogeneration is considered via the absorption

coefficient and its values can be modified depending on the doping concentration. Indeed, a

very significant amount of free-carrier absorption is present in germanium layers p-type doped

(see [NSM15] and references therein). Thus, in order to calculate the PGR, the FCA (not

able to generate electron-hole pairs) should be included for optical calculations (R, T, A) but

excluding them for the PGR calculations in a similar as the model developed for silicon solar

cells by Clugston et al. ([CB97b]). The inclusion of FCA will be evaluated as possible future

feature to be included into the simulator.

5.4.7 Performance projections for space and terrestrial applications

Although GaNAsSb nitride alloy has not fulfilled the Jsc requirement to be useful in a 4J solar

cell, GaInNAsSb has already demonstrated superior performance [Jon+13; MAO17; Sua+17].

The quinary alloy is rather complex and there is no straight — or fundamental – answer (to

our knowledge) to why In leads to superior performance in this alloy over the GaNAsSb one.

However, we will attempt to briefly review the literature about the effects of In on the quinary

compound and attempt to exhibit the facts already demonstrated in the literature. Then, pro-

jections on the performance of the 4J structure including the quinary alloy minority carrier

properties (comparable to those of state-of-the-art materials) will be described later.

Although antimony improved GaInNAs material quality and surface morphology, it pro-
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vided little improvement to GaNAsSb [Yue+06]. This may be due to the nature of antimony

incorporation and the effects of adding indium. Typically, Sb incorporates faster in GaNAsSb

than GaInNAsSb. It has been reported that indium favors the reduction of the Sb incorporation,

but also introduces strain to the lattice [Yue06]. If indium changes the Sb incorporation, this

also may change the material quality. Depending on the Sb composition, the material quality of

the alloy may enhance or degrade the performance of the device [Yue+06]. In addition, Yuen

et al. also reported that the best material quality in GaInNAsSb has been found by minimizing

the incorporation of Sb. It appears that a certain amount of Sb can be negative, being contrary

to the typical role of Sb as a surfactant. This is in line with Ptak et al. results showing that a

specific amount of Sb affects negatively the GaInNAsSb [PFK07]. Thus, Sb has to be carefully

controlled because it competes with In to incorporate into the lattice. In addition, Sb also en-

hances nitrogen incorporation which can lead to higher nitrogen-related defects. Therefore, the

interplay between these atoms (Sb and In) appears to be crucial in the material quality of the

quinary alloy. One can assume that many different growth parameters affect the performance

of the quaternary and quinary alloys with all of them being strongly related making difficult to

draw concise conclusions. Moreover, once a 1 eV alloy is achieved either with GaNAsSb or

GaInNAsSb, the thermal annealing treatment is key to further enhance the material quality of

these devices and to our knowledge this process has not been fully understood yet.

We now turn back on the potential projections of the 4J including DNs. Fig. 5.20 shows

that a ten times increase in LD (pink line) from the current material LD (the one of GaNAsSb

described in section 5.3) attains a significant enhancement on the DN subcell EQE (85% aver-

age). The photocurrent is boosted about 3.8 and 4 mA/cm2 for terrestrial and space spectrum,

respectively while Voc increases ∼100 mV and FF goes up to 72% (1-sun values). These so-

lar cell parameters are comparable to the ones already achieved experimentally in other dilute

nitrides (GaInNAsSb) by means of thermal annealing treatments [Jon+13; MAO15; MAO16a;

MAO17].

Accordingly, in the following simulations we will use a LD increased by a factor of 10 in

the DN subcell in order to estimate the potential and evaluate the performance of the 4J solar

cell.

Table 5.6 shows the photocurrent availability for a total light collection (ideal) in each sub-

cell for both terrestrial and space spectra. The photocurrents produced for each subcell cal-

culated from their IQE curves are also shown in order to evaluate their collection efficiency.

By looking at the collection efficiency values (percentage values of the available photocurrent

between parenthesis in Table 5.6), the GaAs subcell is the one that exhibits the higher perfor-



5.4. Modeling and characterization of 4J solar cell 181

Figure 5.20: Simulated EQE of each subcell of the GaInP/Ga(In)As/GaNAsSb/Ge 4J solar cell. The EQE’s of

the GaNAsSb subcell is depicted for four different factors of the current diffusion length (1, 2, 5 and 10). The

lower response in the GaAs subcell is due to its thickness thinner (1.25 µm) than usual. A bilayer ARC of

MgF2(110nm)/ZnS(70nm) has been assumed and the corresponding reflectivity of the 4J solar cell is shown as a

black solid line

mance with about 95% for any spectrum. The GaInP and GaNAsSb subcells achieve similar

efficiencies being greater for the terrestrial spectrum than for the space one (∼ 3%). Ge sub-

cell shows the lowest collection efficiencies, 75.3% and 81% for terrestrial and space spectra,

respectively. Accordingly, there is still room for improvement in any subcell, especially in Ge

and to a lower extent in GaInP and GaNAsSb ones.

In order to significantly exceed the efficiency of a 3J by using a 4J solar cell, the additional

junction must be close to the state-of-the-art photocurrent values of 3J solar cells. Typically,

a Jsc of 14 and 17 mA/cm2 is desirable for terrestrial and space spectra, respectively. As

can be seen in Table 5.6, the average value which corresponds to the limiting photocurrent

(once the photocurrent is properly distributed) is lower than the desired Jsc in any spectrum.

In order to improve this photocurrent, the spectral response of the device is examined in Fig.

5.21 where carrier collection, recombination and reflection losses are shown together with the

corresponding subcell EQEs and the reflectivity of the 4J solar cell.

There are three important spectral regions for which losses are especially significant where

the IQE drops below 85% as illustrated in Fig. 5.21: 1) λ<500nm, 2) 1100nm < λ < 1200nm



182 CHAPTER 5. Four junction solar cell including a dilute nitride subcell for terrestrial and space applications

Table 5.6: Available Jsc for each subcell of the 4J structure for space and terrestrial spectra. The calculated Jsc

from simulated IQE curves (see Fig. 5.21) are also shown for both spectra. A thick absorber (3µm) has been

assumed exhibiting a 98% of light absorption for all subcells.

Subcell
Jsc (AM1.5d) [mA/cm2] Jsc (AM0) [mA/cm2]

Ideal From IQE CE Ideal From IQE CE

GaInP [1.90eV] 16.1 14.0 86.8% 21.9 18.3 83.4%

GaAs [1.41eV] 16.9 16.3 96.4% 18.4 17.6 95.6%

GaNAsSb [1.04eV] 13.6 11.7 86.0% 17.7 14.7 83.3%

Ge [0.67eV] 15.5 11.6 75.3% 20.9 16.9 81.0%

Máx. 15.5 13.4 86% 19.7 16.9 86%

Figure 5.21: Simulated external quantum efficiency (black dashed lines) of the 4J subcells. The corresponding

reflectance is shown by a solid gray line. The region where photons are lost by recombination is shown in blue

while the region corresponding to reflection loss is shown in red. Each junction has enough thickness to absorb

above 98% average of the incoming light in their corresponding wavelength range. In the legend, a summary of

collected and lost photocurrent is depicted.

and 3) 1500 < λ < 1800nm. In region 1, the high Jsc loss (∼15%) is mainly due to surface

recombination and window/emitter interface recombination, as expected. In region 2, the loss

is mainly related to the diffusion length of carriers in GaNAsSb while region 3 is related to the

indirect bandgap of Ge and its low absorption coefficient as well as the low diffusion length
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of carriers. In the case of Ge, the use of advanced Ge solar cells by employing low-doped

Ge substrates that improves the carrier diffusion length as well as diminishes the free-carrier

absorption at long wavelengths has been already reported [Fer+08; Hoh+10]. This, together

with the use of a possible local BSF and a back reflector could be one of the pathways to improve

the long wavelengths response in Ge. For concentrator applications, the series resistance — and

possible— high injection effects have to be evaluated due to the low-doped Ge substrate.

Table 5.6 and Fig. 5.21 give an idea of the impact from atmospheric absorption bands in the

infra-red region while considering AM0 and AM15d spectra. For example, for Ge the collec-

tion efficiency is 6 points higher under AM0 over AM1.5d. This is mainly because the water

absorption in terrestrial spectrum lies on the region where the QE is high and lower recombi-

nation losses are depicted. Conversely, the observed dip in the spectrum near 1100-1200 nm

affects less severely the dilute nitride since it lies in a region where the recombination losses are

higher, thus poorer collection is expected. Anyhow, the effect of atmospheric absorption bands

is an important parameter that affects more severely the design of multijunctions with 5 or more

junctions [MFG17].

Assuming no further improvements in the present 4J device, it is important to mention that

there is a pathway to mitigate the recombination losses in terms of photocurrent. This is of

special importance in the case of 3rd and 4th junctions as shown previously. For example, the

amount of electrons generated and lost by recombination at a specific wavelength region (close

to the bandgap edges) can be mitigated by using a different with higher collection efficiency.

For example, in region 2 (1100nm < λ < 1200nm), the GaNAsSb subcell has high recombi-

nation losses as can be deduced from the large blue region and the decreasing EQE. However,

germanium is capable of taking advantage because it is more efficient than GaNAsSb in this

wavelength range which has been deduced from the 90% average IQE of Ge (not shown). The

same reasoning applies to favor the GaNAsSb, but in the GaAs region close to its bandgap. In

this region, the IQE of GaNAsSb is higher than at any other higher wavelength. Obviously, this

would involve the thinning of the corresponding junctions.

Light I-V curves have also been computed as a function of subcell thicknesses in order to

optimize the performance of the solar cell. As can be seen in Fig. 5.23, for a 4J solar cell

representative of Fig. 5.22 whose ARC does not provide low reflectivity in the whole spectrum

range the peak efficiency is ∼44% within the 1000-2000 suns range (red dashed line). In this

respect, further increase can be achieved by taking advantage of the low reflectivity offered by

a broadband ARC (<5% in the whole spectrum range) as already demonstrated in [Per+14;

Bue+15]. By including this improved ARC and tweaking absorber thicknesses to redistribute
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Figure 5.22: Simulated External Quantum Efficiency and reflectivity of the GaInP/GaAs/ Ga(In)NAs(Sb)/Ge 4-J

solar cell analysed in this thesis. The structure assumes a conventional MgF2(110nm)/ZnS(60nm) ARC (gray line).

The improved ARC taken from [Per+14] is represented by a black dashed line

the subsequent gains in photocurrent, the projected peak efficiency would be ∼47% at 1000

suns (green line), with the improvement mostly resulting from the increment in Jsc (12.8/13.7

mA/cm2) and to a lower extent in Voc (∼8 mV at 1000 suns). Above 2000 suns, series resistance

due to the front metal grid starts to limit the performance. The results of Fig. 5.23 correspond

to the present material quality of these devices intending to provide realistic efficiencies that

can be achieved in the short-term.

Regarding space applications, we have set the top cell as the responsible of the limiting

photocurrent which is also a good rule for EOL since GaAs solar cells are the most affected by

the radiation environment while GaNAsSb subcell has not been tested yet. Having a slightly

current mismatch increases the overall FF [McM+08], specially if a large bandgap junction

is the one limiting the photocurrent. The estimated efficiency for this structure is 31.4% with

a Jsc=16.5 mA/cm2, Voc=3.2V and FF=83%. By using the improved ARC and refining the

structure design, there is potential to boost the efficiency above 33%. Despite the numbers given

here, it is important to note that the final values are very dependent on the spectral response of

each subcell and the ARC design. There is some degree of flexibility if one can vary the top cell

and dilute nitride bandgaps as well as the thickness of each junction. Finally, the ARC must be

designed taking into account the spectral response of each subcell.
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Figure 5.23: Performance as a function of concentration of the optimised 4J solar cell under AM1.5d ASTM-

G173.

5.5 Summary and conclusions

The potential of lattice-matched 4J solar cells including dilute nitride subcells for both ter-

restrial and space applications has been studied. First, a full validation and analysis of dilute

nitride single junction solar cells with different absorber thickness and doping concentrations

was carried out. The GaNAsSb solar cells analysed here exhibited low diffusion lengths and

the electric field plays a key role in the carrier collection. It has been found experimentally

that the QE of the device reduced significantly with thickness. Possible inhomogeneities in

material composition, non-uniform doping profiles or uncontrolled unintentional doping con-

centrations may be some of the causes. In fact, a correlation between QE and Voc data fitting

from a flat-doping model to several solar cells suggested a slightly higher than nominal doping

concentration — in average — in order to explain the Voc and reduced QE with thickness. This

is mainly because a lower doping concentration reduces the depletion width of the pn junction,

thus the carrier collection. Then the model was used to assess that with the present minority

carrier properties it is not possible to achieve the photocurrent requirements for this solar cell to

be included into a 4J device. Additionally, the photocurrent requirements inside a 4J solar cell

were carried out for both the dilute nitride showing that very high QEs (<90%) are required if

state-of-the-art spectral responses are used. Indeed, the germanium subcell can be the limiting

one. Therefore, a simulation campaign was carried out in order to show possible pathways to

optimize the spectral response of germanium solar cell.
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Secondly, a realistic modelling of the GaInP/Ga(In)As/GaNAsSb/Ge 4J solar cell has been

developed departing from an extensive dilute nitride material characterization of the GaNAsSb

material we have used. The modelling shows that the shunt-like behavior, caused by the electric

field-assisted carrier collection, and the low FF of the GaNAsSb subcell substantially degrade

the performance of the 4J solar cell. This limits the potential of using the electric field-assisted

carrier collection and indicates that the clearer (but so far elusive) path to achieve very high

efficiencies is to improve the diffusion lengths of minority carriers by improving the quality

of the dilute nitride subcell. By using the minority carrier properties of the best dilute nitride

solar cells found in the literature (GaInNAsSb), the optimization results in efficiencies above

47% at 1000 suns and 33% for concentration and space applications, respectively. In order to

realize these efficiencies, a broadband antireflection coating is required. Finally, preliminary

lattice-matched 4J GaInP/Ga(In)As/GaNAsSb/Ge solar cells have been fabricated by using the

hybrid MOVPE+MBE growth. It has been shown that the integration of subcell components

using this multi-reactor approach produces no degradation of the IQE of the subcells, but strong

Voc loss was measured. This is encouraging towards the attainment of a fully MOCVD process

for the growth of the 4J structure.
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6.1 Introduction

This chapter deals with the influence of temperature on the luminescent coupling in inverted

lattice matched and metamorphic multijunction solar cells. First, an introduction to the lumi-

nescent coupling and a brief review of the literature are presented. Following, luminescent cou-

pling analysis is shown as a function of temperature in two tandem components of an inverted

metamorphic triple junction solar cell such as GaInP/GaAs and GaAs/GaInAs solar cells. The

results are quantified and examined by means of luminescent coupling analysis and modelling,

electroluminescence measurements and optical modelling at the device and subcell level. The

results of the models are experimentally verified and discussed.

6.2 Background

State of the art III-V solar cells contain very high quality materials being radiative recombi-

nation the dominant loss mechanism. This implies that the light received by the solar cell is

re-emitted in a significant amount — with energy close to the material bandgap — and can be

re-absorbed internally producing new electron-hole pairs. In general, photons are emitted at

all angles and they can be re-absorbed in the same layer of emission or by any other layer of

the semiconductor structure with a lower bandgap. If the re-asborption takes place at the same

layer of emission, the process is known as photon recycling (photon recycling (PR)) or self-

absorption. If the re-absorption occurs in a different layer where the emission takes place, the

process is known as optical coupling [LHB06] or also called luminescent coupling (hereinafter

LC). Both phenomena (PR & LC) are illustrated in Fig. 6.1.

The principles governing PR and LC are the same and the first studies date from the mid

and late 1950’s for germanium and InSb materials [Hay55; Dum57]. A thorough historical

review of photon recycling phenomena can be found in [Bal04]. Although the concept was

introduced in the 1950’s, it is a phenomenon difficult to measure and quantify. Furthermore,

PR becomes significant when radiative recombination is dominant or at least comparable to

non-radiative recombination. It was not until the eighties of the last century when III-V solar

cells started to demonstrate very high material quality to take advantage of PR facilitating its

detection. More recently, at the beginning of this decade, it has been demonstrated that PR

is the key factor for the development of record solar cells operating close to the fundamental

limits [Kay+11; Ste+13a]. In the case of LC, it was not until the development of high-quality

multijunction solar cells that started to be experimentally confirmed and examined profoundly.
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Figure 6.1: Schematic for a dual junction solar cell showing the photon emission from radiative recombination

and the re-absorption of such photons in the same subcell (PR) or the the lower bandgap subcell (LC).

Therefore, LC has become an important object of very active research in the past decade (see

for example: [Bau+07; SG12; Ste+13b; Ste+13c; FGS13; Lim+13; Sog+13; Li+13; FGS14;

Shv+13; Wil+14; Ren+15; Lan+15a; Wil+15; Ste+15; Shv+16; Jia+16; Yua+16; Och+16b;

KFS17]).

The implications of PR and LC in single and multijunction solar cells are different. Photons

re-absorbed in the same junction effectively reduce the radiative lifetime increasing the open

circuit voltage of the devices [Asb77; MBR97]. Photons emitted by one junction and absorbed

by another can contribute to the photocurrent of that junction [SG12]. In single junction cases

such as GaAs, the generation of photons by layers, i.e. the substrate, and the re-absorption of

those photons by active layers can have an impact on the spectral response close to the bandgap

cut-off [LHB06]. Although its impact is very small, it helped to confirm the concept. For

multijunction solar cell cases, as the ones studied in this chapter, the spontaneous emission

from upper junctions can contribute significantly to the photocurrent generated by junctions

underneath altering the device design.

Therefore, the effects of LC are important in the design and characterization of multijunc-

tion solar cells. In some cases, typical tails found in spectral response measurements are now

attributed to LC [Bau+07; Lim+13]. There are also important implications on measuring the

I-V curves because QE is typically used to set the simulator spectrum [Ste+13c]. Other ad-

vanced characterization techniques such as electroluminescence (widely used presently to get

internal voltages of each subcell) are affected as well [Kir+08; Gei+14]. In general, in the pre-

sence of LC, additional considerations must be attained for any characterization technique of
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multijunction solar cells.

As mentioned before, the impact of LC is not only important in terms of characterization,

but also on the design of multijunction structure for optimum performance. Friedman et. al

showed that subcell optical thinning in a two-junction device may not be required for current-

matching. Their calculations were performed at ambient temperature and estimated an increase

in efficiency less than 1% depending on the LC strength [FGS13]. Another consequence is

that the additional photocurrent modifies the optimal bandgaps altering the current matching

and having strong implications in the fill factor minima as a function of the light intensity

[FGS14]. Therefore, more accurate designs of high-quality multijunction solar cells require

the full consideration of LC and its variation under real operating conditions. Because of the

importance of studying devices under real operating conditions and since LC has been studied

thoroughly by other authors under laboratory and specified conditions1, we study empirically

and theoretically how the LC is affected by varying one of the most important parameters to

consider when working under real conditions: the solar cell temperature.

6.2.1 Influence of temperature on MJSC performance

The operating temperature in a solar cell has a strong impact on its performance and reliability

[Esp+15a]. In a photovoltaic system, the cell temperature is affected by many factors such as:

ambient temperature, irradiance, wind speed and the heat extraction properties of the module

[SB14; Alg07]. The accurate measurement of the cell temperature is a difficult task but, in

most cases, the estimated operating temperature of multijunction solar cells working under

concentrated illumination is in the range of 50-80◦C [Rod+14]. In some cases, especially for

large cells, the cell can reach temperatures above 100◦C [Kin+08]. Therefore, the design of

concentrator solar cells must consider its real operating temperature in order to maximize the

electrical output in the field.

Different physical phenomena occur when the cell temperature increases, namely: 1) re-

duction of the bandgaps of the semiconductors in each subcell which determines how much

light is absorbed in a subcell and how much light is transmitted to the underlying subcells thus

changing the photocurrent of the multijunction cell; 2) decrease of the open-circuit voltage as

a result of the reduction in bandgap; 3) variation of the refractive index and absorption coeffi-

cient; 4) change in the majority free carrier concentration affecting the electrical and thermal

1See also [Gei+15a] for calculations of the energy yield of concentrator solar cells by varying spectral conditions

and temperature and considering the impact of LC.
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conductivity; 5) depletion of deep level defects that increases the non-radiative recombination

current; 6) decrease in the minority carrier diffusion length, mobilities, etc. In the end, all these

variations result in a worse solar cell behavior at high temperatures [GVA16b].

Recently, Inverted Metamorphic (IMM) multijunction solar cells have reached efficiencies

close to 46% [Pre] and are candidates to achieve 50%. The influence of temperature on these

cells was studied by Steiner et al. [Ste+11] who showed the efficiency of a triple-junction (3J)

IMM solar cell at moderate concentrations drops by around 6% absolute when the cell tempera-

ture increases from 25◦C to 126◦C. The consideration of LC affects the structural optimization

of the solar cell in terms of critical aspects such as thicknesses and bandgaps of the subcells

[FGS13; FGS14]. Therefore, the effect of temperature on LC is required to be known for any

multijunction solar cell design. Indeed, higher annual conversion efficiencies and higher immu-

nity to spectral variations have been modeled by considering some of the temperature effects

on LC presented in this chapter [Gei+15a]. To fill this knowledge gap2, the dependence of LC

with temperature is analysed in this chapter within a typical range for real operating conditions

(25-120oC).

The chapter is divided as follows: Section 6.3 describes the experimental procedures in-

volved on the LC characterization as well as the samples to be studied. In section 6.4, the LC

characterization results are analysed. Then, the description and results of the LC model by

considering the influence of temperature are explained in section 6.5. Finally, an evaluation

of the material quality through optical modelling and subcell characterization as a function of

temperature is presented in section 6.6.

6.3 Experimental

All characterization was performed in the framework of a research stay of Mario Ochoa (spring

of 2014) at the National Renewable Energy Laboratory (National Renewable Energy Labora-

tory (Golden, CO, USA) (NREL)) in Golden, CO, USA. Characterization of all samples was

performed at NREL facilities.

2Additional studies on characterization of LC as a function of temperature have been reported from the development

of our work in 2014 which was electronically published in 2015 [Och+16c] and the time of writing this document.

We must refer the reader to the work developed by Shvarts et al. in 2015 [Shv+15].
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6.3.1 Sample description

Two inverted, dual junction structures, namely ML732 and MM708, were grown in an atmo-

spheric pressure MOVPE reactor [Gei+07]. ML732 is a Ga0.51In0.49P/GaAs tandem grown

lattice-matched on GaAs and MM708 is a GaAs/Ga0.75In0.25As metamorphic tandem grown on

GaAs as shown in Fig. 6.2

Figure 6.2: Design of the two structures analysed. The solar cell active areas are 0.25 and 0.1cm2 for ML732 and

MM708, respectively. Horizontal axis indicated the lattice constant.

The solar cells were manufactured using conventional photolithography and metal deposi-

tion techniques whose details can be found in [Gei+07]. A MgF2/ZnS dual layer ARC was

deposited onto the ML732 device by thermal evaporation while no ARC was deposited onto

the MM708 device. The GaInP top cell in the ML732 device has the rear heterojunction (RHJ)

design described in [Gei+13], which has been demonstrated to lower the space charge region

recombination. The other two subcells (GaAs and metamorphic GaInAs) follow traditional de-

signs [Gei+07]. In order to enhance photon recycling and luminescent coupling inside these

solar cells, the substrate was removed in both structures and a highly reflective gold mirror was

electroplated at the back side of each cell. A highly doped Al0.3Ga0.7As layer for the ML732

and a 1eV GaInAs layer for the MM708 were grown to achieve a p-type ohmic contact with

gold.

In order to carry out the LC analysis, the solar cells were characterized by QE and

electroluminescence (EL) as described in [Ste+13c; Gei+13; Kir+08]. The short-wavelength

artifact in the QE measurement caused by luminescent coupling was corrected by following the

procedure shown in [Ste+13c]. EL has been used to: 1) calculate the subcell dark J-V curves
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by using Rau’s reciprocity theorem [Rau07] and following the procedure in [Gei+13; Gei+14];

2) verify and confirm the LC results by using the subcell dark J-V curves and 3) analyze the

structures at the subcell level in the presence of luminescent coupling [Gei+15b]. All charac-

terization data were taken at nominal temperatures of 25, 50, 75, 100 and 120◦C. A calibrated

platinum-RTD surface probe was used to monitor the temperature on the stage surface. There-

fore, every value shown in the upcoming graphs corresponds to the actual temperature on the

stage. In order to control the cell temperature during the QE measurements, a Wavelength Elec-

tronics LFI-3751 controller was used. A gold-plated copper sample stage was mounted on a

thermoelectric heater with a 10kΩ thermistor coupled to the copper block.

6.3.2 LC characterization procedure

In order to extract the luminescent coupling current and its related parameters, the short circuit

current of the solar cell is measured as a function of the light intensity, as described in [SG12;

Ste+13c]. Spectral conditions are varied to force the luminescent coupling current between the

two junctions to dominate the limiting photocurrent. An adjustable light simulator comprising

a Xenon lamp and high-brightness LEDs with wavelengths 470, 740 and 850-nm was used to

construct the emulated spectrum to selectively vary the light intensity in the GaInP and GaAs

subcells, respectively (see Fig. 6.3). For every data point, the intensity on each junction relative

to the ASTM G173 direct solar spectrum (Xi or equivalent suns for junction i, where i = 1

corresponds to the top cell) was determined by measuring the photocurrent on a corresponding

calibrated single junction reference cell, and correcting for any spectral mismatch using a spec-

tral mismatch correction factor calculated using the measured light spectra and the quantum

efficiency measurements [Ost+]. The relative intensity of each junction was characterized as

each LED was varied, and any spectral overlap between the LEDs was accounted for. The LED

overlap was observed to be stronger as the temperature is increased, for the particular LED and

cell bandgaps used, due to the bandgap temperature dependence. However, this overlap is well

captured by the reference cell characterization (as shown in the next section). As mentioned

above, the LC current is measured by forcing the subcell under test to limit the tandem cell

current in order to analyze the LC behavior. To force these conditions, the corresponding LED

light source (X1 or X2 for a dual junction solar cell case) is varied for the subcell under test

from zero to the full range of the LED power while the other subcells are under a fixed LED

light power. The Jsc of the overall tandem cell is measured at every light bias step and the Jsc

vs equivalent suns curve is obtained. A detailed description of the measurement technique can

be found in [SG12; Ste+13c]. Regarding the EL measurements, we followed the procedure de-
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Figure 6.3: Schematic of 1-sun adjustable simulator with Xenon lamp and various LEDs light sources. An

example of the spectrum measured by the spectroradiometer is also depicted at the left part of the figure. The

LEDs shown correspond to the configuration used in the LC characterization

scribed in [Rau07; Kir+08] using a high resolution spectroradiometer from Spectral Evolution

(SR-3500). The EL spectrum is measured under a range of different forward current injections.

EL also allows to deduce the external luminescent efficiency which is an important metric to

measure the quality of solar cells and it is defined as the fraction of the total dark recombination

current that leads to radiative recombination and emission of photons that escape out the front

of the device [Gre12]. The external radiative efficiency is calculated by integrating over the

measured EL peak emission spectrum (in units of current density) of the subcell and dividing it

by the injected current. More details on the measurement procedure can be found in [Gei+13;

Gei+14].

6.4 Luminescent coupling characterization results

The recognition and analysis of LC is a relatively new object of research that entails a possi-

bility that the reader may not be entirely familiar with some of its evidence and manifestation.

Therefore, we will briefly describe the most common observation of LC in multijunction solar

cell characterization prior to show the LC results as a function of temperature.

A clear signature of luminescent coupling is typically encountered in QE measurements.

For example, in a two-junction solar cell, a non-negligible spectral response in the range of

the top junction is detected when measuring the second junction. This response is typically a
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function of light bias applied to the top junction to avoid current limitation from this subcell. To

illustrate this effect, Fig. 6.4 shows the spectral response of a dual-junction GaInP/GaAs solar

cell (one of the devices studied in this chapter) as a function of the light bias in the top junction.

As can be seen, the GaAs spectral response (green lines) in the region of the top junction

absorption (λ < 700 nm) increases with the 470-nm LED power. Assuming the absence of

a low breakdown voltage, a non-negligible QE in this range for GaAs may be attributed to

different phenomena, namely: a) a low shunt resistance, b) incomplete absorption of the top

cell and 3) LC effects [Meu+03; Lim+13; Bar+15a]. A low shunt resistance would imply

a non-zero slope photo current generation of the GaAs subcell that is dependent on voltage

bias. In this case, this is ruled out mainly because the same QE has been measured at different

voltages, i.e. -Voc of the top cell and around 0V at the GaAs subcell. Moreover, the shunt effect

tends to saturate with the LED light intensity. Incomplete absorption of the top cell can be also

ruled out because the GaInP subcell is thick to enough to absorb almost all light, specially at

low-wavelengths (<550 nm). The transmitted light reaching the 2nd junction is expected to be

low, being unable to explain QEs above 10%. The GaAs QE dependence with light intensity

shinning the top junction can be explained by LC effects that affect the QE measurement of the

device. The extra photocurrent that GaAs develops comes from the absorption of the GaInP

radiative emission that increases when increasing the amount of light in this junction. Indeed, a

higher spontaneous emission from GaInP is expected mainly because the quadratic dependence

on the excess carrier density of radiative recombination. Accordingly, a strong LC effect with

QE values above 30% is observed for the highest power used indicating the high material quality

of the top junction. Interestingly, the GaAs QE at its absorption range (λ > 700 nm) decreases

when increasing the light intensity. According to small signal analysis performed by Lim et al.,

the LC photocurrent has a negative polarity with respect to the photogenerated current of GaAs

suppressing the QE output [Lim+13].

As mentioned above, other phenomena such as shunting conductance or low breakdown

voltage complicate the detection of LC. However, both effects can often be avoided by setting

appropriate voltage or light bias conditions to 1) ensure the subcell to be measured close to short

circuit conditions and 2) ensure the current limitation in the subcell to be measured by applying

enough amount of light on the others [Meu+03; Bar+15a]. Moreover, once the appropriate

conditions are found, the spectral response is not a function of the light bias on the overdriven

junction as LC is. Indeed, shunting conductance should decrease its appearance when light is

increased.

It is important to note that the measurement artifact occurs because of the nature of QE
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Figure 6.4: EQE of a GaInP/GaAs dual-junction solar cell for different 470-nm LED intensities without any LC

correction procedure applied.

measurements of multijunction solar cells. Light bias conditions must be set properly to access

specific subcells where strong current mismatch occurs. The GaAs response is not actually

generated due to the external light rather than internal extra generation process. Indeed, this is

not representative to the operation under a given spectrum. In this case, the response observed

by LC in short-wavelengths (having implications in the long wavelength range as explained

before) for GaAs would not occur because at those wavelengths almost all incident flux is

being absorbed by the top cell. What is required is that the cell responds to the external light

flux, i.e. monochromatic light. Accordingly, because the QE is commonly used to adjust the

solar simulator spectrum there is a need to remove the LC effects. Therefore, procedures of LC

correction in QE measurements were required for proper characterization of multijunction solar

cells [Ste+13c; Shv+16]. One of the most known procedures has been developed by Steiner et

al. and it is the one applied to the following results [Ste+13c].

6.4.1 QE results

Fig. 6.5a shows the EQE measurements for the GaInP/GaAs two-junction cell (ML732) as a

function of temperature. As mentioned previously, all QE curves have been already corrected

for LC effects on the measurements. As expected, a shift of the cut-off wavelength in the

EQE of each subcell is observed due to the temperature dependence of the bandgap in each

material. The reflectance (bottom of Fig. 6.5a) primarily shows differences with temperature



6.4. Luminescent coupling characterization results 197

near the bandgap of the bottom junction. This indicates that the refractive index does not show

significant changes at any measured temperature. The plateau of the EQE response also shows

very little changes (less than 1-2%, which is within measurement uncertainty) indicating that the

diffusion length is still greater than the cell thickness at high temperatures so as not to affect the

carrier collection. Very similar behavior (6.5b) was found for the GaAs/GaInAs two-junction

cell (MM708)

Figure 6.5: (a) EQE measurements (top) of the GaInP/GaAs two-junction cell and (b) the GaAs/GaInAs at dif-

ferent temperatures once corrected by luminescent coupling following the procedure described in [Ste+13c]. Re-

flectance of each solar cells is depicted at bottom figures of (a) and (b) at different temperatures

6.4.2 LC results

Two different measurements are carried out in order to analyze the luminescent coupling: 1)

with background LED light illuminating the bottom junction at around one-sun, and 2) without

any background LED light on the bottom junction. The use of both measurements provides

a more reliable extraction of the LC parameters as well as the photocurrents of the subcells

relative to standard test conditions. Fig. 6.6a and Fig. 6.6b show the measurements carried out

to analyze the LC for GaInP/GaAs (ML732) and GaAs/GaInAs (MM708) cells as a function of

temperature, for the cases with and without background light, and the fitting achieved by using

the Steiner and Geisz model [SG12].
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Figure 6.6: JSC of GaInP/GaAs (a) and GaAs/GaInAs solar cell (b) at different temperatures for measurements

(top) with background light X2, and (bottom) without the background light when X1 is varied. Markers are data

and lines are fits.

For GaInP/GaAs solar cell, the measurements with background light (X1 varied and

X2 ∼ 0.9 suns) show two different slopes as can be seen in the top graph of Fig. 6.6a (top). The

first slope, on the left, corresponds to the top cell limiting the photocurrent until it reaches the

background photocurrent generated by the bottom cell. At this point, the top cell is not limiting

the current, so the limiting photocurrent corresponds to the bottom cell background photocu-

rrent plus LC photocurrent. The bottom graph of Fig. 6.6a shows clearly the LC where the

bottom cell is not illuminated (X1 varied and X2 = 0) and the LC dominates the photocurrent

for the whole curve. As can be seen, the slope of the lines is reduced as temperature increases

so the LC diminishes with temperature. Fig. 6.6b shows the radiative coupling from the GaAs

top cell to the GaInAs bottom cell for the MM708 device. In the case with background LED

light measurements (top graph in Fig. 6.6b, X2 ∼ 0.75), LED overlap is present. The first

slope ends at lower illumination intensity as temperature increases due to the increasing over-

lap of the 940-nm LED on the top cell. As temperature increases, the absorption range of each

subcell extends to longer wavelengths, thus the GaAs cell absorbs more light from the 940-nm

LED and lower illumination is needed to make the bottom cell the limiting subcell. No major
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impact is expected from the LED overlap in the extraction of the LC properties since the LED

intensities has been previously characterized by using appropriate reference cells. Finally, for

X2 = 0 (bottom graph of Fig. 6.6b), the curves that the LC dominates the Jsc and decreases

with temperature.

6.5 Luminescent coupling model and results

Originally, LC current was associated to be a linear function of the recombination current in

a particular emitting junction. More recently, it has been demonstrated that the luminescent

coupling current exhibits a non-linear behavior depending on the competition of non-radiative

and radiative recombination mechanisms of the emitting junction [SG12]. The latter is the

model that has been used to analyze the LC behavior. We include temperature dependences of

the diode parameters and show that they can be used to model the behavior of LC as a function

of temperature.

Using a two-diode model with ideality factors of n = 1 and n = 2 in the absence of series

resistance, shunting and reverse breakdown, the LC as a function of the relative light intensity in

each junction (Xi) can be characterized by two experimentally measurable parameters [SG12]

: 1) the coupling efficiency, ηi,i+1 and 2) φi. The first parameter evaluates the strength of the

coupling by including optical effects (ability of photons to escape out of the subcell, absorption

in layers between subcells, etc.) and the ratio between radiative and non-radiative components

of the diffusion recombination current in the subcell emitting light. In other words, it is a

fraction of J01 exp(qV/kT )). The second parameter (φi) evaluates the linearity of the LC with

light intensity from the upper junction and is given by: φi = J02
2
√
J01

. Both parameters, ηi,i+1 and

2) φi, determine the luminescent coupling current, JLCi,i+1, in junction i+1 and is calculated by

[SG12]:

JLCi,i+1 = ηi,i+1

[√
φ2
i + Jrec − φi

]2

6.1

where Jrec is the recombination current density. Since Jrec is a function of the total photocu-

rrent density (JTotal) in the device, its calculation depends on which cell is limiting the current.

Since we are dealing with two-junction devices, the LC dominates when the second, lower

bandgap junction is limiting the photocurrent in the device. Therefore, Jrec = Jext1−Jext2−JLC12

and Eq. 6.1 can be solved directly by using the externally induced photocurrents, Jext1 and Jext2
(previously characterized) on top and bottom junctions, respectively [SG12]:
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J12
LC =

η12

1 + η12

2
[√

φ2
i + (η12 + 1)(Jext1 − Jext2)− φi

]2

6.2

In order to extract the LC parameters (ηi,i+1 and φi) from the experimental data of Fig. 6.6a

and Fig. 6.6b, the simplest case is setting φi = 0, which means that the luminescent coupling

current is a function of ηi,i+1 and Jrec and can be explained by a single diode model (J02 = 0).

However, even though there are some cases where φi can be neglected (i.e. for a very high

quality cell and at a fixed temperature), we expect that the saturation current densities from the

standard two-diode model, J01 and J02 change differently with temperature. Therefore, φi will

probably not remain constant with temperature and should be considered to be variable. On the

other hand, the main uncertainty on the calculation of the LC parameters (ηi,i+1 and φi) as a

function of temperature is that multiple pairs of values of these parameters are able to get very

good data fittings to the experimental measurements (the goodness of fit was evaluated by Chi-

square tests where χ2 < 0.01 in each corresponding curve). Because of the existence of multi-

solutions of the data fitting process for both ηi,i+1 and φi, it is compulsory to validate at least one

of these LC parameters in order to provide more confidence to the model consistency. Because

φi depends on the so-called saturation current densities (J01 and J02) of each subcell, it can be

estimated by measurements. To validate φi, we proceed as follows: 1) EL(T) measurements

are performed and the subcells dark I-V curves are extracted following [Kir+08], 2) We fit

those curves to a two-diode model in order to estimate the saturation current densities. Then,

φi(T ) can be derived from the relationship between the saturation currents mentioned above.

Accordingly, by assuming proportionality in the relation of Dn,p/τ
−1
n,p with temperature and

using the temperature dependence of the intrinsic carrier concentration [Bar87]:

n2
i ∝ T 3 exp

(
−Eg
kT

)
6.3

J01 can be expressed as:

J01(T ) = q

(
Dn,p

τ−1
n,p

)1/2(
n2
i

ND,A

)
= C1T

3 exp

(
−Eg
kT

)
6.4

where C1 is a proportionality constant, Dn,p the diffusion length of holes or electrons, τn,p
the carrier lifetime of holes or electrons, ND,A the doping level of acceptors or donors and the

other variables have their usual meaning. Assuming: a) the trap energy level is equal to the

intrinsic Fermi level, b) the capture cross sections are equal for both carriers (σ = σn = σp)

and c) for V >> kT/q, the temperature dependence of J02 arises from both ni and that of the

lifetimes through the thermal velocity (νth) [SN06]:
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J02(T ) =
qWni

2
σνthNt = C2T

2 exp

(
−Eg
2kT

)
6.5

where C2 is a proportionality constant, W is the depletion width, Nt is the defects density

and the other variables have their usual meaning. Finally, combining Eq. 6.4 and Eq. 6.5 and

solving for φi yields:

φ2
i (T ) ∝ T 6.6

Therefore, we proceed by using Eq. 6.6 to calculate the temperature dependence of φi and

then we use these φi values as input data to calculate ηi,i+1. As a result, the LC parameters as a

function of temperature are plotted in Fig. 6.7. The η12 decreases by just 11% from 25 to 75◦C

and by 45% from 25 to 120◦C in the case of the GaInP/GaAs cell (ML732). In the case of the

GaAs/GaInAs cell (MM708), η12 drops by 25% from 25 to 75oC and by 45% from the lowest

to the highest temperature measured.

Figure 6.7: Luminescent coupling parameters: (a) η12 and (b) φ1 fitted from the measurements for the GaInP/-

GaAs cell, ML732 (blue region filled circles) and the GaAs/GaInAs cell, MM708 (red region and filled squares).

The possible values that the LC parameters that can be well fit to the experimental data

are within the colored regions around the dotted curves. In order to calculate this uncertainty

(colored regions), we establish three different pairs of values that achieve reasonable good data

fittings. The black curves (1st pair of values) correspond to the best fitting while the colored

regions correspond to possible values that the LC parameters can take within lower (2nd) and

upper (3rd) limits where the χ2 is closest to 0.01.

The black curve corresponding to η12 has ±6% of deviation for the GaInP/GaAs cell and

around ±10% for the GaAs/GaInAs cell while φ1 has a deviation of ±35% and ±15% for both

cells, respectively. Fig. 6.7 shows that a lower uncertainty in η12 can be found for cases where
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φ1 is relatively low. In cases where φ1 is low (as in the case of GaInP in the ML732 device),

its variation is high (±35%) and it has a lower deviation impact on η12 (±6%). This impact on

η12 increases (±10%) when φ1 is higher even if its deviation is lower (±15%) as in the case of

GaAs in the MM708 device. Therefore, a low φ1 indicates a relatively small contribution from

the space charge region (lower J02) and η12 becomes the dominant parameter.

Despite the uncertainty, the trend of each parameter considering these deviations remains

unchanged. For example, any value taken for φ1 in the coloured region of each structure in Fig.

6.7b yields similar trends for η12 in Fig. 6.7a. Consequently, the use of φ1 as an intermediate

parameter in order to achieve robust values of η12 can be justified. In addition, as ηi,i+1 is the

LC efficiency provides much more physical insight than φ1.

It should be mentioned that some other J02 temperature dependences such as

J02 ∝ T 5/2 exp(−Eg/2kT ) may be found in the literature [WNS77; RYH95; SB14; Bro+15].

Because the J02 parameter is related to the space charge recombination through defects, its

temperature dependence is determined by the nature of those defects in each junction as well

as by the bias conditions considered in its derivation. Therefore, it is reasonable to find differ-

ent temperature dependences for J02. If we consider the proportionality of J02 with T 5/2 then

φ2
1(T ) ∝ T 2. Since φ1 is a very sensitive parameter (no exponential dependence), this tempera-

ture dependence also leads to φ1 values that lie between the ranges of values (coloured regions

of Fig. 6.7) that achieve good data fittings to the experimental measurements of Fig. 6.6a and

Fig. 6.6b.

6.6 Subcell material quality evaluation in the presence of lu-

minescent coupling

6.6.1 Subcell analysis from dark IV models and internal voltages

A simplified two diode model has been used to analyze the behavior of each subcell as a function

of temperature. This model is also useful to confirm the saturation currents employed for the

calculation of φi(T ). Since the cells have a very high quality (as shown by the presence of

strong LC) and the EL measurements are not affected by series resistance in the measurement

range, neither shunt nor series resistance were considered in the model. The recombination

current at each subcell as a function of voltage and temperature can be expressed as:
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J(V, T ) = J01 exp

(
qV

kT

)
+ J02 exp

(
qV

2kT

)
6.7

where J01 represents the saturation current densities at the quasi-neutral regions under low

level injection conditions and includes radiative and non-radiative processes, J02 represents the

saturation current density associated to the depletion and perimeter regions, the other variables

have their usual meaning. The main dependence of the recombination current in the neutral

regions on the applied voltage (V) is given by the dependence with the voltage of the injection

of minority carriers from the depletion region into the neutral region (exponential dependence).

Therefore, the ideality factor (n) in the first term of expression 6.7 is always 1 regardless of the

predominant recombination mechanism in the neutral regions, radiative, Shockley-Read-Hall

(SRH) or Auger. The recombination current in the depletion region is obtained by integrating

the different recombination mechanisms (SRH, radiative, and Auger) rates along it. Usually,

only the SRH recombination mechanism is considered in this region in the literature [LH10]

because at forward bias capture processes are the major recombination-generation phenomena

in the depletion region [SN06]. When the SRH recombination in the depletion region takes

place through a single-level trap, assuming that the trap is located in the center of the band

gap and the capture cross-section of electrons and holes are equal, the maximum value of the

recombination occurs where the electron and hole densities are equal. In this case, the ideality

factor n is 2. Though we have observed that in some cases this ideality factor can be lower

than 2, in this work we assume it is 2 in accordance with the models for LC available at this

moment. Extended models which include the possibility of using different ideality factors for

the depletion region recombination current are under development and they will be used in

future works3 [Gei+15b].

The dark J-V curves of the individual junctions of the tandem cells can be extracted from EL

data to experimentally determine J01 and J02. Errors in these EL results are reduced when the

luminescent coupling is also considered [Gei+14]. An excellent agreement between the subcell

dark J-V curves extracted from EL and the model has been achieved at each temperature. The

saturation currents have been validated by comparing the saturation currents used to calculate

φ1(T ) from Eq. 6.6 and the saturation currents extracted from the fits to the experimental dark

J-V curves of each subcell as can be seen in Figs. 6.8 and 6.9.

Therefore, a proportionality factor for φ2
1(T ) can be extracted from Eq. 6.6 by using the

3At the time of writing this document, the extended models were already developed by Geisz et al., see [Gei+15b]

for details
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Figure 6.8: J01 and J02 for GaInP in the ML732 device. C1 and C2 (in units of mA/cm2) correspond to the

proportionality constants of Eqs. 6.4 and 6.5, respectively

saturation current values of Fig. 6.8 and Fig. 6.9, giving 1.85·10−4 mA· cm−2K for GaInP in the

ML732 device and 6.34·10−3 mA· cm−2/K for GaAs in the MM708 device. The proportionality

factor does not show a value that can be applicable to all materials. In fact, it is considerably

higher for GaAs in the MM708 device indicating a high contribution from the J2 term.

Figure 6.9: J01 and J02 for GaAs in the MM708 device. C1 and C2 (in units of mA/cm2) correspond to the

proportionality constants of Eqs. 6.4 and 6.5, respectively

Once the saturation currents values have been validated, they can be used to evaluate the

quality of the subcells in each structure. We analyze two different curves as a function of

temperature: 1) the bandgap-voltage offset under open circuit conditions, Woc = Eg/q − Voc
[Kin+11] and 2) the Voc-Vp, where Vp corresponds to the parity voltage point where both the

recombination current density in the quasi-neutral regions (J1, first term of Eq. 6.7) and in the
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depletion and perimeter regions (J2, second term of Eq. 6.7) are equal [Hoh+13]. To base the

model on realistic data, the Voc and bandgap values of each material are extracted from the EL

measurements. In Fig. 6.10 we plot the difference between the Voc of the subcell at one sun and

Vp and the bandgap-voltage offset.

Figure 6.10: Temperature dependence of Woc and Voc − Vp for each top cell in the two structures analysed.

A positive Voc−Vp means that the recombination current density in the quasi-neutral regions

starts to dominate before it reaches the Voc of the subcell. A negative value means that the

recombination at the depletion and perimeter regions is still strongly affecting the performance

of the device at the Voc point. This second case does not apply to any subcell analysed, as can be

seen in Fig. 6.10. The higher the positive difference the lower the impact of the recombination

at the space charge region and, thus, the better the quality of the subcell. The bandgap-voltage

offset is similar in both cases. The Woc decreases at a rate of -1.28 mV/K and -1.14 mV/K

for the GaInP top cell in the ML732 and the GaAs in the MM708, respectively. This indicates

that GaInP is most affected by temperature, but since Voc − Vp has a positive slope, it has

lower influence of space charge recombination. This is consistent with having dominant J01

(as in the case of the GaInP in the ML732) over the J02 contribution to the total recombination

current yield to higher temperature dependence (J01 ∝ T 3) as shown in Eq. 4 and 5. The

lower space charge recombination of the GaInP in the ML732 device can be attributed to the

rear-heterojunction design. In the case of the GaAs in the MM708 device, the Voc − Vp is also

positive but closer to zero and it remains almost constant with temperature indicating that at any

temperature the space charge region recombination still limits the performance of the device.
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6.6.2 Subcell internal radiative efficiency dependence on the injected cu-

rrent and temperature

The LC parameters are complementary and incorrect conclusions can be drawn if the LC is

evaluated by looking at them individually. In fact, in section 6.5, we have shown higher coupling

efficiency factors for GaAs (MM708), but having higher coupling efficiency factor does not

necessarily mean better luminescent properties (η12 depends also on the optical properties of

the semiconductor structure). Therefore, the behavior of the internal radiative efficiency with

injected current and temperature is used to provide more insight and to evaluate the luminescent

properties of the junction materials. The internal radiative efficiency is defined as the fraction

of recombination events that are radiative and is one of the most important metrics to determine

the quality of the solar cells [Gre12]. In order to calculate it, we use the optical modelling

described in [Ste+13a]. This modelling is capable of computing average internal probabilities

of an emitted photon to be re-absorbed in the junction (Pabs) and to escape out of the front

surface of the device (Pesc). ηint can be defined from the optical modelling as:

ηint =
ηext

ηext − Pabs + Pesc
6.8

where ηext is the external radiative efficiency, which is determined from EL measurements.

The external radiative efficiency is defined as ηext = (Jemi )/(J inji ), where Jemi is the total

external radiative flux from the ith junction in units of current density and is calculated by

integrating over the EL peak emission spectrum and J inji is the injected current density applied

to the cell in the EL measurement. Pesc and Pabs are complicated functions of the geometry and

the angle and wavelength dependent Fresnel coefficients at the front and back of the structure.

Their expressions are given in Ref. [Ste+13a]. To accurately determine ηint, reliable refractive

indices are needed. We have no measured data available for the extinction coefficient (k) of the

materials involved for temperatures above 25oC. It was calculated by using the approach from

[Pan71] where the k drops with the square root of the bandgap energy. The real part of the

refractive index has been extended by extrapolating the measured indices with parameters of

the well-known Sellmeier equation able to reproduce the last region (long wavelengths) of the

refractive index of interest. The validation of this optical data has been performed by fitting the

measured reflectance and QE response (not shown), reaching a satisfactory result.

The determination of Pesc (1.26% and 0.6% at 25oC for ML732 and MM708, respectively)

and Pabs (73% and 84.2% at 25oC for ML732 and MM708, respectively) as a function of tem-

perature does not show any significant changes, within 0.1% and 3-4%, respectively from 25oC
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to 120oC for each top cell examined. It is reasonable to expect Pabs and Pesc to remain almost

unchanged in the temperature range analysed since the QE and reflectance does not show any

significant changes except at the bandgap regions (see Fig. 6.5a and Fig. 6.5b). Therefore,

the variation in ηint is dominated by the variation in ηext. Fig. 6.11 shows contour plots of the

ηint(J, T ) for the subcells emitting light in each device (GaInP for the ML732 and GaAs for the

MM708 device), as calculated from Eq. 6.8 and using EL data measured earlier. As can be seen

in figure 6.11a, we find a dominant radiative component for the GaInP (high values of ηint even

at low currents). ηint(J, T ) increases with the injected current, but it exhibits a strong reduction

with temperature.

Figure 6.11: Contour plot of ηint(J, T ) of the top cells: (a) GaInP in ML732 (b) and GaAs in MM708

For the GaAs top cell in Fig. 6.11b, ηint(J, T ) also decreases with temperature, but at a

lower rate than the GaInP top cell for any range of injected current. The higher sensitivity to

the injected current suggests that at lower currents, the GaAs is still affected by a strong non-

radiative recombination which decreases at higher currents. It is noteworthy that at high current

densities (∼ 86 mA/cm2 or ∼ 7 suns) and at any temperature below 100oC, the GaAs subcell

has very high values of ηint(J, T ) that exceed 90%. The internal emission intensity shown in

Fig. 6.11 can be affected by several mechanisms such as: non-radiative recombination via deep

level defects, surface recombination, potential losses in heterostructure barriers, optical losses

at the interfaces, cladding layers and tunnel junctions, etc. The temperature dependence of these

processes is not a straightforward calculation. However, all those mechanisms can be included

in the radiative and non-radiative lifetimes: τr and τnr. Accordingly, the internal radiative

efficiency can be also defined in terms of the radiative and non-radiative lifetimes [Sch06]:

ηint =
τ−1
r

τ−1
r + τ−1

nr

6.9

The temperature dependences of τr and τnr are well-known and can be introduced into Eq.
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6.9. From the bimolecular expression of radiative transitions, the B radiative coefficient has

weak temperature dependence: ∝ T−
3
2 [Sch06]. The dependence of the radiative lifetime is

inversely proportional to B for a specific doping level. In the case of the non-radiative recombi-

nation lifetime (the Auger recombination is neglected), the temperature dependence is stronger:

τnr
−1 ∝ exp (−Ea/kT ) [Sch06]. By combining the temperature dependences of the lifetimes

into Eq. 6.9, a simple equation for the temperature dependence of the ηint can be expressed as:

ηint(T ) =
τ−1
r,T0

(
T
T0

)−3/2

τ−1
r,T0

(
T
T0

)−3/2

+ τ−1
nr,T0

exp
(
−Ea

kT
+ Ea

kT0

) 6.10

where T0 corresponds to a given reference temperature, in this case we use 300K, and Ea is the

activation energy of the trap. The exponential dependence of the non-radiative recombination is

much stronger than the power law dependence, so the reduction of ηint is due to a decrease in the

non-radiative lifetime. In Fig. 6.12, we show the values of ηint at one sun-equivalent injected

current as obtained from the optical modelling and the fitting to equation 6.10. The trend can

Figure 6.12: Internal radiative efficiencies at one sun-equivalent injected current calculated by optical modelling

described in [Ste+13a]. Dashed lines are the corresponding fitting curves calculated with Eq. 6.10

be explained by using Eq. 6.3 in all materials. As mentioned before, since the exponential

behavior of the non-radiative lifetime has stronger temperature dependence than the radiative

lifetime which follows a power law; the changes on the non-radiative lifetime values dominate

the reduction of ηint as a function of the temperature. In fact, the τnr is more than one order

of magnitude lower at 120oC than at 25oC while the τr increases slightly with temperature.
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The activation energy is the most important parameter in predicting the trend of the curve.

The lower the activation energy the lower the temperature dependence on the reduction of the

internal radiative efficiency. Interestingly, the ratio
τ−1
r,T0

τ−1
nr,T0

shown in Table 1 indicates that the

effective carrier lifetime is dominated by the radiative lifetime at the reference temperature in

both materials, being more dominant for the GaInP.

Table 6.1: Fitting parameters of Eq. 6.10

Junction Structure
τ−1
r,T0

τ−1
nr,T0

Ea (meV)

GaInP ML732 0.086 196±14

GaAs MM708 0.115 97±14
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6.7 Summary and conclusions

The temperature dependence on the luminescent coupling of multi-junction solar cells has been

studied in two tandem solar cells (GaInP/GaAs and GaAs/GaInAs) that are components of an

inverted metamorphic triple junction solar cell. The study has been carried out by means of

LC analysis, dark and optical modelling. LC models have shown suitability for the analysis of

the temperature impact on the luminescent coupling. This analysis showed that the luminescent

coupling efficiency factor is reduced with temperature from test temperature to typical opera-

ting point (75◦C) by 11% and 25% for GaInP and GaAs, respectively. From optical modelling,

the luminescent properties of GaInP and GaAs subcells as a function of temperature and in-

jected currents have also been studied. In the case of GaInP, it shows a high internal radiative

efficiency even at low current densities, but it is strongly affected by the temperature which

can be attributed to the dominant J01 in accordance with dark modelling. The internal radiative

efficiency of the GaAs top cell performs better with temperature and reaches very high values at

moderate injected currents. The low values of internal radiative efficiency of this GaAs top cell

at low current densities suggest a strong non-radiative recombination component. In both mate-

rials, there is strong potential to mitigate the effect of temperature by exploiting the luminescent

coupling properties at high currents densities or light concentration levels.



Future works

1. Incorporation of models for photon recycling. This can be done through the spontaneous

photon emission calculation along the structure depending on the quasi-Fermi level sep-

aration. Once this quantity is obtained, the light travelling along a 1D or 2D structure

must be calculated in order to provide an additional generation term that can be directly

included into the continuity equation to be solved self-consistently. This will be a key

factor to accurately model the performance of IMM structures being now developed in

our Laboratory. These solar cells include efficient back reflectors that enhances photon

recycling.

2. Incorporation of models for luminescent coupling between subcells for multijunction

structures. Some part of the photon emission from radiative recombination in a specific

junction can be absorbed by junctions underneath rather to be re-absorbed in the same

junction.

3. Extension of the optical models to deal with full or partial incoherent behaviour of light.

This will be important for multijunction structures where incoherent effects are important

(e.g., mechanical stack III-V on Si, among others).

4. Incorporation of models to deal with free-carrier absorption effects. This will be useful

for optimizations of germanium solar cells by considering different doping concentrations

as well as back reflectors.

5. Implementation of transfer matrix method for 3D simulations.
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6. Development of a simulation tool including TCAD modelling and distributed models

(circuit simulators) in order to take advantage of each simulation tool.



APPENDIXA

Material parameters

The equations described in Chapter 2 are used to solve the main dependent variables such as

ψ, n, and p. These equations also require the parameters which are specific to material pro-

perties. These parameters are, among others, the effective mass, bandgap, band offsets, carrier

mobilities and relative permittivity. Furthermore, in order to calculate generation and recombi-

nation terms, some other parameters such as optical constants, recombination lifetimes (Auger,

SRH and radiative) must be provided. Accordingly, in this Appendix, a review of the material

parameters required for the simulation of multijunction solar cells is presented. Literature val-

ues and those not available in the literature but extracted by data fitting (as described in section

2.13.4) will be included. In addition, the models used for the calculation of the material pa-

rameters as a function, for instance, of doping concentration are also provided explicitly or by

citing the corresponding reference.

First, the carrier transport properties (lifetime, mobility and diffusion length) of most of

the materials simulated are presented. Then, we include a summary of the rest of parameters,

namely: band parameters, recombination coefficients, band offsets, refractive indices, etc. The

GaNAsSb material parameters are presented separately.
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A.1 Carrier lifetime, mobility and diffusion length

Injection dependence is not explicitly included into the simulations. This means that minor-

ity carrier lifetime is not dependent on the free carrier density. This is typically observed for

example in germanium, silicon, gallium arsenide, among others. Physically, at high carrier den-

sities, the role of defect density gets lowered because of trap saturation effects that may result

in higher minority carrier lifetimes at high injection conditions. For instance, this has been

observed in measurements of the carrier lifetime in germanium [GV06]. In the case of III-V

semiconductors that are typically measured by TRPL, the carrier lifetime tends to increase with

the laser intensity as well [Lus09; Wal+16]. This may be attributed to a trap filling effect and to

the strength of photon recycling [Bla62]. It may be expected in very high material quality that

radiative recombination becomes the limiting mechanism. In such cases, high injection effects

on the effective non-radiative carrier lifetime (due to trap-filling) may reduce its influence. This

is not the case of germanium, where most of them are SRH-limited in a wide operation condi-

tions (thousands of suns). All in all, more accurate modelling would be achieved by considering

minority carrier lifetimes dependent on the free carrier density.

In order to have access to minority carrier transport properties, several characterization tech-

niques are usually required to provide a higher degree of confidence. Minority carrier life-

times in III-V semiconductors are typically measured by TRPL1 while diffusion length may

be extracted from electron beam-induced current (EBIC) or transport imaging (see for instance

[Hae+09; Max+13; Hae+14; Nie+17]). Then, minority carrier mobility is deduced from these

two quantities. The use of other techniques such as DLTS is not typically reported probably

because the high quality of III-V materials exhibit low trap densities that may be below the

detection level of DLTS. In this section, a literature review of the minority carrier transport

properties for most of the materials used in the simulations is presented. Literature for GaAs

has already gathered full consensus as well as for germanium. For the case of GaInP, the liter-

ature is scarcer and due to the local atomic ordering of this material, transport anisotropy has

been reported increasing the complexity for accurate extraction of such properties [Hae+14].

GaNAsSb is reported separately.

1TRPL data must be analysed carefully mainly because carrier lifetime is usually injection level-dependent.
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A.1.1 GaInP

Fig. A.1 summarizes minority carrier lifetimes measured by TRPL and the ones deduced from

our data fitting.

Figure A.1: Minority carrier lifetime found in literature (symbols) for p-type samples (no data found for n-type).

Haegel data (low level injection conditions) shows annealed and as-grown MBE-samples (A, AG, respectively)

[Hae+14]. Dagan et al. [Dag+16] and Perl et al. [Per+17] (low level injection conditions) are MOVPE-samples.

Schultes et al. data is for MBE-samples and doping values between 1015−1016 cm-3 are estimated (UID samples).

The high values from Dagan et al. suggest that measurements were performed possibly in high injection conditions.

Since our GaInP solar cells are clearly dominated by SRH, the effective lifetime would be very similar to that of

SRH one.

Fig. A.2 summarizes the majority and minority carrier mobilities found in the literature.

Figure A.2: Majority and minority carrier mobilities found in literature (symbols) and the ones calculated by using

Sotoodeh equations (lines) [Sot+00]. Haegel et al. is for MBE-grown GaInP [Hae+14] measured in two different

crystallographic orientations. Jakomin et al. data is taken from [Jak+12].



216 APPENDIX A. Material parameters

A.1.2 GaAs

Fig. A.3 shows the SRH-lifetime as a function of doping concentration for minority electrons

and holes. The fitting parameters for SRH-lifetime were taken from Lumb et al. (see [Lum+14]

and references therein). The B radiative coefficient used in all fits ranges between 1− 2 · 10−10

cm3/s which are in the range of what is deduced for upright solar cell grown on-substrate (see

[Ste+13b] and references therein).

Figure A.3: Minority carrier lifetime (SRH) found in literature (symbols). Figure adapted from Lumb et al.

[Lum+14] (see references therein for experimental data). Lines calculated by using Eqs. and fitting parameters

also from Lumb et al. [Lum+14].

Fig. A.3 also suggests that n-type absorbers would exhibit higher material quality (thus

Voc) than traditional p-type ones, but the main limiting mechanism (unless BSR is used) is the

diffusion length because of the lower minority hole mobility as depicted in Fig. A.4.

Indeed, n-type absorbers have demonstrated very high material quality and efficiency values

practically equal to record solar cells [Ste+13a; Hwa+16; Kay+11]. For those cases, diffusion

length was not an issue because of the use of back reflectors (substrate removed), but for cases

on-substrate, Bauhuis et al. showed that diffusion length was the limiting mechanism to achieve

comparable photocurrent than record cells. On-substrate devices still exhibited higher open

circuit voltage for n-type absorbers over the p-type ones [Bau+16] consistent with Figs. A.3

and A.4.



A.1. Carrier lifetime, mobility and diffusion length 217

Figure A.4: Electron (left) and hole (right) mobilities for n-type and p-type GaAs. Niemeyer, Tiwari, Lundstrom,

Sotoodeh and Lovejoy data are taken from [Nie+17], [TW90], [Lun+90], [Sot+00] and [Lov+92], respectively.

Input model lines were calculated by following the equations from [AD97].

A.1.3 Ge

The germanium effective bulk minority carrier lifetime follows the well-known phenomenolog-

ical expression [GV06]:

τbulk =
τSRH

1 +

(
ndop
nthr

) A.1

where nthr is a reference threshold doping concentration and τSRH is mainly a function of

doping concentration, injection level and trap characteristics (detailed equation and parameters

are found in [Gau+07]). Fig. A.5 shows most of the experimental data found in the literature

and the calculations following expression for different carrier densities (nex), thus injection

levels (k = nex/ndop).

Mobilities are calculated via:

µ =
µl

1 +

(
N

Nref

)γ A.2

where N is the doping concentration, γ and Nref are adjustable parameters and µl for both

electrons and holes is taken from [Pri53]. Fig. A.6 shows the minority carrier mobility as a

function of doping concentration for electrons and holes. The calculated values by using Eq.

A.2 (lines) are consistent with those estimated by Prince [Pri53] and Yoon et al. [Yoo+05].

Diffusion length as a function of doping concentration was calculated by using Einstein
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Figure A.5: Carrier lifetime found in literature for n-type (filled symbols) and p-type Ge (empty symbols). See

Gaubas et al. and references therein [Gau+07] for the parameters used in these calculations (Eq. A.1). Lines show

the calculated values by solving the analytical equations taken from [GV06] for different excitation levels. Dashed

lines correspond to the values with k ≥ 1. This figure is adapted from [GV06] and updated including Yoon et al.

data for commercially available Ge material for solar cells [Yoo+05].

Figure A.6: Calculated minority carrier mobility for n-type and p-type germanium and experimental data taken

from [Yoo+05]. γ = 0.55 and γ = 0.58, µl = 1900 and µl = 3900 and Nref = 7 · 1016 cm-3 and Nref = 1017

cm-3 for n-type and p-type, respectively.

relation and the effective carrier lifetime. The effective carrier lifetime was estimated by using

data from Fig. A.5, Auger and radiative coefficients presented in Table A.6 and mobilities from

Fig. A.6. Fig. A.7 shows the minority carrier diffusion length for p-type and n-type germanium

as a function of the doping concentration including the available experimental data found in the

literature as well as the estimated values from data fitting (p-type). For data fitting, mobility

was fixed and SRH carrier lifetime varied according to Eq. A.1.
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Figure A.7: Minority carrier diffusion length as a function of doping concentration considering the effective

carrier lifetime (Auger, SRH and radiative components).

Minority carrier properties for p-type germanium are consistent with those found in litera-

ture. Friedman et al. reported internal quantum efficiencies very similar to the ones developed

here (very similar to the #A3 sample shown in Section 3.4.2 in the IR range where the base is the

only contributor to the QE) [FO01]. For such samples, Friedman et al. deduced a LD ∼ 30µm

which is similar to the one deduced here (LD = 28µm, being aware of the nominal doping con-

centration difference). Interestingly, the LD deduced in our samples (NA = 1018 cm-3) seem

to be higher than those previously reported (asterisks shifted to the right). Carrier concentra-

tion was also measured by electrochemical capacitance voltage (ECV) and secondary ion mass

spectrometry (SIMS) in our case, suggesting a possible higher material quality for the p-type

substrates. This discrepancy may be either due to higher material quality, but also due to the

fact of the strong dependence of carrier lifetime with injection level. If higher material quality

is observed in the current substrates, it will not appear as a Voc enhancement (very similar in

our case and those reported by Friedman et al.) mainly because germanium single junction

solar cells are typically emitter-limited (either by interface or bulk recombination). All in all,

the use of the simple equations shown here seems to work fine, at least in the limited doping

range tested here. In the case of the n-type material, it is more complex to test the values shown

in Figs. A.5 to A.7 because of the high impact of thermal load and growth conditions, the non-

uniform doping profile as well as the lack of data. A more detailed study of n-type emitters was

presented in Section 3.4.
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A.1.4 AlGaInP, AlInP and AlGaAs

AlGaInP, AlInP and AlGaAs lattice matched to GaAs have been used as innactive layers2 (win-

dow, BSF or at tunnel junctions). The minority carrier properties of these layers are less critical

to be accurately known than those of materials forming the p-n junction itself and depending on

the design. In fact, the photogeneration that typically reaches the BSF is low and its contribution

to the photocurrent is usually negligible. The carrier collection of the window layer is assumed

to be poor, so it will not contribute significantly to the overall photocurrent. For instance, for the

top cell window layer (i.e., AlInP), the low collection properties at this layer can be attributed

to: a) surface recombination and b) a presumable low diffusion length of minority carriers due

to the high aluminium content (53%) and the related oxygen incorporation that may be associ-

ated to deep level traps [NTA86; Sto+99; Hec+13; Vai+16]. Hence, minority carrier lifetimes

are typically fixed to constant values (extracted from QE data fitting) in all simulations.

The carrier mobility instead deserves to be mentioned for the AlInP material. The majority

carrier mobility dependence on the doping level may have an important impact since it affects

directly the conductivity of this layer where lateral current flow could take place (see Section 4.3

for a case study). In such cases, an extrapolation is carried out departing from majority carrier

mobilities for n-type AlInP (lattice matched to GaAs) found in literature (for ND < 1019 cm-3)

[KF97; Gud+08; Dai+15]. Here, we use a simple impurity-dependent mobility expression able

to fit the data from literature and extrapolate it to higher doping levels [Hil74]:

µn =
µl

1 +
(
ND

Nref

) A.3

where µl is the mobility limit due to lattice scattering processes, ND is the doping level and

Nref is an arbitrary reference doping density which equals 4 · 1016 cm-3. The ratio between

these two doping concentrations relates the impurity scattering affecting the effective mobility

of carriers. We estimate µl from the following equation for (AlxGa1-x)0.53In0.47P quaternary

alloy [Ada09]:

µl(x) = 4300− 6000x+ 3000x2 A.4

where x=1 for AlInP. The µn values published in literature [KF97; Gud+08; Dai+15] to-

gether with the fit obtained with eq. A.3 are shown in Fig. A.8.

2Although its low minority carrier properties, the window layer typically contributes slightly to the carrier collection

in any III-V solar cell. The AlGaAs material has only been used as BSF or at tunnel junctions
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Figure A.8: Majority electron mobility in AlInP lattice matched to GaAs taken from [Gud+08; KF97] (empty

symbols) and [Dai+15] (which corresponds to MBE-grown samples, filled symbols). Solid line corresponds to the

values calculated from Equation A.3.

Measured Hall mobilities for both p-type and n-type AlGaInP p-type and n-type can be

found in [IK89; Bou93; Ada09] and references therein. For AlGaAs, carrier mobilities were

taken from [LRS96].

A.2 GaNAsSb

The GaNAsSb (1 eV) is a relatively novel material so literature is not extensive regarding

its optical and electronic properties. Moreover, the photovoltaic, electrical and optical pro-

perties which are very dependent on the growth conditions and post-growth thermal treat-

ments[Har+02; Har+07; Tan+11]. Therefore, there was a need to determine the main properties

of the GaNAsSb material studied in this thesis in Chapter 5.

In order to obtain some of those properties of the GaNAsSb material, several characte-

rization techniques have been performed3 such as: variable-angle spectroscopic ellipsome-

try (VASE) (shown in Section A.4), Hall measurements and TRPL, among others. The follow-

ing table shows the main parameters required and the corresponding method of determination.

3Most of the GaNAsSb characterization presented in this section was performed by L. Ayllón and also by E. Ochoa

and M. Gabás (UMA).
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Table A.1: Summary of characterization techniques used in this thesis to obtain the main material parameters of

GaNAsSb as well as the theoretical method of extraction.

Parameter Extraction from

Band parameters

Bandgap QE, PR, T...

Dielectric permittivity Interpolation [VM03]

Density of states Interpolation [VM03]

Effective masses Interpolation [VM03]

Band discontinuity [Yue06]

Optical Refractive index n(λ),α(λ) VASE

Electrical

Carrier mobility Hall

Carrier lifetime TRPL

A.2.1 Hall Mobility

Hall measurements were carried out for several samples (n-type and p-type) with different do-

ping concentrations which are summarized in Table A.2.

Table A.2: Carrier concentrations measured by ECV and majority carrier mobilities measured by Hall for a set of

GaNAsSb samples with different nominal doping concentrations and dopant types.

Device Polarity
Doping concentration ( cm-3)

µ ( cm2/V·s)
Nominal Hall ECV

N2903 p-type 1·1017 1.3·1017 - 72

N2904 p-type 5·1017 3.8·1017 5·1017 69

N2905 p-type 1·1018 7.7·1017 8·1017 64

N2906 n-type 1·1017 1.2·1017 7·1017 266

N2907 n-type 5·1017 1.05·1017 7·1017 128

N2908 n-type 1·1018 - - -
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A.2.2 Carrier lifetime and diffusion length

A surface recombination velocity between GaNAsSb/GaAs of 2·103 cm/s has been also ex-

tracted by TRPL4.

Figure A.9: Minority carrier lifetime measured by TRPL in DH for p-type and n-type GaNAsSb (1 eV) samples

and assuming nominal — or typical for UID samples— doping concentrations. Doping and τSRH values deduced

from GaNAsSb single junction solar cell structures by multiple data-fitting (QE and Voc, see section 5.3.2) are

also depicted (triangles).

Diffusion lengths for holes in GaInNAs (1eV) of about 0.9 µm have been reported in

MOCVD samples [GF02]. Electron diffusion length grown by MBE has shown higher val-

ues than the ones in MOCVD (0.5µm) which is similar to this work (see for instance [Har+05;

Kur+00]) while diffusion length for record solar cells [Jon+13] and recent works [MAO16b]

suggest values above 1µm (our estimations). The maximum electron diffusion length from the

samples studied here (suggested by QE data fitting) is 160 nm.

A.3 Band offsets

Many of material systems used in typical lattice-matched multijunction solar cell structures are

currently being used also for the fabrication of visible light-emitting devices, heterojunction

bipolar transistors and MOSFET applications. One of the most important information needed

to understand semiconductor devices that involves heterointerfaces is the band alignment be-

tween two different semiconductors. This information may be estimated by different indirect

4Data provided by the Quantum Photovoltaics group at Imperial College London.
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methods. Some of the experimental techniques include: C-V profiling, internal photoemission,

photoreflectance, XPS and analysis of 2D electron gases, among others.

All band alignments for any heterojunction were considered to be Type I. A summary of the

band offsets of most heterojunctions is presented in Table 4.3. Regarding GaNAsSb/GaAs band

offsets, a thoroughly characterization has been carried out by Yuen et al. [Yue06]. For cases

where no literature data is available Anderson’s rule has been applied.

A.4 Refractive indices

The knowledge of the optical properties of all materials involved in multijunction solar cells is

of paramount importance for their development. In fact, analytical models [Hov75] and drift-

diffusion simulators typically used to predict solar cell performance require reliable optical

constants (wavelength dependent refractive index and absorption coefficient) of the materials to

improve their accuracy [Coi+11].

Besides the obvious critical importance in knowing the optical constants of materials in-

volved in the p-n junction, the role of inactive layers on light transmission to the underlying

layers is not negligible. For instance, AlInP, AlGaInP, GaInP and AlGaAs are usually em-

ployed as passivating and barrier layers in III-V solar cells, namely, front/back surface fields,

tunnel junctions and buffer or nucleation layers with thicknesses ranging from tenths to hun-

dreds of nanometers and up to the micrometer range (i.e. as in compositionally graded buffer

layers in metamorphic structures). In the case of III-V arsenides such as GaAs and AlGaAs

(see [Bla82; Pal97; Pal85] and references therein) and germanium (see [Pot85; NSM15] and

references therein) are well studied and significant amount of optical information can be found

in literature. The optical properties of III-V phosphides alloys with full Al-compositions have

been already reported [Lee+93; Kat+94; Ada+94; DeL+95; Sch+95; Als+97; Fer+02], how-

ever, it is well known that the electrical and optical properties of solar cells are dependent

on the growth conditions (temperature, V/III ratio, growth rate, annealing for dilute nitrides

[Ben+10a], etc.), doping concentration and dopant type. Moreover, the samples are not usually

studied as a function of doping concentration which is typically found in solar cell structures.

Accordingly, here we present a summary of the optical constants data taken from the litera-

ture as well as the ones obtained by VASE of several III-V materials (see for instance [Och+18]

and references therein for III-V phosphides) including dilute nitrides. Figs. A.10 and A.11 sum-

marizes the real and complex refractive index of all materials used in this thesis. A reference

list for each material is listed in section A.5.5.



A.5. Summary of material parameters and models 225

Figure A.10: Real part of refractive index for several III-V materials as well as GaNAsSb and germanium.

GaInP(o) stands for partially-ordered GaInP while GaInP(d) stands for disordered GaInP.

Figure A.11: Extinction coefficient for several III-V materials as well as GaNAsSb and germanium. GaInP(o)

stands for partially-ordered GaInP while GaInP(d) stands for disordered GaInP.

A.5 Summary of material parameters and models

A.5.1 Mobility

The carrier mobility details are found in section A.1. The parameters for the saturation velocity

were taken from built-in model included in Atlas [Sil16]. Saturation velocities for GaInP (and

AlGaInP) can be found in [SNN99; HHF00; AKC09; Liu+93; YHD02].
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A.5.2 BGN

Bandgap narrowing has been applied to GaAs (p-type) and Ge (n-type and p-type) [JR91],

AlGaAs [LRS96] and GaAs (n-type)[Luo+02]. In the case of phosphides due to the uncertainity

on the effects of BGN and ordering parameter, BGN has not been included.

A.5.3 Interface recombination

Important interface recombination was required to be set typically at the interface between

window/emitter. For the case of AlInP/GaInP interface recombination velocity (IRV) was below

1000 cm/s while for the case of GaInP/GaAs IRV < 3000 cm/s. For germanium, see Section

3.4. Surface recombination velocity (SRV) was by default assumed to be infinite (i.e., SRV >>

υth) in any case unless specified in the text.

A.5.4 Tunnel junction parameters

Table A.3 summarizes the tunneling parameters for the two tunnel junctions analysed through

this thesis.

Table A.3: Tunneling parameters for non local band to band tunnel models and trap-assisted tunneling

Material AlGaAs/GaInP AlGaAs/GaAs

mTAT 0.01 0.01

mNLBBT
e 0.026/0.0875 0.07/0.067

mNLBBT
h 0.63/0.7 0.7/0.67
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A.5.5 General material parameters

Table A.4: Summary of semiconductor material parameters used for simulations of the main layers of GaInP solar

cells.

Materials

Al0.53In0.47P Ga0.51In0.49P Ga0.51In0.49P (Al0.2Ga0.8)0.5In0.5P

Region Window Emitter Base BSF

Band parametersa

ε 11.7 11.8 11.8 12.7

Eg (eV) 2.35 1.8:1.9 1.8:1.9 2.03

NC (cm-3) 1.4·1019 6.24·1017 6.24·1017 1.96·1018

NV (cm-3) 1.37·1019 1.46·1019 1.46·1019 1.25·1019

ni (cm-3) 0.256 2.37·103:343 2.37·103:343 23

Effective masses

m∗
n/m0 0.35b 0.088c 0.088c 0.11d

m∗
p/m0 0.67b 0.695c 0.695c 0.63d

Band offsets

∆EV 0.57 ·∆Eg 0.57 ·∆Eg

∆EC : ∆EV 52:48, 67:33e 43:57e

Recombination Parametersa

Cn (cm6/s) 10−30 4.7 · 10−30 4.7 · 10−30 10−30

Cp (cm6/s) 10−30 1.1 · 10−30 1.1 · 10−30 10−30

B (cm3/s) 10−10 10−10 10−10 10−10

τp (ns) 10−4 See Section A.1.1 See Section A.1.1 1

τn (ns) 10−4 See Section A.1.1 See Section A.1.1 1

Optical constants

n,k In-housef In-housef In-housef In-housef

a Most from [LRS96] and [VMR01]. For electron affinity see also [Jia+06] and references

therein. For AlInP and AlGaInP, NC and NV were calculated from their effective masses.
b From [Bou93]. Different values may be found in [Kuo+97; Ada09] (e.g., m∗

e = 0.12).
c From [LRS96]. Different values may be found in literature . Moreover, they may be dependent

on the ordering parameter [ZS91; VMR01; Ada09].
d From [Bou93]. Different values may be found in [Ada09; Kuo+97] (e.g., m∗

e = 0.14).
e From [Ada09]. See also [Bou93]. For AlGaInP/GaAs see [Yi+09; WO87] and references

therein for all aluminium compositions.
f From VASE measurements [Och+18]. Similar fits were obtained by using data from [YH13]

for AlInP.
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Table A.5: Summary of semiconductor material parameters used for simulations of the main layers of GaAs solar

cells.

Materials

Ga0.51In0.49P GaAs GaAs Al0.3Ga0.7As

Region Window Emitter Base BSF

Band parametersa

ε 11.8 12.8 12.8 12.2

Eg (eV) 1.85 1.42 1.42 1.73

NC (cm-3) 6.24·1017 4.21·1017 4.21·1017 6.07·1017

NV (cm-3) 1.46·1019 9.51·1018 9.51·1018 1.08·1019

ni (cm-3) 872 2.25·106 2.25·106 6970

Effective massesa

m∗
n/m0 0.088 0.067 0.067 0.083

m∗
p/m0 0.695 0.48 0.48 0.6

Band offsets

∆EV 0.15 ·∆Eg
b 0.55xc

∆EC : ∆EV 13:87d, 63:37d

Recombination Parametersa

Cn (cm6/s) 4.7 · 10−30 5 · 10−30 5 · 10−30 5 · 10−30

Cp (cm6/s) 1.1 · 10−30 10−31 10−31 10−31

B (cm3/s) 10−10 1.5 · 10−10-2 · 10−10e 1.5 · 10−10-2 · 10−10e 10−10

τp (ns) 4 · 10−3 See A.1.2 See A.1.2 1

τn (ns) 4 · 10−3 See A.1.2 See A.1.2 1

Optical constants

n,k In-housef [Pal85] [Pal85] [Sil16]

a From [LRS96] and [VMR01]. Due to the low content of indium (1.2%) in GaInAs for mul-

tijunction solar cells lattice matched to germanium, the material parameters are very similar to

GaAs and they can be obtained from [LRS96]. The main difference is that of the bandgap which

is ∼ 1.4eV.
b From [Che+91]. See also [Gud+09b].
c From [BW86].
d From [Ada09].
e From [Ste+13b] and data fitting.
f From VASE measurements [Och+18].
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Table A.6: Summary of semiconductor material parameters used for simulations of the main layers of Ge and

GaNAsSb solar cells.

Materials

Ga0.51In0.49P Germanium Germanium GaNAsSba

Region Nucleation Emitter Base-Substrate Absorber

Band parametersb

ε 11.8 16 16 13

Eg (eV) 1.85 0.663 0.663 1.04c

NC (cm-3) 6.24·1017 1.05·1019 1.05·1019 7.57·1017

NV (cm-3) 1.46·1019 3.95·1018 3.95·1018 9.48·1018

ni (cm-3) 872 1.73·1013 1.73·1013 4.92·109

Effective masses

m∗
n/m0 0.088 0.56 0.56 0.097

m∗
p/m0 0.695 0.29 0.29 0.52

Band offsets

∆EV See footnote d ∼ 0.5 ·∆Eg
e

Recombination Parametersb

Cn (cm6/s) 4.7 · 10−30 10−31f 10−31f 10−31

Cp (cm6/s) 1.1 · 10−30 10−31f 10−31f 10−31

B (cm3/s) 10−10 6.41 · 10−14 6.41 · 10−14 2 · 10−10

τp (ns) 4 · 10−3 See A.1.3 See A.1.3 See A.2.2

τn (ns) 4 · 10−3 See A.1.3 See A.1.3 See A.2.2

Optical constants

n,k In-houseg [DN55] [DN55] In-houseg

a Band parameters are interpolations between ternary compounds GaNAs and

GaNSb. Nominal composition is N=2.5% and Sb=6.5%.
b From [LRS96] and [VMR01].
c From QE. See section 5.3.2.
d Applying Anderson’s rule considering electron affinity of 4.01 and 4 eV for

GaInP and Ge, respectively.
e Heterojunction band offset between GaNAsSb/GaAs for a ∼1eV material.

Data taken from [Yue06]. These values are highly dependent on the element

composition of the alloy [Yue06].
f From [GV06]. Different values may be found in [Sch05; VHG10].
g From VASE measurements.
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