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ABSTRACT

Thesis Title: Nano-scale approaches for the development and optimization of state-of-
the-art semiconductor photovoltaic devices

Name: Edson Gardufio-Nolasco
Degree: Doctor of Philosophy
University:  The University of Manchester
Date: April, 2013

This project is concerned with both the study of different Multiple Quantum Wells
(MQWs) structures using the Ino.53Gao.47As/Ino.s2Al0.48As material system lattice matched
to InP and a systematic investigation of the properties of InAs QD systems within GaAs
with the aim of achieving enhancements of solar cell performance. The key challenge is
the growth of QDs solar cell structures which exhibit sufficient absorption (enhanced
infrared absorption) to increase short circuit current density (Jsc) but which can still
maintains a high open circuit voltage (\Voc). The research consists of epitaxial growth
using state-of-the-art MBE, optical absorption, photoluminescence and high resolution
x-ray diffraction measurements as well as device fabrication and characterization of novel
solar cell structures. Optimization was performed on these novel cells to further improve
their efficiency by inserting stacks of QD into different regions of the device. The effect
of localized doping of such structures was used in an attempt to maintain and enhance the
open-circuit voltage which in turn increases the device efficiency. The fabricated devices
were characterized using measurements of the dark/light current-voltage (I-V)
characteristics and spectral response (50-480 K). Solar cell external quantum efficiencies
under standard air mass (AM) 1.5 spectrum were determined and the suitability of these
new cells under solar concentration were assessed. Full physical simulations are
performed using SILVACO semiconductors modelling software to generate models of
multi-junction solar cells that were crucial in informing iterations to growth and

fabrication and help to reconcile theory with experiment.

One of the key findings, of this thesis, is the fact that Intermediate band photovoltaic
devices using material based on InAs/GaAs vertically stacked quantum dot arrays, can be
used in applications according to specific configuration criteria such as high temperature
operation conditions. The intermediate band cell, including an inter-dot doped

configuration, has been found to be a potential candidate as the inter dot doping profile
13



reduces the efficiency degradation below the GaAs values including an enhancement in
the open circuit voltage. It has been proved that these devices not only have a good
performance at high temperatures but also by changing the vertical stacking QD layer
periodicity can enhance the short circuit current density while keeping a large open circuit
voltage. It was confirmed in practical device operation that thermal energy is required to
enable the intermediate band in InAs/GaAs QD materials. The impact of this works can
help in the future improvements of the intermediate band solar cells based on InAs on
GaAs QD. The best overall efficiency of 11.6 % obtained in this work is an excellent
value for so simple devices configuration. The SisNs, tested for the first time on
InAs/GaAs QD materials, reduces the reflectance on the device surface to a value of 2%
and the operational wavelength can be tuned by controlling the layer thickness. A 100 nm
Si3N4 antireflective coating proved to be an excellent coating from 700 to 1000 nm. In

terms of short circuit current density a 37% enhancement was achieved.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Solar cells based on I11-VV compound semiconductor materials are excellent candidates
for renewable energy generation. GaAs-based photovoltaic devices have demonstrated
excellent efficiency and stability at high temperatures that makes them the in fact a good
choice in high end solar concentrator applications. The wealth of optical and electrical
properties of Ill1-Vs using state-of-the-art in material synthesis technology, such
molecular beam epitaxy (MBE), gives the opportunity for further improvements in cell
efficiency and cost reductions. Particularly, the introduction of InAs quantum dots (QDs)
into the GaAs lattice extends the absorption of the device out into the near infra-red and

consequently the photovoltaic device efficiency is enhanced.

This project is concerned with a systematic investigation of the properties of InAs QD
systems within GaAs with the aim of achieving an enhancement of solar cell performance.
The key challenge is the growth of QDs solar cell structures which exhibit sufficient
absorption to increase short circuit current (Jsc) but which can still maintain a high open
circuit voltage (Voc). Building upon the University infrastructure, the research involved
epitaxial growth using state-of-the-art MBE, optical absorption, photoluminescence and
high resolution X-ray diffraction measurements as well as device fabrication and
characterization of novel solar cell structures. Optimization was performed on these novel
cells to further improve their efficiency by inserting stacks of QD into different regions
of the device. The effect of localized doping in such structures was also studied to
maintain and enhance the open-circuit voltage which in turn increases the device

efficiency.

The fabricated solar cells were characterized using measurements of the dark/light
current-voltage (1-V) characteristics and spectral response (4-300 K). Solar cell external

quantum efficiencies under standard air mass (AM) 1.5 illumination were also determined
20



and the suitability of these new cells under solar concentration were assessed. Full
physical simulations using SILVACO design software was undertaken to generate models
of multi-junction solar cells that were crucial in informing iterations to growth and

fabrication and helped to reconcile theory with experiment.

1.2 Aim and objectives of the project

. Comparison of state of the art semiconductor 111-V photovoltaic devices and study
the different techniques used to date to enhance the efficiency of these devices. These
techniques use multi-junction solar cells and the insertion of quantum wells. At least one
of the techniques will be used in this project to improve the efficiency of IlI-V

semiconductor compounds solar cell.

. Ability to fabricate solar cell devices, as well as characterize the materials by

studying their structural, optical and electrical properties.

. Develop reliable simulations of materials in order to predict the behaviour of the
devices. In this way it is possible to design optimal solar cell devices by avoiding material

wastage and reduce fabrication costs.

1.3 The studied samples

Several samples using either Indium Phosphide (InP) or Gallium Arsenide (GaAs)
substrates were used in this project. The studied samples were grown using molecular
beam epitaxy (MBE) techniques on two different MBE systems which are the RIBER
V90H MBE (VMBE referred ID) and RIBER V100 MBE (XMBE referred ID). The

studied materials can be grouped in two categories as follow.

1.3.1 Quantum wells materials

Several materials grown on GaAs and InP substrates were grown using quantum wells
(QWs) structures. The samples VMBE1661 and VMBE928 were grown on highly doped
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GaAs n-type substrates. These two structures consist of QWSs repeated 50 times. The
quantum wells were grown between doped Alo3Gao7As layers (p and n types). The
Aluminium composition for all the layers was set up at 0.3. The main difference between
the two samples resides in the growth temperature; VMBE1661 was grown at ~670 °C
and VMBE928 at ~580 °C. See Table 1

Table 1 Structure details for GaAs system based samples. VMBE928 GaAs/AlGaAs MQW (50)
(grown at ~580C), VMBE1661 GaAs/AlGaAs MQW (50) (grown at ~670C)

GaAs 200 p-type
Alo3Gao 7As 2000 p-type
Alo3Gap7As 300

S Alo3Gap7As 65

S GaAs 85
Alo3Gap7As 300
Alo3Gag 7As 5000 n-type
GaAs 2000 n-type
GaAs 0.35 pum n+

Four additional samples were grown on InP substrate. These are InGaAs/InAlAs p-i-n
qguantum wells structures. The structures details are presented in Table 2. VMBE2016
consists of a p-i-n lattice matched Inos3Gag.47As-Ings2Alo 4sAS structure and it is used as a control
sample. VMBE2017, consists of 15 QWSs InosGaoesAs-Inos2AlossAs (tensile strained). In
XMBE242, the number of QWs layers is increased up to 25 using a lattice matched system
INo53Gag47AS-INg52Al0 48AS. Finally, XMBE245 is a 25 QWSs compressively strained using

Ino.7Gag.3AS-1ng 52Al0.48AS.

The InGaAs/InAlAs system has been used in order to extend the absorption range in the
infra-red. The InGaAs/InAlAs structures exhibit better absorption in the infrared
spectrum, which is highly desirable because the cell can absorb lower energy light than
GaAs/AlGaAs devices.
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Table 2 Structure details for InP based samples. All samples are grown at ~500C

VMBE2016 VMBE2017 XMBE242
Control x15 QWs x25 QWs | O

Layer Type | d(A) X d (&) X d(A) X d (A X
InyGaixAs p 750 0.52 750 0.52 750 0.52 750 0.52
INkAl1-xAS p 100 0.25 100 0.28 100 0.28 100 0.28
INkAl1-xAS i 2000 0.52 2000 0.52 2000 | 0.52 2000 0.52
InkAl1xAs i No QWSs 100 0.52 100 0.52 100 0.52

> InkAl1xAs I layers 150 0.52 150 0.52 150 0.52

O InGaixAs i 3500 Ino.52Al0.48As 100 0.4 100 0.4 30 0.7
IncAlyAs i layer instead 100 052 | 100 | 052 | 100 0.52
INkAl1-xAS n 10000 0.52 10000 0.52 10000 | 0.52 10000 0.52
INkAl1-xAS n 2500 0.52 2500 0.52 2500 | 0.52 2500 0.52
InP n+ 0.5um Substrate

1.3.2 Quantum dots materials

Different InAs/GaAs quantum dot samples were grown on 100mm GaAs highly doped
n-type substrates using the RIBER V100H system. The samples consist of 20-period
quantum dots arrays vertically stacked. The difference between the growth samples lays
mainly in the inter-dot doping profile, the InAs layer thickness (Table 3) and the vertical

periodicity (Table 4) of the quantum dot layers.

Sample XMBE288 is an undoped InAs/GaAs in which the InAs layer thickness is 2.7
ML. XMBE291, also undoped and with InAs(2.1 ML)/GaAs, (XMBE293) has a 8x10%°
cm? n-doping InAs(2.02 ML)/GaAs and (XMBE293) has 16x10° cm™ n-doping
InAs(1.98 ML)/GaAs. All these structures are summarised in Table 3. The QD layer
thickness is critical for the material performance, the optimal value was found to be
around 2 ML [1]. The inter-dot doping has been shown to enhance the open circuit voltage
[2]. A 300 A p-AlosGao4As layer is used as window for surface recombination reduction

purposes.

In addition to the inter-dot doping study, different periodicities were tested in the vertical
array in order to find the optimum value. In the past, it has been found that the number of
layers and the vertical quantum dots periodicities are critical parameters that can impact
the energy conversion efficiency [3].

23



Table 3 InAs/GaAs Quantum Dot epitaxial structures details for samples XMBE288, XMBE291,
XMBE293 and XMBE?294. The é-doping layer varies for each sample. The wetting layer thickness
is ~2ML for samples XMBE291, XMBE293 and XMBE294; for sample XMBE288 the wetting layer
thickness is ~2.7ML.

d XMBE?288 ‘ XMBE291 i XMBE?293 ‘ XMBE?294

GaAs 500 A p-type 1x10%°

AlosGagsAs 300 A p-type 5x10%

GaAs }S\OOO p-type 5x1018

GaAs 90 A

GaAs 250 A
S 3 doping layer 0 0 8x10'%m | 16x10'° cm
X GaAs 250 A

InAs — 2.70ML 2.10ML 2.02ML 1.98ML

GaAs 90 A

GaAs (Si) %\000 n-type 1x10%8 cm3

GaAs (Si) ’2&000 n-type 5x10%8 cm3

GaAs (Si)

Subs.

Table 4 InAs/GaAs Quantum Dot epitaxial structures details for samples XMBE312, XMBE322,
XMBE311 and XMBE?291. All of these samples includes a doping profile within the structure. The
main difference between each sample is the periodicity of the QD layers.

d XMBE312 ‘ XMBE322 i XMBE311 ‘ XMBE?291

GaAs 500 A p-type 1x10%° cm™

AlosGaosAs 300 A p-type 5x10% cm™

GaAs 1000 A p-type 5x10% cm™

GaAs 90 A

GaAs 250 A
Periodicity | Periodicity | Periodicity

ﬁ;ﬁs 2_5)0 A | NoQDs x5 x10 x20

GaAs 90 A

GaAs (Si) 3000 A n-type 1x10%* cm™

GaAs (Si) 2000 A n-type 5x10%* cm™

GaA:s (Si) Subs.

Recalling the key issue of the present project, it is absolutely necessary to find the
optimum number of layer that should be vertically stacked in order to get the highest
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available energy conversion rates. Thus, three more samples were grown. These samples
have different vertical periodicity. The sample XMBE312 is the control sample. This
sample has no QDs within the lattice, so its optical and electrical behaviour can be
compared with samples with 5, 10 and 20 quantum dot vertically stacked layers
(respectively XMBE322, XMBE311 and XMBE?291). The structural details for these 4
samples are shown in Table 4.

1.4 Outline of the thesis

The present work is organized in 6 chapters. The introduction and the objectives of the
project are presented in Chapter one. This includes the details of the studied samples as
well as the thesis outline including both quantum well and quantum dot structure groups.
Chapter two includes an extensive literature review in which different types of solar cells
are described. Chapter two is the synthesis of several scientific contributions in the last
few years in semiconductors photovoltaic devices. The fabrication process is described
in chapter three, in which the details of each step of the fabrication is presented. This
chapter also presents the experimental techniques that are used to characterise the devices
and the cell designs .The final recipe for solar cells is shown in Appendix A Mask
Designs. The results of the characterization of the fabricated solar cell devices using
Quantum Wells structures are presented in chapter 4. A comparison between the results
is included within the chapter and the optimisation process attempting to improve the
devices energy conversion efficiency is described. Also, data analysis and detailed
discussions are presented. In addition, the further details of the optimisation process are
presented in Appendix C. Chapter 5 presents the temperature dependence measurements
characterisation of several InAs/GaAs quantum dots solar cell devices. The devices,
without anti-reflective coating (ARC) and with cylindrical geometry, were fabricated and
characterised on-wafer under 20 suns conditions in the temperature range from 50K to
430K. The temperature dependence parameters such as open-circuit voltage (\VVoc), short-
circuit density current (Jsc), Fill Factor (FF) and Efficiency (n) were studied in details.
The increase of temperature produces an enhancement of the short circuit current.
However, the open circuit is degraded because the temperature increases the non-radiative
recombination phenomena involved as well as reduces the effective band gap of the
semiconductor. Finally, Chapter 6 summarises the obtained results and appraises the main

findings and achievements of the research undertaken. Future work is also discussed.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Modern life requires ever greater amount of energy usage. Thus, it is necessary to replace
existing sources, which are mostly fossil fuels, with alternative ones which are friendlier
to the environment. In addition fossil fuels are not abundant in nature and their finite
amount requires the development of renewable energy sources. One of the most important
renewable energy sources is the electromagnetic energy from the sun. Some authors point
that the sun can generate enough energy per day or even hour to supply sufficiently the
needs of the whole of societies worldwide [4]. Furthermore, Solar energy is necessary not
only on earth but in space applications as well. In space, the principal energy source for

electronic circuits is the sun.
Devices which are able to convert the sun energy (electromagnetic waves) into electrical
energy are generally called photovoltaic devices (PV), solar cells (SC) or photovoltaic

cells (PVCs). The requirements of a PV device are:

o High efficiency

. Low cost
o Environment resistance (durability)
o Easy fabrication method

Concerning photovoltaic devices we can find different types, where the energy process
conversion is different for each of them. This section presents an overview of such devices
and the state of the art in PVs.
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2.2  Photovoltaic thermal systems

The photovoltaic thermal systems (PVTs) are devices capable of converting
electromagnetic waves from the infrared wavelength range (heat irradiated) into
electricity. The ground state of the material is excited by the heat received and free charge
carriers are generated. Thus, the free charges flow through the anode contact to a circuit

and return from the cathode contact.

The materials used to fabricate thermal PV modules are generally crystal silicon. Thermal
photovoltaic device modules present efficiencies not greater than 10.7%, under AMO
spectrum, which is a very good value for commercialization of these thermal modules.
These high efficiencies can be achieved by using double sided PV, where energy can be
generated on both sides of the module. In that case the module is known as ‘bifacial’ [5].
Another way to improve the efficiency of the PV modules is the use of light concentrators
(collectors) in order to excite the back side of the module as shown in the Figure 1. The
collector can have many forms that depend upon the physical dimensions requirements
and the creativity of the designers, which is crucial in order to increase the module
efficiency. The earth inclination plane, the geographical localization of the module and
the size of the module must be taken into account when the reflector is designed. With a
good collector configuration, the thermal PV modules can deliver up to 17% efficiency
[6]. In addition, a mechanical system needs to be installed for positioning the module and

because of that the cost of solar collectors increases.

Solar
module

Positioning

/ system

Figure 1 Thermal PV module with positioning system [6]
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One of the disadvantages of these systems is the need for cooling because they usually
operate at temperatures between 25 °C and 55 °C (300 — 340 °K) [7] , which consequently

increase the fabrication and installation costs.

2.3  Organic devices

Other kind of photovoltaic devices are based on organic devices. These PV devices have
been popular because of their ease of fabrication, low cost and mechanic flexibility. In
such devices, the active material layer can be grown on the top of a flexible substrate [8].
The active layer consists of organic material (polymer) such as poly (2-methoxy-5-(20-
ethyl-hexyloxy)-1,4-phenylene-vinylene)(MEH-PPV) and (6,6)-phenyl C61-butyric acid
methyl ester (PCBM) [9], neat polythiophene (PT) [10] and efficiencies of an individual
cell can reach up to around 4%. The highest efficiency reported is 6.5% using tandem

structures [11].

Although the efficiency of these PV devices is generally low, the fabrication of a wide
area module based on organic cells enhances the amount of electrical energy generated.

Moreover, their mechanic flexibility eliminates the possibilities of module breakage.

The contacts to these devices must be made of a conductive material in order to facilitate
charge extraction and carriers injection. Because of this, a layer of indium tin oxide (ITO)
is used on the top of the active layer. Unfortunately, ITO is expensive and an alternative
is a conductive polymer layer. This layer can be a poly (3, 4-ethylenedioxythiophene):
poly (styrene sulfonate) (PEDOT:PSS). It was found that substituting the ITO layer for
PEDOT layer reduces significantly the conversion efficiency; however the use of ITO

with PEDOT on the top increases the conversion efficiency [12].

Nowadays, hybrid organic PV devices, with the presence of inorganic semiconductors on
classical structures, are developed and the energy conversion efficiency has been
improved. Zinc oxide along with copper phtalocyanine is one of the combinations used
in hybrid devices, with the Zinc oxide being the inorganic semiconductor. The
efficiencies achieved by these hybrid devices are around 4% using heterojunctions

techniques [13].
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2.4  Semiconductor Crystal devices

The electron behaviour in semiconductors depends on its boundary conditions. The atom
itself exhibits a single energy level but in a crystal lattice (matrix of atoms) the energy
varies due to lattice interaction between the atoms. So, the energy of the atom has

continuous values, with forbidden energies between the valence and conduction bands.

At room temperature (300 °K) the valence band is fully occupied by electrons while the
conduction band is mostly empty (for intrinsic materials). The conduction band can be
occupied by electrons even when no external electrons are injected. This is possible with
electrons excitation from the valence band to the conduction band made possible by the
presence of a sufficient external energy. The energy required to take an electron from the
valence band to the conduction band depends on the semiconductor’s band gap and it is

different for different semiconductors (Table 5).

Table 5 Band gap of semiconductors materials [14]

Material Band gap (eV)
Indium arsenide (InAs) 0.36
Germanium (Ge) 0.67
Silicon (Si) 1.11
Indium phosphide (InP) 1.35
Gallium arsenide (GaAs) 1.43
Cadmium telluride (CdTe) 1.49
Aluminium antimonide (AISb) 1.6
Cadmium selenide (CdSe) 1.73
Selenium (Se) 1.74
Aluminium arsenide (AlAs) 2.16
Gallium phosphide (GaP) 2.26
Aluminium phosphide (AIP) 2.45
Silicon carbide (SiC) 2.86
Zinc oxide (ZnO) 3.37

Silicon cells

Silicon has been demonstrated to be an excellent semiconductor for making solar cell
devices despite its indirect band gap. Silicon has advantages in PV devices design as it
can present high open circuit voltages (Voc) characteristic, which is favourable for PV

devices. Furthermore, the silicon semiconductor devices business has grown up in the last
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decades to such a level that the cost to fabricate silicon solar cells has been reduced

dramatically.

An individual silicon solar cell (SSC) can generate a VVoc up to 0.6 volts. By connecting
individual cells in cascade, higher voltage sources can be reached. The amount of current

available in these devices depends directly on the amount of light falling on them.

In 1984, Tom Tiedje reported the maximum efficiency for silicon solar cells. The defined
limit was 29.8 %, based on his Auger recombination measurements and AML1.5
absorption in crystalline silicon [15]. The above mentioned theoretical limit was found
by including the recombination phenomena involved within the material such as Auger
recombination and radiative losses. In addition, the optical measured data was used in the
numerical analysis. These side effects can be produced by the deposition of contacts

(sometimes aluminium is used to diffuse the metal on the silicon layer) [16].

Many material modifications and different cell configurations have been tested in order
to improve the energy conversion efficiency. As it is well known, silicon has an indirect
band gap necessitating thick layers in order to get a good absorption, but if this thickness
is reduced at least at the 10% level the silicon wafer is still able to generate almost the
same energy Yielding thin silicon solar cells. Thin silicon solar cells can have efficiencies

up to 16.6% using PECVD passivation oxide and reducing optical losses [17].

Thin n-type silicon layers can be grown on highly doped p-type silicon substrates by using
lateral overgrowth (ELO) epitaxial growth. These thin film solar cells exhibited an
enhanced Voc compare with typical silicon cells due to the saturation current reduction.

The latter leads to achieve higher efficiencies up to 16.9%y [18].

25 111-V Semiconductors PV devices

The highest efficiencies reported for solar cells have been fabricated with materials of the
Il and V semiconductors. It has been predicted, that for 6-multi-junction Il1-V
semiconductor photo material, theoretical efficiencies of up to 56% can be reached [19].
These solar cells are fabricated for high power requirements of space applications. The
optimal energy for sun energy conversion for a single layer solar cells is 1.4 eV (this will

be explained in detail in the next chapter) so Il1I-V semiconductor such as Gallium
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Arsenide (GaAs) are perfect for sun energy conversion with an energy band gap of 1.43.
GaAs is not the only semiconductor to have an optimum energy band gap for solar energy
conversion but there are some other 111-V semiconductors compounds* such as Gallium
Indium Phosphide (InxGaixP), Gallium Indium Arsenide (InxGaixAs), Aluminium
Indium Arsenide (InxAl1-xAs) and Gallium Aluminium Arsenide (AlxGai-xAs) that are

also excellent materials for solar cell usage.

I11-V solar cells have many advantages; including these are the use of thin layers (as most
have a direct band gap), lightweight and high radiation resistance. However, each crystal
has a different lattice constant which limits in practise the possible options to combine
materials for fabrication of multi-junction solar cells. This is because lattice match ensure
high quality crystals, reducing dislocations and increasing the absorption [20]. There are
combinations that work well, for example, InGaP-InGaAs, InGaAs-GaAs, InGaAs-

InAIAS at certain compositions.

After the growth of the solar cell the substrate can be removed in order to transfer the
solar cell to a different (cheaper) substrate, this substrate could be glass or any reflective
material. The purpose of doing this is to reflect the light that wasn’t absorbed by the cell
layers, so it can enhance the amount of light absorbed. By using reflective substrates
thinner layers are required, avoiding crystal dislocations for mismatched materials but,
however, reducing the material light absorption. So, this technique is perfectly applicable

to mismatched lattice thin film solar cells. [21]

2.5.1 GaAs Solar cells

Gallium Arsenide (GaAs) is a direct band gap semiconductor with energy band gap of
1.43 energy (eV) at 300 K. GaAs absorption levels are approximately 10 times greater
than those of silicon so thinner layers are sufficient and this reduces the cells weight. In
solar cells some scattering effects depends on operating temperature. That is the case for
carrier recombination which increases directly in proportion to the temperature. As GaAs

temperature coefficient (the rate of decrease of efficiency with temperature) is lower

* The band gap of the semiconductor compound will vary with the ‘x’ composition value.
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compared with the one for silicon, the GaAs solar cells exhibit better conversion rates as

the temperature increases. [22]

The use of Si as a substrate is possible for GaAs solar cells, and it has been reported that
GaAs/Si devices are more resistive to radiation than GaAs/GaAs devices. However, the
differences in Si and GaAs lattice constants generate dislocations in the device which
reduce the minority-carriers diffusion length. In order to reduce the dislocation density
some changes are made in the growing material process, including InGaAs/GaAs strain-
layer superlattice (SLS) systems as shown on Figure 2. Thus, these devices can get

efficiencies up to 20% at AM1.5 [23] but at the cost of a more complex growth process.

ARC (SiaNa4)
p+t GaAs ——»

n+ GaAs

Si Substrate

Figure 2 SLS in GaAs-on-Si device for dislocations density reduction [22]

GaAs layers have also been grown on GaAs, Ge (lattice matched), Si and conductive
(such as cooper) substrates as well. Growing the GaAs layers on Ge can present different
advantages, among them a theoretical efficiency of 35.7 % which is higher than the 27.5
% theoretical efficiency using GaAs substrate largely because the Ge captures a great deal
of the long wavelength solar radiation. Using Ge substrates it is also possible to obtain
lower weight devices due to the mechanical stiffness of the Ge wafers. Practical
efficiencies for GaAs solar cells on Ge (~31%) substrates are higher than on GaAs
substrates (~15%). [24]

GaAs-on-Ge solar cells, as was mentioned above, also have the advantage of a low
temperature coefficient and high resistance to radiation, however when these devices
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operate under high temperature conditions the contacts can diffuse into the GaAs layer

but it was shown that this degradation mechanism is moderate [24].

GaAs solar cells can thus be grown on different substrates such as Si, GaAs, Ge, among
others, but this substrate can be removed from the device. Once removed, various
materials can be used to support the thin film. These materials are glass, metal sheet or
plastic sheet. The choice of this new “substrate” material depends on the cost limits of the

device or the mechanical requirements for the solar cell uses.

Au \
Ag
Front contact
Pd
Ti
Dual AR AT Coating
AlGaAs

P GaAs (Zn doped)

N GaAs (Sidoped)

N+ GaAs (Si doped)

Ti-Pd-Ag-Au (Back contact)

Figure 3 GaAs on germanium with GaAs cap front contact [25]

If a conductive material is used to insert the GaAs thin film it is possible to improve the
efficiency of the solar cell. That is because in the metal the heat dissipation is better and
this reduce the reverse saturation current. Another reason of this improvement is the
mirror effect of the back contact. This mirror effect increases the external quantum
efficiency (EQE) due to the extra light absorption. This increase of the EQE can be about
10% in the 700 to 900 nm range. [26] GaAs generates almost all the carriers in only 5
microns because of its very strong optical absorption. So, in electrical sense it is important
not to remove all of the substrate. However, when the device is glassed the efficiency
drops by 2%. [27]
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2.5.2 AlxGag-xAs solar cells

Aluminium Gallium Arsenide (AlxGai-xAs) has a lattice constant very similar to the GaAs
lattice constant, so AlxGai-xAs is a perfect option to grow on GaAs substrate solar cells

with resulting high quality crystals , avoiding dislocations.

The energy bandgap changes from 1.43 to 2.16 as a function of the ‘x’ composition value
(Figure 4). If AlxGaixAs is grown on GaAs it will enhance the operational wavelength
range of the device and the recombination on the boundary (GaAs- AlxGai-xAs junction)

is reduced as well. [28]
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Figure 4 AlxGai-xAs bandgap [29]

The surface recombination is one of the most fundamental limiting factors for high
efficiency GaAs solar cells. One way to control this effect is by growing a layer of AlxGax.-
xAs on the top of GaAs solar cell and this then can increase the energy conversion
efficiency by up to 20%. [30]

Enhancing the efficiency of solar cell based on GaAs can also be achieved by different
techniques, one being the insertion of lenses into the device (increases the efficiency from
9 to 13 per cent) [31] or the use of concentrator in order to increase the thermal activated
devices [32]. Another option to increase the efficiency of the solar cell is connecting them
in cascade of 2 or more solar cells. Here, the problem is the losses due to the contacts
between the two cells (Figure 5). This can be solved using tunnelling junctions such that

high current can be produced by small voltages values. These tunnelling junctions must
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be the same material used in the device. In the case of AlxGaixAs -GaAs cells, values of
Al (composition) up to 0.4 have been reported to be the best tunnelling junction; when Al
concentration is high the fabrication becomes more difficult. The effectiveness of the
junction depends on the composition value, so it is important to know what happens near
to 0.45. At that point, when the composition is relatively high the electron density is
reduced and the tunnelling current is reduced as well due to the junction width increment.
Therefore it is important to have abrupt junctions for the tunnelling. [33]. x=0.45 is also

the composition at which AlxGa-xAs becomes indirect bandgap semiconductor.

Sub cell 1

Sub cell 2

Sub cell 3

Figure 5 Cascade solar cells

The insertion of multiple quantum wells (MQW) to improve the efficiency is achieved by
introducing them in a p-i-n junction. In [34], Stephen M. Ramey demonstrated that a
single solar cell with MQW has a better efficiency than a single solar cell without MQWs.
The critical parameters in order to analyse the structure is the thickness of the wells and
the QW number, in addition to other parameters such as recombination and photo
generation in the materials. Controlling the first two parameters can improve the
efficiency of the device. Increasing the number of QWSs increases the absorption of the
device. [34]

The quantum well devices are combined with other devices. That is the case of the multi-

junction solar cells. It usually consists of three combination cells, top-middle-bottom of

different band gaps as shown in Figure 6. [35]
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Figure 6 Triple junction solar cell exhibit an efficiency of 44%. [35]

2.5.3 InxGaa-xAs Solar cells

Indium Gallium Arsenide (InxGai-xAs) is a I11-V semiconductor has a bandgap from 0.36

to 1.42 eV depending upon the composition ‘x’ value (Figure 7).
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Figure 7 InxGai-xAs bandgap [29]

In solar cells the energy bandgap of Inos3Gao.47As is really convenient. Its lattice constant

IS 4% higher than the GaAs lattice constant but it has the same lattice constant as Indium

Phosphide (InP) at 5.8687 angstroms [29]. So, a perfect combination is to grow

Ino.53Gao.47As on InP in order to avoid dislocations and in order to have thicker layers to

increase the long wavelength light absorption. There are some efforts researching InxGag-

»As growth on GaAs substrates. One way to reduce dislocations is post annealing, or the
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insertion of strained layer superlattice (SLS) buffer layer, of course the mismatch depends
on the indium concentration. It was found that inserting SLS buffer layers with a low
mismatch the dislocations can be reduced in both regions above and below the SLS layer
due to the generated electric field. Another possible explanation for this effect is that the

SLS-induced strain bends the upper layer strain as reducing the dislocations. [36]

In GaAs/ InxGaixAs quantum well devices some parameters such as the composition
value ‘x’ and the thickness of the layers can affect the open circuit voltage of the solar
cell. One of these parameters is the well-barrier relation. When the thickness of the QW
is small, the solar cell has high energy quantum confinement. It has been found that a
single well device present a higher gain in voltage compared with MQW devices.
Moreover, concerning the lattice strain, it has been found that by introducing lattice strain
the quality of the crystal will limit the device performance due to the possible present
dislocations. So, in strained materials, the thickness of the barriers is critical during the
design to avoid trapping recombination [37], [38]. A necessary condition for reducing
defects within the host lattice is to use thick barriers for a MQW device according to the
experimental data presented for F. W. Ragay in [39]. Using InxGai-xAs material system,
multi-quantum wells have been demonstrated to reach efficiencies of 18% similar to the
ones presented for Ming-Ju Yang in [40].

It is possible to enhance the conversion range using different 111-V group materials with
different bandgap. That is the case of the tandem solar cells. Some materials mixed in this
manner are ternary and quaternary compounds. One example is the tandem solar cells
reported by J. F Geisz in [41] using a triple junction tandem solar cell exhibiting
efficiencies up to 40.8% . The triple junction consist of 1 sub cell (bottom cell) of InGaP,
a second sub cell (middle cell) of Ino.0sGaogsAs and a third sub cell (top cell) of
Ino.37Gaoe3As. The three cells were grown on GaAs substrate leading to a conversion
range from 0.89 eV (Ino.37Gao.63As) to 1.83 eV (Ino.49Gaos1P).

2.5.4 InxAluxAs Solar cells

Indium Aluminium Arsenide is a ternary semiconductor compound with a lattice constant
of 5.86 A for ‘x’ composition value of 0.5 and the bandgap varies from 0.36 (x=0) to
2.142 eV (x=1) (Figure 8) and so the absorbed wavelengths from 570 nm (visible spectrum
—red colour) to 3.4 um (infrared spectrum).
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The lattice constant of InxAl-xAs compounds allows its growth on InP. InxAl1xAs has
not been as extensively studied as the AlxGa-x)As ternary compound. Few data about
InxAla-xAs can be found in the literature. The refractive index for two thicknesses of
InxAl1xAs (with x within the range from 0 to 1) shown in Figure 9 has been reported by
[42]. Some authors report that the optical properties of InxAlixAs, for different
composition, are directly affected by the Molecular Beam Epitaxy (MBE) growth process
in order to have good quality crystals. [43]
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Figure 8 InAlAs bandgap [29]

As used in [43] the growth of InyAlzxAs (Alx=0.88) on GaAs layer as a buffer, can
reduce significantly the dislocations and defects on the substrate-layer interface. So, It is
possible to grow InxAlzxAs (Alx=0.88) layers on GaAs avoiding structural defects (due
to the mismatched lattice) by using engineered buffer layers. [44]

InxAl1xAs MQW structures have been investigated with InyGagi.y)As obtaining high

mobility because of the large discontinuities in the conduction band in these
heterojunctions.
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Figure 9 InAlAs refractive index in function of ‘x’ value composition for two different layer
thickness [42]

One of the best combinations between InyGauy)As and InxAlaxAs is with the
compositional values of y=0.53 for InyGag-y)As and x=0.52 for InxAl1x)As to get perfect
lattice match between them and also with InP. However, the quantum well can still be
mismatch with the barriers by using other compositions. It has been found that barrier and
well can have the same width and the composition of the well can be used to modify the
optical properties. [45] By varying the indium and aluminium compositions, a rich variety

of compounds can be synthesised which can span a very large portion of the sun spectrum.

2.6 Quantum Well devices

The device energy conversion is limited by different parameters, one of these parameters
is the material absorption range. So, it is critical to use materials that absorb as much of

the sun light spectrum beyond the visible range.

The insertion of quantum wells is one of the ways to enhance the absorption range of the
material enabling new sub-band transitions in the material as shown in Figure 10

quantizing the energy levels.

Thus it is possible to enhance the open circuit voltage in InP/InGaAs,
Alo35GaoesAs/GaAs, Gaosilne.s9P/GaAs lattice matched systems due to the reduction of
the recombination processes by using free-defects material [46]. In practical photovoltaic
devices the Voc and the energy conversion efficiency are improved by using lattice

matched material systems getting up to 14% of efficiency with Voc of 1.07 volts as
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reported for MQW Gao s11no.49P/GaAs lattice matched devices [47]. The latter has been
demonstrated by Stephen M. Ramey and Rahim Khoie [48] that the incorporation of QW
enhances the energy conversion efficiency of materials by using physic modelling.

Additionally, many efforts have been dedicated to model several MQW structures in order
to find the optimal thicknesses of the well and the barriers as it has been found to be
critical in the photovoltaic material design [49]. However, modelling materials involves
the use of critical numbers such as absorption coefficient, recombination rates and

mobility rates which are critical to get reliable results.
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Figure 10 Inter-Subband transitions allowed in quantum well

Recently, D. Teng et al in [50] have been found that the barrier thickness in mismatched
systems such as InxGa-xAs/GaAs is critical in order to reduce the recombination and it
has been found that the use of thin barriers reduce the recombination rates into the
depletion region thus the efficiency can be enhanced. The latter is not really important in

free-of-defects material systems [51].

As mentioned previously, the Ino.s3Gao.47As/Ino.s2Al0.48AS material system grown on InP

substrates gives high quality crystals and they are generally affected by the composition
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values used in the barrier layers which generates strained layers affecting the optical

properties of the material and allowing the absorption range enhancement [52], [53].

Moreover, to optimize the InGaAs/GaAs multi-quantum well devices it is possible to use
solar concentrators systems. It was found by modelling, that multi-quantum well
structures can increase the conversion efficiency rates when they are exposed to
concentrated light. The temperature dependence efficiency rates for MQW materials is
lower than the ones for simple p-i-n GaAs junction devices. It may be due to the thermal
energy that enhances the carriers scape in the MQW structure [54]. It can be explained
due to the fact of the use of MQW reduces the effective carrier lifetimes resulting in more
thermally stable devices as shown in [55] for AlossGaoesAs p-i-n. Additionally, it has
been found that by reducing the impurities concentration good photocurrent collection
ratios are achieved enabling the short wavelength absorption as demonstrated by Paxman
et al in [56].

As much as the growing technology enable it, new configurations are proposed in order
to increase the photovoltaic material conversion efficiency. One of these configurations
is the use of Bragg reflectors. In InGaP/GaAs MQW material systems such as
Alo.13Gao.g7As/AlAs with interface layers of AlosGaosAs enhances the energy conversion
efficiency compared with the one achieved by the MQW InGaP/GaAs device without
Bragg reflectors. The latter is due to the light trapped enhancement up to around 90%

extra in the well region [57], [58].

2.7  Quantum Dot devices

The actual theoretical limits of 31% predicted for a single p-n junction by William
Shockley and Hans J. Queisser [59] can be exceeded. By introducing new energy levels
in the materials band gap, these devices which are termed "Intermediate band™ structures
[60] [61] extend the absorption range. It has been predicted that introducing intermediate
band materials, the theoretical efficiency limit can increase to 47% for a triple junction
configuration [62]. These energy levels can be generated by insertion of Quantum Dots
in a host semiconductor structure which can be grown using a range of epitaxial growth
techniques. In the case of InAs/GaAs (approximately 7% mismatched system), the
Stranski-Krastanov method, which is also known just as S-K method, is commonly used

for the synthesis and the result is a high quality and defect-free quantum dots materials.
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The S-K technique offers limited tuning possibilities or changes in geometry of the dots,
their density and size. More recently doping of InAs/GaAs QD has also been studied
showing that the presence of n-type dopants inter dots enhanced the current generation
up to the efficiency of 11% [63]. The most successful technique to grow quantum dot
structures is using epitaxial growth with highly mismatched systems with which vertically
stacked QDs layers can be grown. By limiting some dots parameters such as their height,
the dots can be vertically aligned. It has been proven in [64] that properly aligned and
quite uniform dots lead to very narrow photoluminescence spectral lines. So, vertical
alignment is a critical characteristic for structure used for laser devices. However, due to
the quantum dot insertion, the PL peaks will suffer an unavoidable shift due to the
enhancement in the electrons confinement [65]. Antonio Marti et al [66] found that QD
structures can be tuned by inserting n-type atoms into the barriers where the doping level
is defined for the inter dot spacing. These devices, known as Intermediate Band (IB)
devices, are thermaly stable and they are affected by impact-ionization processes [67],
[68]. QD materials are very promising for third generation solar cell applications in which

the losses due to the carrier thermalisation is attempted to be reduced.

Many challenges are faced for the quantum dots material implementation regarding the
growth process due to the high required precision as well as the many compromises
involved in the design such as mobility-conductivity relations [69]. Additionally, by using
qguantum dot materials, the presence of phonons in the structure is reduced as the
controlled inter dot space distance and the well thickness generates higher Jsc levels
without VVoc degradation [70]. Table 6 below summarises the best efficiencies obtained

on the materials described above, including multi-junction cells.

Table 6 Best efficiencies of reviewed publications analysed in chapter 2.

Material Junction Efficiency Reference
Type (1sun)
Polycrystalline Si Single Junction 16.6 % [17]
. . . Single 0
Thin crystalline n-Si Junction/Reflector 290 % [18]
. Multi-junction
GaAs-on-Si N 20.0 % [23]
GaAs/InGaAs Multiple 180%  [40]

Quantum Wells
Gao.511N0.49P/INg.04Gao 96AS/INo 37Gan.63AS Triple-junction 33.2% [41]

x20 vertically 14.0 % [70]

InAs/GaAs stacked QDs
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Introduction

In order to evaluate the performance of the fabricated devices it is necessary to obtain
structural, optical and electrical parameters. In this Chapter, the different techniques used
to characterise both the epitaxial material and the fabricated devices are described. The
optical characterisations are obtained using photoluminescence (PL), absorption, and
reflectivity. The structural characterisation consists of Double Crystal X-Ray Diffraction
(DCXRD) measurement and the electrical characterisation requires the measurement of
fabricated devices under light conditions. Furthermore, the different steps required to

fabricate a photovoltaic solar cell device are described.

3.2  Solar cells basics [

3.2.1 Basic solar cell

The most basic solar cell is made by one layer of a semiconductor with the back contact
and a front contact collector. But in this basic configuration, the efficiency is very low.
The p-n junction shows good properties that are suitable to fabricate solar cells. The

voltage current characteristic is given by:

Where I is the current generated under illumination condition, lo is the saturation current.

One important point to notice is that in this type of solar cells the losses due to resistances
can be appreciable. From the previous equation, it can be seen that the recombination
phenomena (which determines the lo value) in the material will limit the open circuit
voltage. These parasitic resistances are increased due to the n and p type majority flow of

carriers. The basic solar cell is shown in Figure 11.
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Figure 11 Basic Solar cell structure
3.2.2 1V curves

One of the most important metrics in solar cells is the 1-V curves. This curve describes
the characteristics of the device. The I-V curve (current-voltage) can be in different forms.
In Figure 12 is shown an example of a typical I-V curve. Sometimes these curves are
shown with the ‘x” axis flipped in order to analyse the characteristics on the first quadrant.

From the I-V curve can be extracted information about the electric behaviour of the solar
cell.
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Figure 12 Characteristic IV curve for a photovoltaic solar cell device.

3.2.3 Efficiency

The efficiency of a solar cell is defined as how good it is in converting light energy to
electrical energy. It can be calculated as a function of the short circuit current and the

open circuit voltage. In terms of the short circuit current, it can be increased by reducing
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the bandgap of the material (the short circuit current can be known only if the photons
flux of the source is known too). The quantity of electrons excited by the source is
integrated over the whole spectrum.

Efficiency calculations

The efficiency of the devices was calculated using:

n=JscVocFF/Ps 9

Where:
n - Efficiency
Jsc - Short circuit current density
Voc - Open circuit voltage
FF - Fill factor
Ps - Source power

The FF is calculated using:
FF=JmVm/JscVoc 10

Where:
JmVm - Pm Maximum power point

The source power for 1 sun is 100 mW/cm?[22].

The Fill Factor is used to calculate the efficiency of the cell from the IV curve, it is the
ratio of the maximum operation point of the device (J,,,V;,,) divided by the J;.V,. product.

This figure of merit can describe the efficiency of the device.

However, the efficiency is limited by other factors too, one of these being the reflective
properties inherent to semiconductors and contact material leading to some of the light

energy being reflected and not passing through the device active layers.

3.2.4 External Quantum Efficiency

The quantum efficiency (QE) gives a complete picture for the performance of the device

and therefore can help to improve further the solar cell efficiency. The quantum efficiency
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is related to the relationship between the incident light and the photocurrent. The quantum
efficiency is divided into internal quantum efficiency (IQE) and external quantum
efficiency (EQE). The IQE is defined as:

__ #collected carriers

IQE =

#incident photons

Mathematically:

Ie _ Isc

If Spectral Response (SR) ==y
ight in

1 1 1 h
Then: IQE = ——%*— = —=
1-R Ilight/E 1-Rei

In other words the quantum efficiency determines the number of photocarriers generated
by the total absorbance of the incident photons. The ideal would be to have a 100% for

the quantum efficiency.
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Figure 13 Quantum Efficiency [71]

As shown in Figure 13 the IQE is affected by the front surface recombination velocities
in the short wavelengths. That is the reason for using a “window” layer on the top of the
solar cell device. The recombination on the rear surface affects the IQE response at high
wavelengths. In the case of the long wavelengths (high energy light) the IQE is also
affected by the total thickness of the cell [72].
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The EQE it is calculated by adding the effects of the reflective properties of the materials
to the internal quantum efficiency. Many efforts have been dedicated to find the best way
to estimate the EQE by using different mathematical methods as neural networks [73] and
resulted in good approximations in solar cells of multiple layers. To measure the quantum
efficiency it is necessary to have a complete measurement system. It is necessary to have
the complete spectrum data of the power incident light source in order to get the collected
carrier density and to get the efficiency [74].

3.3 Solar cells materials preparation

3.3.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy, better known as MBE, is a widely used semiconductor growth
technique. It is characterised by large capabilities to control the material composition,
layer thickness, interfaces, doping profiles with high accuracy which leads to high quality
crystals. The growth process is made under ultra-high vacuum (UHV) conditions which
allowed the growth of very clean surfaces free of impurities (understand impurities as
undesired contamination particles). It is possible, due to the UHV condition, to insert in
the system different sensors that help to monitor and control parameters like thickness,

temperature, etc. The latter results within complex materials with high quality.

Figure 14 University of Manchester’s Molecular Beam Epitaxy facility
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3.3.2 Stranski—Krastanov growth (S-K)

Quantum dots can be fabricated taking advantage of the physical effects of exceeding the
critical thickness for two mismatched materials. The result will be the spontaneous
formation of random material islands known as Quantum Dots. However, it is not easy to
achieve due to the accuracy required during the growing process. For the specific case of
the GaAs/InAs quantum dot material studied in the present work, it is necessary to grow
them by using Molecular Beam Epitaxy which will generate a high density of self-
assembled random dots. That is the case of 7% mismatched where the GaAs (substrate)
has lower lattice constant than InAs. The growing involve the control of parameters as

temperature, pressure and deposition ratios.

The growing process consist basically in growing an InAs layer on GaAs material layer.
This is a system with 7% mismatch and S-K is the actual option to grow high quality QD
materials base on InAs/GaAs.

This method relies in the mismatched lattice deposition exceeding the critical thickness.
In Figure 15 the S-K process diagram is shown. The process involves the deposition of
an InAs(wetting layer) layer on top of a GaAs layer (spacer). Here, the wetting layer
thickness is critical to control the dots size. The optimum wetting layer thickness for
InAs/GaAs material has been found to be around 2 ML [75] in order to obtain uniform

dots. When this thickness is exceeded the dots will not be uniform.

Wetting layer (InAs) Wetting layer (InAs) Wetting layer (InAs)
Spacer (GaAs) Spacer (GaAs) Spacer (GaAs)
a) b) c)

Figure 15 S-K process diagram for different wetting layer thickness a) lower than 1 ML, b)
approximately 2 ML and c) higher than 2 ML [75]
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34 Characterisation

Characterisation is the extraction of important parameters either of the epitaxial wafer or
the fabricated device. During the fabrication process or even during the growth process
itself, the material properties can be altered. So, the characterisation helps to find out these
differences and is thus a powerful tool to design and improve devices. The different
procedures shown in this chapter are non-destructive. It means that the measurement
never affects the properties of the sample wafer; however some of the presented
techniques are contactless and some of them are not such as the I-V measurement

procedure due to the applied bias and the probes connected to the solar cell contacts.

3.4.1 PL measurements (Photoluminescence)

Photoluminescence is a non-destructive measurement that gives information about both
the discrete energy states and band gap of the material. It is based on the premise that
when light is shone on the material (semiconductor wafer) and the incident photon has
energy higher than the material band gap an electron is promoted from the valence band
to the conduction band. The promoted electron will go back to its relaxed state by losing
the extra gained energy via recombination processes. During this process emission of

light is possible and this is called radiative recombination.
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Figure 16 Radiative recombination types: (A) free electron - hole, (B) free exciton, (C)
neutral donor to free hole, (D) free electron to neutral acceptor and (E) donor acceptor pair
recombination.
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The radiative recombination process can occur in several ways in the material. The first
one can be via an electron from the conduction band relaxing back to the valence band
(Figure 16A), but the electron can also move to the energy level generated by the
acceptors in the material (Figure 16C) or the electron can jump to an intermediate energy
level (Trap) and generate a photon then jump from the trap to the valence band (Figure
16D). [76] Furthermore the electron can also come from the Energy levels created by the
donors (Figure 16B). As shown in Figure 16 each photon generated has different energy

depending on the exact process (refer to figure).

To perform the PL measurements a fixed wavelength light source is required. The light
absorbed generates movement of electrons between energy levels. Then, by using a
broadband light sensor (photodetector), the emitted light generated from the radiative
recombination is detected. For this project, the setup used to perform the PL
measurements is depicted in Figure 17. The equipment used is the Accent RPM2000™
(Figure 18); two different photodetectors are available which are InGaAs photodiode
array (900 to 1800 nm) and Silicon CCD (500 to 1100 nm). A green 532 nm laser (8 mW

power) was used as a power light source.

Data Acquisition
Detector |:=

Laser

(Source) %

L =  Sample

Figure 17 Photoluminescence measurement setup

The measurements were performed at room temperature using the two available
photodectectors and it was thus possible to cover the spectral range from 500 nm up to
1800nm. Figure 18 shows a picture of the equipment used to perform the PL

measurements.
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Figure 18 Accent RPM2000™

3.4.2 Absorption measurements

In optical processes, the absorption coefficient refers to the wavelength which is absorbed
by the material; this refers to the energy range that can be absorbed by the solar cell
(recalling that the efficiency of the solar cell can be improved by enhancing the
wavelength conversion range). The absorbance measurement is a non-destructive

procedure.

Sample
Detector — Acquisition
Data
Figure 19 Absorption setup system

The absorption measurements consist of shinning broadband light onto the sample
surface. Only some percentage of this light will pass through the material and the rest will

be either reflected or absorbed by the sample. Transmitted light is sensed at different
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wavelengths and the absorption coefficient is obtained. A schematic of the process is

depicted in Figure 19.

The light source is broadband white light. The detector senses all the absorbed light for
the material tested at different wavelengths. The light used in the present project is a
tungsten halogen broadband source Ocenoptics LS1™ guided by a fiber. Because of the
wide range of the band gaps of the sample materials used in this project, the measurements
were performed using two different detectors. The detectors used are an extended InGaAs
(900 to 2500 nm) and a Si CCD array (400 to 1100 nm). The set up equipment used for

these measurements can be seen in Figure 20.

Figure 20 Absorbance equipment setup

Specialized software is needed to obtain the absorbance curves. The software used to
collect the measurement data is the SpectraSuite spectroscopy. For the case of the CCD
array detector (s2000 Ocean Optics) the software used is 001Base32. To perform the
measurement it is necessary to follow first a calibration procedure so reliable
measurements can be obtained. The first step is to store the background noise
measurement (dark conditions). Next, the reference measurement of the source light is
obtained (light condition). Then, the dark condition curve is subtracted from the light

reference one and then absorption measurement can be performed.

3.4.3 DCXRD Double Crystal X-ray Diffraction

This non-destructive material characterisation shows the specific constitution of the
various films in the epitaxial wafer, since the nominal parameters can sometimes be
different from the actual parameters of grown materials. The latter is produced due to

variations in both growth rates and compositions. The operational principle of the X-ray
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diffraction is based in the inter atoms lattice distance (lattice constant) that is comparable
with the incident X-Ray wavelength and which allows the diffraction of the rays (Figure
21). The difference of phase between the rays reflected in the different planes of the
crystal structure is then measured. The phase difference can make the addition of both
signals larger or smaller than the original ray depending on the magnitude of this

difference. This then leads to either constructive or destructive interference effects.

o o N0 e g

o

o o o o o

Figure 21 X-Ray diffraction principle [77].

The atoms distribution in the lattice defines the intensities of the rays. The rays intensity

can be obtaining using Bragg’s law [77] :

nd = 2d sin Oy
Where:

L: X-Rays wavelength

n: diffraction order

d: adjacent parallel planes spacing
0s: Bragg angle

This condition can be satisfied for more than one angle of incidence ray across the sample
which will result in non-constructive interference deviations of the final measurement
curve (rocking curve). Thus, for high quality crystals, which have very narrow peaks, the
resulting rocking curve cannot be accurate. To ensure the detection in smaller distances

(few arc seconds), the x-ray should be conditioned to a second ray. The latter requires the

53



addition of a reference crystal located between the X-ray source and the sample planes,
where the reference crystal should have a lattice constant similar to the material under
measurement. Thus, dividing the X-Rays angle into two different pathways, the resulting
rocking curve is not influenced by the ray diffractions and it will contain only information
about the sample under analysis. This is how most reliable data are ensured by using

Double Crystal X-ray Diffraction measurements.

PMT
Reference Crystal detector
|
OB :
; I
§s | 0s Sample angle
X-Ray ! 0s Bragg angle
Source 1 Sample ]

Figure 22 DCXRD apparatus indicating the X-Ray source, the reference crystal, the sample holder
and the detector

Figure 22 shows a schematic of the DCXRD process. The equipment used to perform the
material characterization in this work is a Bede QC200™ Double Crystal X—Ray
Diffraction (DCXRD) which is shown in Figure 23. The X-ray source used has a

wavelength of 1.54 A with random polarization. The crystal references used are:

o Ge crystal: used for wafers grown on GaAs substrates

o InP crystal: used for wafers grown on InP substrates

54



Figure 23 Bede QC200™ DCXRD measurement equipment.

The sample is placed on the equipment base which can be moved with very high precision
across axes (x,y and z) and rotated (over planes xy and xz) to locate the sample under
measurement as aligned with the reference crystal as possible to obtain a strong peak
diffracted. Once the sample is aligned with the reference crystal, a rocking curve can be

obtained.

From the X-ray measurements data about the quality of the sample can be obtained and
this is represented as narrow peaks. Broadened peaks result from poor quality films.

Once the DCXRD rocking curve is obtained, the data is analysed using the software
RADS Mercury™ to find the best fits to thickness and compositions. During simulation,
the software starts with some boundary conditions which are usually the nominal values
of the grown layers (first approximation) and it iterates until a best fit is obtained between
simulation and experimental data. The structural characterisation was done in the

University of Manchester facilities.

3.4.4 1-V Characteristics

Once the device is fabricated, it is necessary to test it to extract its electrical and optical
parameters. The IV characteristics describe the electrical behaviour of the solar cell. It
provides critical information about the device under both conditions of dark and light
environments. Sometimes this curve is used to estimate the solar cell behaviour in

different environments using different methods of interpolation and extrapolation. [78]
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In principle, this is a non-destructive measurement; however, performing the
measurement procedure without proper care (e.g. the bias voltage exceeding the limits of

the material) the device can be destroyed.

The equipment used to make the IV measurement is the Agilent Technologies B1500A
and probe station (Figure 24). This equipment was used only to get the dark conditions

(no light) and to test the device’s IV characteristics.

Figure 24 B1500A semiconductor device analyser and probe station.

To obtain the IV curve under light conditions, it is necessary to have a solar simulator,
which is expensive equipment. However, a solar simulator system was designed and built
to perform the measurements for the present project. The solar simulator consists of a
broadband incandescent light mounted on a poste in which the height can be adjusted.
Thus, the light falling on the device can be calibrated to get 100 mW/cm? which is equal

to 1 sun standard light. The solar simulator set up is shown in Figure 25.
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Figure 5 Solar simulator at 1 sun (100 mW/cm?)

In order to calibrate the system at 1 sun and to check the reliability of the solar simulator,
measurements were performed at the University of Lancaster Facilities. The samples used
to perform the system calibration were XMBE291, XMBE293 and XMBE294. They are
all high efficiency devices. As can be seen in Figure 26, an excellent agreement exists
between the measurements made using a commercial solar simulator and the ones

performed with the homemade system.

Voltage (V)
0.0 0.2 0.4 0.6 08
0 T T T T T T 7 T
| —— XMBE291 (UoM)
5| K XMBE291 (L)

—— XMBE293 (UoM)
1 —%— XMBE293 (L)

-104 —— XMBE294 (UoM)
| % XMBE294 (L)

Current Density (mA/cm2)

Figure 26 Reliability test and calibration for the solar simulator at 1 sun.
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3.5  Fabrication process

The basic fabrication process of the diodes involves: wafer preparation for spin coating,
exposure for printing features on the mask, post bake, developing and metallic contacts

deposition, and finally cleaning and sintering [79].

Appendix B contains detailed descriptions of the final fabrication steps for the solar cell
devices used in the present work.

The fabrication process used for the present work follows the steps below:

1. Sample preparation (cleaning)
2. Post-growth annealing (If necessary)
3. Geometry delimitation
3.1. Photoresist deposition
3.2. Exposure
3.3. Development
3.4. Wet etching
3.5. Sample cleaning
4. Back contact deposition
4.1. Metal evaporation
4.2. Sintering
5. Front contact deposition
5.1. Photoresist deposition
5.2. Development
5.3. Metal evaporation
5.4. Lift-off process
5.5. Sintering
6. Sample cleaning
Sample placement on header (TO46)
8. Device wiring

3.5.1 Cleaning

‘Contamination’, understood as any undesired particle on the device, can be generated by

different sources such as humans, processing equipment and/or chemical residues. The
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transport medium of these contaminants is air or physical contact. In the fabrication
process of semiconductor devices, the environment must be controlled as any external
impurity could affect the performance and efficiency of the final device. Thus, it is
important that the fabrication is conducted in a Cleanroom, which has air extraction

systems in order to control the number of impurities in the air.

Before any step is undertaken, the sample needs to be cleaned of contaminants. These
contaminants need to be cleaned before the start of the fabrication process. The process
applied to the samples in the clean room is:

1. NMP (N-Methyl Pyrrolidone) application to eliminate possible organic contaminants.
The sample is cleaned in an ultrasonic bath for 10 minutes.

2. Remove NMP excess with DI water.

3. Then, acetone is applied for 10 minutes (in the ultrasonic bath). During this step the
NMP is completely removed from the sample.

4. IPA (Isopropanol) is applied after the acetone for another 10 minutes in the ultrasonic
bath. The sample is then dried to remove remains of IPA on the sample surface due to
the rapid evaporation of the IPA.

The device is inspected many times during the fabrication process by using a high
magnification optical microscope. The visual inspections are made in order to ensure that

no impurities are present or to detect any errors in the fabrication procedure.

3.5.2 Post growth annealing

The materials sometimes need to be annealed before the fabrication process. This can
change the properties of the material depending of the structure and the material type
used. The annealing can be done during the growth process but sometimes the material,
due to its characteristics and properties, cannot be annealed during the growth process

and needs to be annealed ex-situ.

For example, for InP-based solar cells grown on GaAs substrates the annealing process
reduce the quantity of dislocations due to the mismatched lattice. The annealing is

performed in an RTA (Rapid Thermal Annealing) equipment, and the effect of reducing
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the dislocations density in these cells affects the cells fill factor (FF) and as a consequence

improves the solar cell efficiency. [80]

The analysis of the RTA on InAs/GaAs has demonstrated that the result of annealing this
type of structures with quantum dots modify greatly the luminescence properties from dot
to quantum wells and that the inter-diffusion of the dots layers is increased. This causes
narrowing of the luminescence peak and a wavelength shift. [81]

For the case of the studied samples in the present work, the RTA process does not change
the properties of the photoluminescence, so this step was discarded for most of the studied
samples.

3.5.3 EXxposure

Fabrication of semiconductor material system devices requires transfer of patterns on the
surfaces of the device to fabricate the devices. For solar cells, this procedure is used in
order to create the mesa and to create the pattern for the contact metal grids. There are
several methods to transfer patterns. One is electron beam lithography (EBL), it is an
expensive method but it has the capability to print very high definition patterns in the nm
range. The EBL is a non-mask system; it means that the design is assisted by software

and a “pencil” of electrons traces the pattern. [82]

Another method, which is widely used, is photolithography. This method requires a
photo-mask in order to shine light and print the patterns. This method uses a UV light in
the range of 200 to ~450 nm. In order to print the pattern it is necessary to have a film on
the top which is sensitive to this wavelength light, this is the photoresist. There are

different types of photoresist the most common of which are:

e Positive (Figure 27a): It is a duplicate of the mask; it means that only the non-exposed
resist is kept after developer application.
o Negative (Figure 27b): Here, One negative image of the mask is obtained. It means that

the resist on the illuminated zones is kept after developer application.
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Figure 27 Photoresist types a) positive and b) negative after developing

The photoresist coating is spun on the sample surface. The spinner is rotated, depending
of the photoresist to be used, from 300 to 600 rpm for approximately 45 seconds in order
to have a uniform distribution of the coating on the wafer surface. The thickness of the
coating depends on the substance applied and it is a function of the rpm’s and the spin
time. In the University of Manchester facilities the resist used for the purposes of solar
cell fabrication are specified in Table 7, which lists the photoresist name, type and the

developer used to eliminate the residual resist.
After the “spin coating”, the next step is the “prebake” or soft bake in order to avoid
deformations of the coating due to the photo resist solvents used to develop the pattern.

The soft bake is performed at 110 °C using a hot plate.

Table 7 Photo resist and developers used for solar cell project

Photoresist Type Developer
S1805 Positive MIF319
AZnLOF 2070 Negative MIF326

After the soft bake, follows the alignment. This consists of exposing the wafer to print
the pattern (mask) on the photoresist. The equipment used for this is a Karl Suss

MA4™mask aligner. For solar cells fabrication it is necessary to make two alignments:

° Mesa definition

o Front contact pattern (current collector)
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One of the masks designed for this work is shown in Figure 28, and the dimensions details
are presented in Appendix A Mask Designs. The developing is performed with different

solvents depending on the exact needs of the device.
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Figure 28 Solar cell Mask (7.5mm x 7.5mm)

However, after a long optimization process and after trying several geometries, the best
geometry found was a cylindrical diode of 250 um diameter. A non-alloyed Au/Ti ring is
used for the front contact and an alloyed Au/AuGe ohmic for the back contact with
shading losses of 48%. The geometry for the fabricated devices reported in this work is

shown in Figure 29.

T — Top
N S conaa\ POHM

Back 250 um
contact

a)Perspective view b) Top view

Figure 29 QD PV devices’ geometry

Nowadays efforts are dedicated to finding new methods to generate the patterns with good
definition but at lower costs. One way is using flexible stamps in order to print texturized

patterns on the solar cells surfaces; this is convenient for reducing costs of texturizing the
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solar cell surfaces for antireflective purposes. The name of this technique is Nano
Imprinted Lithography with UV light (UV-NIL). [83]

3.5.4 Resist Developing

After the exposure, there is a need to use again the hot plate, for “post baking” in order to
stabilize the photo resist. This post bake is performed at 120 °C for only one minute. The
developer is a substance that will eliminate the undesired photoresist in the wafer surface.
Different developers are available and each one of these reacts to different photoresist
depending on the purpose of the process, additive (Deposit materials) or etch (eliminate
material). For the photoresists used for this project see Table 7. The mesa is the active
area delimitation; this step is made in order to reduce the leakage current due to the dark
current from the area where the metal fingers are not present. Different geometries were
tested in order to find the optimum dimensions to minimize the leakage. Cubic and
cylindrical mesas were tested (Appendix A Mask Designs). The cylindrical mesa
exhibited the best results.

3.5.5 Metal deposition

This step consists of depositing a conductive material (metal) on the surface to define the
contacts for the device. The metallization process can degrade the device behaviour if not
carefully performed. The main degradation are losses due to the series resistance of the

contacts deposition.

The contacts for the solar cell need to be made of a conductive material but not necessary
pure metal. In the case of silicon solar cells, a nickel and copper combination can be used
with successful result [84]. Organic material can also be used as contacts which are
conductive but these can introduce large losses as well. The solar cell presented in this
work has metallic contacts which use the following composition:

o Front contact (fingers): Titanium - Ti (50nm) / Gold - Au(100nm)
o Back contact: Gold-Germanium - AuGe (50nm) / Gold - Au(100nm)
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The process is performed using a BioRad Evaporator; the sample is located in a high
vacuum chamber and the metals are located on their respective boats. When the required
vacuum is established into the chamber the process begins. It is necessary to perform the
evaporation under low-pressure chamber conditions in order to reduce the presence of
contaminants, thus, the evaporation is performed using a pressure < 10 mbar. The
filament of each boat is electrically excited, first the Titanium and Gold-Germanium and
at the end the Gold boats. The boat’s filament current is increased until the metal starts to
evaporate. The temperature required to evaporate the metal is obtained from the current
passing through the filament. There is another type of evaporation: electron beam but this
method is more expensive. The evaporator used to evaporate the devices contacts for the
present project is a BioRad. The setup and the equipment are shown in Figure 30.

Figure 30 BioRad and process setup diagram

3.5.6 Lift-off

Once the metallic contacts are evaporated uniformly on the material surface, it is
necessary to remove the undesired metal. The way to do the latter is to dissolve the
photoresist previously spin-on. On the top of the device, the deposited photoresist do not
cover the area where the metal is desired. So, when the metal is deposited, the metallic
layer will cover both areas with and without photoresist. If the material is exposed
(submerged) is the correct solvent, the photoresist will be eliminated taking with that the
undesired metal.
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Thus, the lift-off process is a non-destructive procedure. However, it is important to run
the lift-off carefully because a mistaken handling could damage the desired metallic
contacts.

For the actual project purposes, N-Methyl-2-pyrrolidone 1165, usually called NMP, was
used at room temperature, as long as necessary (approximately 15 minutes), to remove
the photoresist remaining and, as a consequence, the undesired metal on the surface.

3.5.7 Sintering and annealing

These are critical steps for both front and back contacts. For the back contact, annealing
forms the ohmic contacts so the device can be biased without perturbing its device
behaviour. So, in order to form the ohmic contact Au-Ge is used (in an 87%-13%
combination) as dopants to form alloys.

Figure 31 Alloying and Sintering equipment

Annealing will increase the temperature up to the melting point of Au-Ge to make it
diffuse into the wafer back surface and reduce the resistance of the contact.
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The Top contact is a non-alloyed contact and us used sintered at a lower temperature. The
ideal temperatures found are 320 C for 2 minute for AuGe/Au alloyed contacts and 240
C for 1 minute for the front Ti/Au sintered contacts.
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CHAPTER 4

QUANTUM WELL DEVICES: RESULTS and DISCUSSIONS

4.1 Introduction

The use of multiple quantum wells structure (MQWSs) has many advantages due to the
confinement of the electrons in two dimensions. QW give rise to new energy levels as it
Is described for the following equations. The different transitions between these states
created in the quantum well( both in the conduction and valence bands) could be heavy
hole level 1- electron level 1 (Figure 16a), light hole level 1 — electron level 1 (Figure
16b) or heavy hole level 2 — electron level 2 (Figure 16¢). As shown one transition can
be calculated as:
E,=Ey+AE, . +AE,, 1

Where En is the ‘n” subband energy, AEnc and AEny are the quantised levels and Eq the
energy bandgap of the well material. From the particle in a box problem one can calculate
AE, . and AE,, ,,, as,

2
_ (h/Z ) T2
AE, .= anL 2
2
_ (h/z ) T2
AEn‘,, —TT%LR 3

Thus, adding equations 2 and 3 we have:

2 2
_ (h/Z ) ] (h/Z ) T2
E=E4;+ Zn;tZL n® + Z"EL n 4

Where:
my, my, - Effective masses of electron and hole
L — Well thickness

n — Number of energy state

So the possible energy levels in the quantum well depend directly on the well thickness.
Different subbands can exist not only in the well but also in the barrier, thus different
confined energy gaps are present in the structure and this increases the absorption range
of the material. So, the number of quantum wells will increase the absorption in the device

[85]. These new states can be confirmed in measurements of optical activity in the device
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such as absorption or photoluminescence measurements [86]. The use of multiple
guantum wells was proposed in order to avoid the problems present in tandem solar cells
at the moment of joining the different cells one on the top of the other because of the
difficulty of putting contacts. In [86], Barnham reported a structure in which the first
active layer of MQWs was built of (InGa)As/GaAs and it was found that by controlling
the barrier and the well thickness it is possible to modify the absorption bandgap due to
the confined levels in the QWs. It is also possible to use superlattice configuration but the
disadvantages are the high number of wells required to increase the material absorption.
So it is better to use constant thickness for the wells when making the MQW structure
[87].

4.2 Structural characterisation

The QW studied samples are VMBE1661, VMBE2016, VMBE2017, XMBE242 and
XMBEZ245. The layers details for all these samples are shown in Figure 32.

VMBE1661 VMBE?2016 VMBEZ2017
200A p-GaAs 750 A | p-Inos2Gao.sAs 750 A | p-Ings2Gao.sAs
2000 A p-A|oA3Gao,7AS 100 A p-|n0,25A|o,75AS 100 A p'|n0.28A|0.72A5
300 A p-Alg3Gag 7As 2000 A Ino.52Alp.48AS 2000 A INo.52Al0.48AS
65 A Alp3Gag 7As 3500 A [ Inos2AlossAs 100A | Ings2AloasAs
85 A GaAs 10000 A | n-Ing.spAlo.4sAs 150A [ IngsoAlossAs |
300 A Alo3Gao.7As 2500 A | n-Ings2Alo4sAs 100 A INo.4GaoeAs 8
5000 A n-Alo.3Gag.7AS 0.5 pm n+ InP 100 A Ino.52Al0.48AS
2000 A n-GaAs 10000 A | n- Inp.52Al.48AS
035um | n+ GaAs Subs 2500 A | n- Inp.52Alo.48AS
0.5um | n+ InP Subs

XMBE?242 XMBE245
750 A | p-Ino.5:Gag.4sAs 750 A | p-Ings52Gao.4sAs
100 A p-1 No.28Alg 72AS 100 A p-|n0,28A|o,72AS
2000 A Ino.52Alp.48AS 2000 A Ino.52Alp.48AS
100 A Ino.52Alp.48AS 100 A Ino.52Alp.48AS
150 A Ino.52Alp.48AS 9 150 A Ino.52Alp.48AS 9
100A | IngsGageAs | = 30A | Ino70GaozAs | =
100 A Ino.52Alp.48AS 100 A Ino.52Alp.48AS
10000 A | n- Ings2Alp.48AS 10000 A | n- Ings2Alp 4sAS
2500 A | n- Ings2Alg 48AS 2500 A | n- Ings2Alg.48AS
05um | n+ InP Subs 05um | n+ InP Subs

Figure 32 Quantum Well structure epitaxial details
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For the GaAs system based material, VMBE1661, the DCXRD measurement is shown in
Figure 33. The measurement shows that the highest peak corresponds to the substrate
material (GaAs) and the peaks around it are the satellite peaks due to the MQW structure.
The RADS simulation fitting extracts the real values of the thickness and composition of
all the layers. The experimental and simulation show that the sample is of good crystalline

quality. The peaks are also very narrow.

VMBE 1661

—— Measurement
—— RADS simulation

Intensity (cps)

-4000 -3000 -2000 -1000 0 1000 2000
Omega2Theta (arcsec)

Figure 33 DCXRD for sample VMBE1661, GaAs material.

For InxGagxAs/InkAlaxAs  multi-quantum  wells materials, the structural
characterisation is shown in the following figures. The DCXRD measurement showed in
Figure 34 depicts the rocking curves for material VMBE2016. The sample is of good
quality and is nearly lattice matched structure. The measurement shows only two strong
peaks one which corresponds to the InP substrate and the other to the nearly lattice
matched Inos2GaossAs and at the sides it has two more peaks at lower intensity
corresponding to the emitter and cap layers. The simulation results for this sample are in

a good agreement with the designed values.
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Figure 34 DCXRD for VMBE2016 InGaAs/InAlAs system based materials. Control sample
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Figure 35 DCXRD for VMBE2017, x15 MQW InGaAs/InAlAs tensile strained system based
material

Introducing a Multiple Quantum Well (MQW) structure within the host lattice will
generate more peaks around the substrate peak in the rocking curve. This is the case for
the 15 quantum wells periodicity sample, VMBE2017, shown in Figure 35. These peaks
(Satellite peaks) and their number will increase when increasing the number of wells as

well.
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Sample XMBE242 has 25 QWs and is lattice matched. This time, the DCXRD does not
show satellite peaks due to the lattice matched configuration. Figure 36 shows the effect
of the 25 lattice matched QWs without satellite peaks but with different peaks around the
highest peak which corresponds to the InP substrate. It is important to notice that the
peaks are well defined and very narrow meaning that the quality of the sample is very

good.

The XMBE245 material has 25 strained QWSs, so similar to XMBE242 but in this case
the QW is highly compressively strained. It means that the lattice constant of the barrier
Is higher than the lattice constant of the well. The DCXRD shows more peaks,
corresponding to the satellite quantum well peaks. Figure 37 shows the effect of the 25
QWs in the different peaks around the highest peak that corresponds to the InP substrate.
The number of satellite peaks is increased because of the reduction of the QW thickness.
The satellite peaks are well defined but are very broad, perhaps due to dislocation or high

strain.

10°3y XMBE242 —— Measurement
——— RADS simulation

10*

10°

10

Intensity (cps)

i
T
4000 6000

-2000 0 2000
Omega2Theta (arcsec)

Figure 36 DCXRD for XMBE242, x25 MQW InGaAs/InAlAs lattice matched system based
material
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Figure 37 DCXRD for XMBE245, x25 MQW InGaAs/InAlAs compressively strained system based
material

As it can be seen from the previous DCXRD rocking curves, regarding of the crystal
quality, showed a good crystal lattices for VMBE1661, VMBE2016, VMBE2017,
XMBE242 and XMBE245. Specifically, when we talk about mismatch materials such as
samples VMBE2017 and XMBE245, the materials were grown with an excellent quality
despite the evident risk of having undesired defects. The effect of the lattice mismatch
has been depicted in several satellite peaks surrounding the strongest rocking curve peak
(corresponding to the substrate peak). An excellent agreement between the nominal
values and the actual crystal values was demonstrated by performing the RADS

simulation.

4.3  Optical characterisation

As has been mentioned in previous sections, the optical characterisation is crucial for a
good understanding of photovoltaic devices as optical measurements will reveal
information about material absorption range and the different energy levels present in the

material.

The photoluminescence measurement for sample VMBE1661, which was grown at 670

°C, shows emission from the quantum wells (GaAs wells) including both ground and first
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excited state at room temperature. The absorbance measurement was performed but it was
impossible to get good result. Figure 38 shows two measurements of absorbance. In the
first one the InGaAs detector (from 900 nm to 1800 nm) is used showing that GaAs-
Alo30Gao.70As solar cell is not absorbing any energy in this wavelength range. The second
measurement was made using the CCD detector (from 500 nm to 1100 nm) showing that
around 900 nm the material start to absorb strongly. However, below 880 nm the
absorbance measurement cannot be performed correctly because the GaAs substrate starts
to absorb all the light. The solution is to “lift-off”” the substrate in order to measure the
absorption in the active layers. Because of the band gaps involved in the GaAs-
Alo30Gao.70As system the absorbance start from 600 nm to 870 nm approximately. In
Figure 39 a scan from 600 to 700 nm shows a very low intensity peak centred at 662.4

nm (1.87 eV) that correspond to AlxGa-xAs material layers with composition x=0.35.

4
5
s 3
)
)
a)s 2
£
o)
3 1
< |
500 600 700 800 900 1000
0.2 Wavelength (nm)
. ' —— Measurement using InGaAs detector
=]
8
)
b) 2
®
2
o
(%]
Q
<

T i T T T T T T
1000 1200 1400 1600 1800
Wavelength (nm)

Figure 38 Room temperature absorbance measurements for VMBE1661.
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Figure 39 Room temperature photoluminescence measurements for VMBE1661.

Figure 32 shows the epitaxial details for the following sample measurements. The
absorption measurement for sample VMBE2016, grown at 580 °C, is shown in Figure 40
where the absorption of energy starts in 1.65 pum (~0.750 eV) which corresponds to the
contact layer of Ings1Gao.4eAs. The VMBE2016 material was designed to be a control p-
i-n diode. Its photoluminescence measurement reveals two peaks that correspond to the
Inos2Alo4sAs and IngsiGao4sAs materials. The photoluminescence measurement is

shown in Figure 41.

0.20

VMBE2016

Measurement

0.18 +

0.16 +

0.14 -

Absorbance (a.u.)

0.12 1

0.10+

1000 1200 1400 1600 1800
Wavelength (nm)

Figure 40 Room temperature absorbance measurements for VMBE?2016 showing the InosiGao.40As
optical transition at 0.7eV.
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Figure 41 Room temperature photoluminescence measurements for VMBE2016 using CCD
detector (700 — 1100 nm) and InGaAs detector (1200 — 1800 nm).

The effect of the QW is visible in the VMBE2017 sample absorbance characterization
depicted in Figure 42, showing very nice defined steps near 1.1, 1.4 and 1.5 um. So it is
clear how the QWs increase the absorption of the material due to the electron confined in
smaller energies between the barriers. Just like in the case of VMBE2016, there are two
peaks present; of course each one corresponds to the two materials used but now near the
Ino.s2Gao.4sAs peak appears a shoulder. The latter can be seen in Figure 43. According to
the calculation using equation 4 described at the beginning of the present Chapter, this
new peaks corresponds to the QWs sublevels generated in the Ing.42GaossAs well. These
levels enhance the absorption of the cell.
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Figure 42 Room temperature absorbance measurements for VMBE2017 showing three different
optical transitions.
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Figure 43 Room temperature photoluminescence measurements for VMBE2017 using CCD
detector (700 — 1100 nm) and InGaAs detector (1200 — 1800 nm).

Sample XMBE242 exhibited a similar behaviour to the previous samples. In the case of
absorbance measurements the sub-bands of the QWSs generates steps in the graph. In
Figure 44 these steps are shown around 1.06, 1.3 and 1.5 pum. Now, compared with the
vmbe2017 sample the absorbance is much better, and it proves that the addition of more
quantum wells increases the absorption but also the crystal structure was of a much better
quality. The absorption extends from 1 pum to 1.6 pum approximately. Below 1um, there

are difficulties measuring the absorption as the InP substrate starts absorbing very
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strongly. Now the shape of the Ino.52Gao.4sAs peak in the PL measurement (Figure 45) is

very different; the PL intensity is much higher and the QW absorption is at 1549 nm.
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Figure 44 Room temperature absorbance measurements for XMBE242 showing four different
optical transitions.
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Figure 45 Room temperature photoluminescence measurements for XMBE242 using CCD detector
(700 — 1100 nm) and InGaAs detector (1200 — 1800 nm).

The absorbance measurement for sample XMBE245 is shown in Figure 46. For this
sample, the sub-bands of the QWs generate several steps in the graph. These steps are
shown only around 1.3 and 1.5 pum. Now, compared with the XMBE242 sample the
absorbance is poor, which suggests that the addition of strained quantum wells reduces
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the absorption. This is evident from the much better steps shape in XMBE242. The
absorption is from 1.3 um to 1.6 pm approximately. The mismatched lattice modifies the
shape of the Inos2Gao4sAs peak in the PL measurement (Figure 47); the shoulder pass
from the left side to the right side compared with the XMBE242 sample.
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Figure 46 Room temperature absorbance measurements for XMBE245 showing the several InGaAs
optical transition due to the multi-quantum wells structure.
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Figure 47 Room temperature photoluminescence measurements for XMBE245 using CCD detector
(700 — 1100 nm) and InGaAs detector (1200 — 1800 nm).

According whit the PL and absorption measurements for several MQW materials it was
observed that the insertion of the strain in the InGaAs/InAlAs quantum well material

system resulted in the reduction of the absorption of the cell, probably as result of defect
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introduction. However, the open circuit voltage was increased, which is something
desirable as implied that the power operation point is increased. The effect of the QW is
visible in the VMBE2017, XMBE242 and XMBE245 with very nice defined steps near
1.1, 1.4 and 1.5 um, which increases the absorption of the material. The corresponding
calculations demonstrated that this new peaks corresponds to the QWSs sublevels
generated in the Ino42GaossAs well. The absorption for using InGaAs/InAlAs MQW
material system can extend the absorption range from 1 um to 1.6 pum approximately

enabling the infra-red material absorption.

4.4 Electrical characterisation
44,1 J-V curves

As was mentioned before, the electrical measurements were performed at room
temperature under 1sun (light power 100 mW/cm?). The JV curves (J is current density)
for all the samples are shown in Figure 48. VMBE1661 measurement shows that the Jsc
in light conditions goes up to 10 mA/cm? and the Voc is approximately 0.85 volts. This
GaAs based material is the one that exhibited the best performance among all the MQW
materials studied.

The second best performance was showed by VMBE2016, the control sample. Its Jsc is
7 mA/cm? and the turn on voltage is approximately at 0.4 volts. The Voc is less that the
value found for GaAs/Alo.30Gao.70As material and it impacts directly on the cell efficiency.
The JV curve for sample VMBE2017 (Ino.s2Alo.48As/INg.52Gao.4sAs MQW x15) shows that
the turn on voltage was reduced to 0.15 volts compared with the one exhibited by
VMBE2016 sample largely as result of the very low “effective” band gap due to the QW.
The light measurement leads to a short circuit current of 0.52 mA/cm?,

Originally an increase in the efficiency of the device was expected due to the insertion of
the quantum wells. The short circuit current reduced by almost 25% with respect to the
control sample (VMBE2016) as the open circuit voltage was drastically reduced by 50%.
The massive drop in the open circuit voltage is due to the much reduced effective band

gap due the QW which lowers the turn on dramatically. Unfortunately while the low band
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gap enhances the long wavelength absorption region enormously, as shown previously,
an unintended consequence is the reduction in the open circuit voltage and consequently
the device efficiency is severely degraded.

For sample XMBE?242, the JV characterization shows a reduction in the short circuit
current to only 1.5 mA/cm?, and the open circuit voltage is approximately 0.27 volts,
equal to the Voc of the VMBE2017 as expected from the use of low band gap materials
in the QW.

Furthermore, XMBE245 material (x25 compressively strained InGaAs/InAlAs MQWSs)
exhibited a short circuit current of 2.2 mA/cm? which is higher than the XMBE242 values.
In addition, the material exhibited an open circuit voltage of 260 mV. As result of the

mismatched lattice, it can be seen an efficiency enhancement.

Voltage (V)

0.0 0.2 0.4 0.6 0.8 1.0
0 T T T T

]
a
1

N
o
I

—— VMBE928 GaAs/AlGaAs
—@— VMBE1661 GaAs/AlGaAs
—A— \/MBE2016 InGaAs/InAlAs
—y— VMBE2017 InGaAs/InAlAs
—0— XMBE242 InGaAs/InAlAs

1 sun —4— XMBE245 InGaAs/InAlAs

Current Density (J) (mA/cm?)

-15

Figure 48 Room temperature JV measurements for all materials using quantum wells structures.

From the measurements of the electrical behaviour of the devices it is possible to estimate
the efficiency of the cell. The efficiencies of the devices made from the different wafers
are shown in Table 8. The highest efficiency (2.8%) for the InGaAs/InAlAs system based
material is obtained for the control p-i-n junction sample. By contrast the
GaAs/Alo30Gao70As material VMBE1661 exhibited the highest efficiency of all the
studied MQW materials in this section. Note that the growth temperature of the GaAs
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QW plays a large role in the efficiency as lowering the growth temperature to 580 °C
(sample VMBE928) lowered the efficiency from 6.3 to 0.4% as a results of increased

electronic point defects in the material.

Table 8 Photovoltaic material efficiencies for all materials based on quantum well structures.

Sample Jsc Voc FF n
mA/cm? V % %
VMBE928 2.24 0.59 32.8 0.4
GaAs/AlGaAs VMBE1661 -9.92 0.85 75.2 6.3
VMBE2016 (control) -6.96 0.59 69.6 2.8
VMBE2017 -5.49 026 328 04

Tensile strained
InGaAs/InAlAs XMBE242

Lattice matched
XMBE245
Compressively strained

-1.46 0.26 30.8 0.1

-2.18 0.28 30.9 0.1

It can also be observed that the efficiencies of the devices are low. There was an
expectation that there would be an increase in the efficiency in the samples VMBE2017,
VMBE242 and VMBE?245 due to the QWSs insertion and indeed the absorption
measurements showed greatly enhanced absorption in the long wavelength region.
However the effect of the low band gap QW is to effectively lower the open circuit voltage
in proportion to the band gap and thus the efficiencies were greatly affected. This was
confirmed via physical simulations using SILVACO in Section 4.5.

4.4.2 External Quantum Efficiency

In Figure 49, it can be seen that the external quantum efficiency (EQE) of the cells is
degraded when moving from samples VMBE2017 (Ings2Alo.48As/INg52Gao.4s8As MQW
x15), to XMBE242 (Inos2Alo.48As/INo.40GaosoAs MQW x25) and finally XMBE245
(Inos2Alo.48AS/IN070Ga030As MQW x25). The GaAs samples (VMBE928 and
VMBE1661), as expected, have the best performance in the visible light spectrum (around
400 to 800 nm). On the other hand the efficiency of the InGaAs/InAlAs cells, again as
expected, is increased in the infrared spectrum (above 800 nm).
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Figure 49 Room temperature External Quantum Efficiency for quantum well materials.

Recalling the JV curves, it is shown that the highest short circuit current is provided by
the high temperature grown GaAs/Alo30Gao70As device (VMBEL1661), agreeing its
highest absorption efficiency in the visible range. This sample also exhibited the highest
value of open circuit voltage. The lattice matched InAlAs control sample VMBE2016
shows good values of short circuit current and open circuit voltage as it does not include
any low band gap material in its structure. This is not the case for InGaAs/InAlAs MQW
structures. The efficiency drops significantly with respect to the control sample due to the

insertion of the low band gap MQW materials.

45  Optimisation process

Generally the fabrication process follows the simulation process. But for this section the
process is opposite. Why is it like that? Because first of all the simulation must be closer
to the real values, it means that in order to have dependable simulations, SILVACO needs
to be properly calibrated. Therefore the SILVACO material parameters have to be tuned
(recall that SILVACO is primarily a software for Silicon devices design) to match both
the measurements and the simulation. Once this is achieved, it should be possible to
perform predictive simulation first and then fabrication afterwards to check the

simulation.
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45.1 SILVACO modelling

SILVACO(c) is software developed by Dr. Ivan Pesic’s company and it is a software
designed for the physical simulation of electronic devices. It is a convenient tool to
simulate devices to predict their performances starting from first principles and includes
both epitaxial layer definitions AND device layout, making it a powerful virtual wafer
fab tool. The core of SILVACO is Atlas, this module has its own syntax and it is possible
to define the structure, the material in which the device is made and its physical
parameters. This chapter will present a simple introduction to SILVACO simulation that
is common to almost all devices. Of course, each device type has its own specific
materials parameters. Modules specific to solar cell simulation include light source
simulation. The information of this chapter was taken from “SILVACO ATLAS User
Manual” [88], “Device Simulation guide” [89] and from the simulation code developed

for this project purposes.

SILVACO has many modules, each one is used independently but in order to make a
simulation they need to be integrated. All the code can be developed using DeckBuild
which is the run-time environment, from DeckBuild it is possible to load the structure
files previously made in Athena (Device designer) or DevEdit (Structure and Mesh
Editor). All this parameters are analysed into Atlas the core of SILVACO. Atlas solves
all the equations and generates the LOG and STR files which include all the calculated
data. This information can be plotted in TonyPlot (tool for visualize the results) and

exported to other file types. The design can be on 2D or 3D structures.

In addition, SILVACO has also:
o An Optimizer — Library of Optimizers
o A C-Interpreter — Interactive Model Development

. Mocasim — Monte Carlo simulation tool

The method used in SILVACO is the finite difference, so it is iterative and needs
discretisation of the problem. In other words, the device is divided into small pieces and
the program tries to find the solution starting with one initial value and then calculating

the next value taking into account the previous one.
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Figure 50 SILVACO simulation engine

In Figure 50 is shown the complete engine of SILVACO. It has many modules but for the
specific interest of this project only ATLAS, DeckBuild and TonyPlot are the most

relevant.

ATLAS can be called the “SILVACO core” because it is responsible for doing all the
calculations required to get a result. It includes the different models and the algorithms to
get the solutions. DeckBuild can be seen as the “administrator” because it is responsible
for passing all the required parameters to ATLAS and other modules to do the
corresponded process. Finally, TonyPlot is the user graphic interface helping to visualize

and export the final data of the process.

All simulations mostly follow the same process independently of the device geometry or
functionality. The process is the same in all the cases. Basically the process of simulation
in SILVACO has the steps shown in Figure 51. Each step will be described in this section

with the possible options available in the software.
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Figure 51 SILVACO simulation process

SILVACO store and load from files. It can work with two different files type. The first
file type stores the structure data of the device. This file has the extension STR and it can
be plotted in TonyPlot. Once opened in TonyPlot the graphic can be saved with different
extensions or even exported to other file types. The other file type will contain the
terminal characteristics, or the calculated data results of Atlas such as the 1V data. This
files type has extension LOG and it can be loaded by Atlas. Whenever SILVACO solves
any device, the calculated data is stored in the LOG file which only needs to be created
before any SOLVE statement and closed after the calculations. So, it is possible to

generate different LOG files during one simulation to store the results separately.

SILVACO software has been developed for Silicon base devices; it means that in general
the default parameters are set up for silicon properties. However, it is possible to perform
simulations for different material devices such as ternary compounds. In this case

SILVACO has different values that will replace the silicon ones only defining in the

85



statements of the ‘regions’ in the device the pre-established names for the different
material such as GaAs, InGaAs, InAlAs, etc. In order to define a new material property
in the code it is necessary to indicate in SILVACO the new parameter using the
MATERIAL parameters statements (e.g. MATERIAL name=InGaAs eg300=0.8
permitivity=1.2 affinity=3.3 nc300=1 nv300=1). Generally, the parameters required for
a new material are the energy gap of the material, the permittivity and the conduction and
valence effective densities of states at 300 K. The material parameter can be defined for
MATERIAL type, REGION number or region NAME; other parameters that can be
defined such as mobility and impact parameters. The parameter definition must be
performed carefully because each model needs different parameter definition, so if one
of the needed parameters is omitted then SILVACO will automatically set up the default
silicon parameter instead of the correspond material. So it is recommended to check
model by model in order to be sure that all the needed parameters are defined in the

material statements.

In order to perform the device modelling it is necessary to declare the model to be used,
in other words, it is necessary to define the physic equations to be used during the device
analysis. The equation selected depends directly of the studied phenomena. Some of the
available models in SILVACO are related with the carrier generation, transport
mechanisms and different recombination phenomena in which mobility values,
recombination rates, carrier statistics and impact ionization rates, among other

parameters, should be taken into account.

As is well known the electrons and holes experience increment and saturation of their
velocities because of the electric field and its momentum and changes occur due to the
scattering processes produced by lattice vibrations (phonons), impurity ions, other
carriers and material imperfections. The statements to enable the analysis are:

e CONMOB - Concentration dependent, doping versus mobility
e ANALYTIC - Concentration and temperature dependent. Caughey-Thomas model
e CCSMOB - Carrier-Carrier scattering for high carrier concentration
e FLDMOB - Required to model any type of velocity saturation
e CVT - This is good for non-planar devices
e YAMAGUCHI - Includes perpendicular fields only for 300 K
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The process responsible for the phenomena of generation-recombination analysed for
SILVACO are the phonon transitions, photon transitions, auger transitions, surface

recombination, impact ionization and tunnelling. These can be analysed using the models:

e SRH (Shockley Read Hall) — uses fixed minority lifetime for carriers and it must be
used in almost all simulations.

e CONSRH (Concentration Dependent SRH) - Specifies Shockley Read Hall
recombination using concentration dependant lifetimes.

e AUGER - Specifies Auger recombination. It will be important in the high current
densities cases.

e Impact lonization SELB and CROWELL. In a space charged region with sufficient
revers bias the electric field accelerates the electrons, so if both sufficiently strong field
and inter-carrier collision enough to allow high velocity increase are true then the free
carriers acquire sufficient energy before collision with the crystal atoms. Thus, more
free carriers are generated. IMPACT SELB is recommended for most of the cases as
it includes temperature dependent parameters. Also available is the Crowell-Sze model
for impact ionization (IMPACT CROWELL) using carrier scattering lengths.

It is compulsory in SILVACO simulations to define the boundary condition. The

boundary conditions supported in Atlas are:

e Ohmic contacts, an electrode is assumed by default condition to be ohmic, it can be
set with CONTACT NAME= TYPE

e Schottky contacts : can be defined using WORKFUN parameter in CONTACT
statement, the value must be on eV units

e Current boundary conditions, this can be set using CURRENT in the contact statement

e Lumped elements between bias and device (Resistors, capacitors, inductances)

¢ Distributed contact resistance to take into account the finite contact resistance
SILVACO can calculate all the previous models using different numerical methods; this

software discretizes the problem to make successive estimations of the solution.
SILVACO has 3 different numerical methods:
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e Newton, this method linearizes a non-linear problem, it implies long time
processing but it converge easily due to the huge calculations. Sometimes this
method fails to find the solution and a wrong mesh definition or structures failed
considerations could be the reasons.

e Gummel, This model is not available for lumped elements and it is really useful
when the equations are weakly coupled to get a linear convergence. It will truncate
the out of range values (errors) in order to avoid non-convergence.

e Block, when the energy balance is included in the analysis of the device this
numerical method is recommended as well as the lattice heating. It will make the

approximation with some equations coupled and some decoupled.

The numerical method selection depends on the structure and the given parameters for
the solution, generally for solar cells it uses the Newton method such that it can converge
faster than the others although it implies a long time for calculations. However, it is

possible to reduce the processing time by managing the mesh design carefully.

Once the models have been defined, SILVACO needs the voltage definition in the
electrodes or the values for the boundary conditions, so Atlas is able to calculate the
current through each electrode and other quantities as electric fields and carrier
concentrations. To turn on the problem solution the statement SOLVE must be invoked.
It is important to make the first solution with equilibrium conditions, this can be made
with the SOLVE INIT statement and it obtains the bias steps for the next solutions. It is
important to set an adequate bias steps in order to reduce the processing time but keeping
the results accurate. For solutions, SILVACO is limited to 75 V otherwise the program

would try to ramp up to 200 V and the solution never converges.

All the results obtained are stored on the LOG files as mentioned previously, these files
can be plotted on TonyPlot. In order to have better visualization it is possible to make
SET files for plotting purposes. Once plotted it is possible to overlay different curves,

scale the graphs and export the data to other file types.

In order to simulate a solar cell it is absolutely necessary to simulate the light source and
this is certainly possible with SILVACO. It has an AM (0, 1.5) solar spectra data; it can
be enabled with the BEAM statement. It is part of the LUMINOUS module and it can be
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either monochromatic or multispectral. It includes one function to trace a specific number
of rays in order to simulate a 3D device and solve problems in deep structures. Using the
ray tracer option the user is able to analyse the device with anti-reflective coating applied
on the device surface invoking the INTERFACE parameter into the simulation code so,
the 1V curves under light condition can be obtained. Thus, the efficiency of the cell, plot
of the quantum efficiency, checks of the band diagram are calculated from the electrical
simulated data which is stored into the LOG file previously defined. It is then necessary
to bias the device (apply ramp voltages on the cathode). The LOG file will include the
current data according to the bias applied, it is possible to define the initial data (generally
Vanode=0), the final value (Vfinal) and the increment steps (Vstep). The units are volts
(V). SILVACO assumes that we define the anode next to the p-type semiconductor.

Parameters optimization

The purpose of simulation is to try to predict the behaviour of the devices to save material
resources and fabrication time. Sometimes the measurements are not so close to the
simulation results and this can be improved by calibrating SILVACO. The error or
discrepancy can be caused by a lack of accurate definition of parameters, the use of
semiconductors that are different to Silicon (it is important to recall that SILVACO was
made for Silicon Devices in the first instance) or simply degradations in the fabrication

process.

It has been found in some simulations that the most common errors in simulations are the
doping levels defined or that the material parameters are not enough or the material
parameters have the wrong values. Mesh definition can affect the accuracy of the
measurement so it is absolutely necessary to try to reduce the mesh lines to a maximum
without loss of accuracy, it is a compromise. In addition, it could be external effects at
the moment of performing the measurements or error during the fabrication process. In
order to apply calibration to the simulation it is necessary to review all the models used
for the calculations, check that the SILVACO output file in order to find errors or possible
omission values due to a wrong statement typing and convert correctly the units in order
to compare with measurement data. However, one of the biggest inconveniences of
SILVACO for group I11-V semiconductor solar cell is the semiconductors parameters and
default data, the user needs to be very careful in the introduced data in order to obtain

meaningful simulation results.
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4.5.2 Material optimization process

The SILVACO optimisations presented many issues in the accuracy of the results due to
the differences between the database material parameters and the real ones. It is true that
SILVACO can calculate several parameters as a function of the structure definition or
even get some parameters directly from the code, but the used material system is still
under investigation so that many of the parameters are still unknown or their values are
uncertain which leads to inaccurate simulation. However, if the simulated results are close
to the measured results, simulation can lead to device behaviour prediction. The material
chosen for simulation is XMBE242, the lattice matched material system. The reason for
choosing a lattice matched system is that lattice stress effects are eliminated and we can

expect more accurate results.

The effect of QW inside InAlAs pin diode

The epilayer shown in Figure 52 was programmed in SILVACO code. The program is
shown in Apendix D.

750 A | p-Ing.52Gao.4sAs
100 A p-1 No.2sAlg 72AS
2000 A INo.52Alo.48AS

100 A INo.52Alo.48AS
150 A Ino.52Alg.48AS 9
100 A INo.4Gao.6AS x
100 A INo.52Alo.48AS

10000 A | n- Ino.s2Alo.48AS
2500 A | n- Ino.s2Alo.48AS
0.5pum n+ InP Subs

Figure 52 Epitaxial details for sample XMBE242, InGaAs/InAlAs lattice matched system

The modelling of 20 Inos2Alo.48As/Ino.4GaosAs layers, lattice matched, where using the
SILVACO material datasheet. The simulated results were with good agreement compare
with the measured ones. By using the correct mesh, and contrast the simulated results

versus measured data, the simulation run perfectly. The simulated JV curve, in the
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absence of light, exhibited an excellent agreement with the measured one as can be seen

in Figure 53.
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Figure 53 Measured vs Simulated data of JV curve for XMBE242 (lattice matched InGaAs/InAlAs
MQW) for dark conditions

Exposing the material to light energy, 1 sun light, the BEAM function was used in
SILVACO. The power energy for this was le-1, which gives a power light of 100
mW/cm? (1 sun) using AM1.5 spectrum. The comparison between measured data and
simulated data is depicted in Figure 54. This time, the agreement between the measured
data and the simulated data was not as good as in the dark conditions. However, the

modelled material data was quite good.
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Figure 54 Measured vs Simulated data of JV curve for XMBE242 (lattice matched InGaAs/InAlAs
MQW) under light conditions using 1 sun (power light=100 mW/cm2).
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From the results shown in the two previous figures it can be seen that the material
XMBE242, 20 InGaAs/InAlAs lattice matched MQW, exhibited in practice very low
efficiency. This is due to the very low bandgap material which leads to a very small open
circuit voltage as confirmed in the simulation too. In the case of light conditions, the
disagreement can be due to the reflection on the material surface which was not
considered in the SILVACO code.

Quantum Well material optimisation

The optimization process was divided into 6 different steps:

1. Barrier-Well thickness optimization

2. Spacer layers (intrinsic) thickness HMBE242 InGads / Indlds QW Sofar cell (x25)
optimization
3. n/p (Base/Emitter) layer thickness ope  nbacs b
N ) ptype Indlas Window
Optlmlzatlon ptype  Inalas Emitter
i Nl As Spacer
4. Window layer thickness optimization ., ‘ InAss Bartier Contacts
o i InGads well
- P . i In&|&s Spacer
5. Buffer thickness optimization e s -
B ntype  Indlds Buffer
6. Final structure m InP

In every step, only one layer thickness was modified, and the J-V characteristics under 1
sun illumination were obtained for each modification and compared with the previous
stage in order to choose the optimum thickness. The results of the optimization are
presented in the next subsections. The results of each step are shown in Appendix C. The
final structure has the optimal thicknesses shown in Table 9. The J-V simulation is shown
in Figure 55. The improvement only accounted for an extra ~2 mA/cm? for the short
circuit current density (Jsc) and an extra ~100 mV for the open circuit voltage and thus
the simulation of this structure is pretty good and the obtained efficiency is very much
closer to the predicted SILVACO simulation, validating the choice of the materials

parameters used in the simulation.
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Table 9 Final structure with optima layers for XMBE242

XMBE?242 InGaAs/InAlAs x25 MQW Solar cell

Material Doping Layer Orlglgal tck Optlm'Bl:Im tck
InGaAs p-type Cap 750 750
INAIAS p-type Window 100 100
InAIAS p-type Emitter 2000 50
InAlAs Spacer 100 100
InAlAs Barrier 150 80
InGaAs Well 100 50
InAlAs Spacer 100 100
InAlAs n-type Badse 10000 9000
InAlAs n-type Buffer 2500 2500
InP n+ Substrate 0.6um 0.6um

3 — + = xmbe242 dark

xmbe242 light
2 +{= "+ = xmbe2420p dark conditions

Current Density (mA/cm2)

Figure 55 Optima layer thicknesses for XMBE242 J-V simulations

0 —

= xmbe2420p light conditions

e L

0.2

Voc=0.44V

Voltage (V

Isc =1.39 mA/cm2

Isc =3.22 mA/cm

Voc=0.517V

Table 10 Original and Optimised structure efficiency calculations (simulated values)

Sample

Original
Optimised

Isc Voc Im Vm FF 1 (Eff)
mA/cm? Vv mA/cm? Vv %
1.39 0.44 0.6 0.26 255 0.15
3.22 0.51 1.9 0.33 38.2 0.62
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Despite an appreciable increase of both the short circuit currents and open circuit voltages
it is clear that the final efficiency (Table 10) is small and that an all InAlAs pin diode is

a not an effective solar cell despite its band gap being close to that of GaAs.

In terms of EQE, a very good agreement between the VMBE2017 (15 MQWs
Ino.4Gao.sAs/Ing s2Al0.48As tensile strained) which can be seen in Figure 56, and taking this
simulation parameters a parametric changes were performed to the structure. The number

of quantum wells was modified to see the effect of the wells periodicity in the EQE.

15
10
&
L
0
5
—a— \VMBE2017 EQE Measured
ol —e— VMBE2017 EQE Simulated

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 56 External Quantum Efficiency for vmbe2017 simulation approaches

The periodicity was varied within the range from 10 to 35 wells. In Figure 57 it can be
seen the unexpected effect of the quantum wells periodicity. The more active material,
the more light absorption was expected in the material to be converted but in effect the
optimal QW number is ~ 10 and larger numbers only lead to a decrease to the EQE. The
latter is contrary with the premise that the EQE will be increased as increasing the active
material quantity but this discrepancy should be analysed in more details as a future work
involving materials growth and devices fabrication and characterisation. In addition, the
correct optical parameters for the chosen material compositions should be extracted from

real materials to be defined in SILVACO to optimise the simulation results.
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SILVACO Modelling —=— 10 QWSs

401 yMBE2017 —— 15QWs
35 —— 20 QWs
—v— 25 QWs

30 —o— 30 QWs

—+— 35 QWs

EQE (%)
S

400 600 800 1000 1200

Wavelength (nm)

Figure 57 Different Quantum Wells periodicity simulation. It is evident that there is EQE

enhancement by decreasing the QW periodicity.

4.6 Conclusion

This section work consisted of characterization, fabrication and simulation of various
solar cells structures grown by MBE. The aim of the work was to match the simulated
results with the experimental ones in order to get accurate parameters for the devices and
their efficiency. The latter is important as it allows the design of improved solar cells.
While SILVACO is a ‘non-transparent” simulation program, and although in most of the
commercial simulation software it is impossible to know what the program is doing, in
SILVACO one can modify the models in order to get better simulation results. The key
factors for reliable simulations are the careful selection of the device parameters and
correct definition of the mesh. Furthermore, the solar cells physics is very important in

SILVACO in order to perform simulations that make sense.

According to the results, the highest measured efficiency was obtained for the high
temperature grown GaAs/AlGaAs sample (vmbel661). However, the quantum efficiency
calculations showed that this sample can operate only in the visible range. Therefore, it
is desirable to enhance the absorption range of the cell. In this sense, InGaAs/InAlAs

samples have been proven to have better absorption in the infrared spectrum as indeed
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demonstrated in the long wavelength experiments. This is desired, because the cell can

absorb lower energy light than the GaAs/AlGaAs devices.

The insertion of quantum well structure resulted in the reduction of the open circuit
voltage because of the much smaller band gap created by the wells. However, the short
circuit current was increased, which is something desirable as implied that the power
operation point is increased.

Several simulations attempts have been performed in order to get the external quantum
efficiency of the cell. However, SILVACQO’s optical parameters files appeared to be
limited (it only goes from 300 nm to 800 nm) and thus a modified file was created in
SILVACO’s C-Interpreted syntax. It is clear that the n-k coefficients file (optical
properties) is not correct at all. However, the trend of the EQE curve is close to the

measurements.

According to the measurement of the EQE samples, it is clear that by increasing the
number of the wells the efficiency is reduced. The latter can be seen in the simulation of
the vmbe2017 structure, where the periodicity of the QWs changed from 10 to 35.
Although the trend is correct the simulation has to be refined.
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CHAPTER 5

QUANTUM DOT DEVICES: RESULTS and DISCUSSION

51 Introduction

The fundamental drawback of low open circuit voltage in low band gap InxGa@-xAs
MQW structures naturally led to an investigation into emulating a 1eV band gap using
InAs quantum dots in GaAs. A detailed study of vertically stacked quantum dot array
materials, including room temperature characterisation, temperature dependence analysis
and some novel material stressing technique to observe the changes in the electric field
in the crystal is presented in this section. In addition, is included a study of the effect of
anti-reflective coatings designed to reduce the light reflection on the device surface in
order to enhance the light absorption and to improve the device efficiency is included.
Novel attempts to modify the electric field of the lattice by external stress applied is also

investigated.

5.2 InAs/GaAs quantum dot inter-dot doping analysis
5.2.1 Structural characterisation

Because of the many parameters that are involved in the MBE growth process, the final
material will have slight variations in thickness and composition and dislocation
formations (if any), it is thus important to undertake structural characterization to estimate
both the crystal quality and the actual structural values. The structural characterization
was made using a Bede QC200™ Double Crystal X — Ray Diffraction (DCXRD) with an
X-ray source wavelength of 1.54 A and with random polarization. A Ge crystal was used
as a reference crystal. The epitaxial structures and samples used are summarised below

in Figure 58:
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XMBE?288 XMBE291

500 A p-GaAs 500 A p-GaAs
300 A p-A|o,6Gao,4AS 300 A p-A|o,eGao,4AS
1000 A p-GaAs 1000 A p-GaAs
90 A GaAs 90 A GaAs
250 A GaAs 250 A GaAs
4 doping layer d doping layer
0cm? § 0cm? §
250 A GaAs 250 A GaAs
2.7ML InAs 2.1IML InAs
A GaAs 0A GaAs
3000 A n-GaAs (Si) 3000 A n-GaAs (Si)
2000 A n-GaAs (Si) 2000 A n-GaAs (Si)
0.65sum | n+ GaAs (Si) Subs. 0.65um | n+ GaAs (Si) Subs.
XMBE293 XMBE294
500 A p-GaAs 500 A p-GaAs
300 A p-A|o,6GaoA4AS 300 A p-A|o.eGao.4AS
1000 A p-GaAs 1000 A p-GaAs
90 A GaAs 90 A GaAs
250 A GaAs 250 A GaAs
d doping layer & doping layer
8x101° cm3 § 16x10%° cm3 a
250 A GaAs 250 A GaAs
2.02ML InAs 1.98ML InAs
90 A GaAs 90 A GaAs
3000 A n-GaAs (Si) 3000 A n-GaAs (Si)
2000 A n-GaAs (Si) 2000 A n-GaAs (Si)
0.65pm | n+ GaAs (Si) Subs. 0.65um | n+ GaAs (Si) Subs.

Figure 58 InAs/GaAs QD epitaxial details for different inter-dot doping profile study

The DCXRD measurement for sample XMBE288 is shown in Figure 59. The structures
were simulated using RADS Mercury software in order to extract the actual thicknesses.
The thickness for the wetting layer in sample XMBEZ288 is around 2.6 ML where the
intensity of the satellite peaks is fairly weak and is broad implying a large amount of
crystal distortion in the lattice, suggesting the presence of structural defects [90].These
defects will limit the device energy conversion since they act as non- recombination
centres for the generated carriers. The extracted values are very close to the nominal

values.
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For Sample XMBE?291, the DCXRD curve is shown in Figure 60. It has an InAs wetting
layer thickness of 2.02ML and shows narrow peaks uniformly spaced with a very small
shoulder on the left side of each satellite peak as depicted using an arrow in the inset of
Figure 60 due to a vertical correlation between layers. This shoulder is evidence of an

embedded vertical structure according to Srinivasan et al [91], [92].
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Figure 59 DCXRD curves for InAs/GaAs quantum dot sample XMBE288. Wetting layer thickness
of 2.6 ML. Inset, depicted the satellite peaks in detail from -700 to -100 arcs.

—— Measurements
10°4 —— RADS Simulation XMBE291

Intensity (cps)

100 T T 1 T T T T T T T T T 1
-4000 -3000 -2000 -1000 0 1000 2000
Omega2Theta (arcsec)

Figure 60 DCXRD curves for InAs/GaAs quantum dot sample XMBE?291. Wetting layer thickness
of 2.02 ML. Inset depicted the satellite peaks in detail from -700 to -100 arcs
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Structural characterisation for sample XMBE293 (Figure 61) and XMBE294 (Figure 62)
the quality of the materials is excellent too; the structural characterization shows narrow
uniformly spaced peaks with Full width at Half maximum (FWHM) of less than 18arcsec

across the entire period demonstrating extremely low distortion in the lattice. The
thickness of the InAs wetting layer is 2.02 and 1.98 ML for sample XMBE293 and

XMBE294 respectively and again the shoulders on the left side of the satellite, insets in

their respectively figures, show a good correlation between the stacked QD layers.

Intensity (cps)

10°] —— RADS Simataton XMBE293
10°* l

10° W
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10"

10°4 ;

-2000  -1000 0 1000 2000
Omega2Theta (arcsec)

-4000  -3000

Figure 61 DCXRD curves for InAs/GaAs quantum dot sample XMBE?293. Wetting layer thickness
of 2.02 ML. Inset, depicted the satellite peaks in detail from -700 to -100 arcs

Intensity (cps)

. Measurements XMBE294
10 —— RADS Simulation

100 T T T T T T T T T T T T 1
-4000 -3000 -2000  -1000 0 1000 2000
Omega2Theta (arcsec)

Figure 62 DCXRD curves for InAs/GaAs quantum dot sample XMBE294. Wetting layer thickness
of 1.98 ML.. Inset, depicted the satellite peaks in detail from -700 to -100 arcs
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5.2.2 Optical characterisation

The room temperature Photoluminescence (PL) QD materials responses were performed
using a green 532 nm (2.33 eV) laser source. Two detectors were used: a Si CCD array -
with sensitivity range from 600 to 1200 nm (1.03 - 2.03 eV) and InGaAs photodiode
array- from 900 to 1800 nm (0.68 - 1.33 eV) using an Accent RPM2000™ mapping
system.

Figure 63 shows the PL measurement from the epi materials measured using the CCD
(Figure 63a) and InGaAs (Figure 63b) detectors where new sub bands transitions can be
observed. In the undoped QD sample (2.6 ML InAs) only one transition is present at 1.42
eV which corresponds to the GaAs bandgap. During growth, the InAs thickness in sample
XMBE288 exceeded the critical value of ~2.1 ML, resulting in relaxed quantum dots and
the generation of dislocations (as evident in the DCXRD measurements by the very poor
FWHM). These dislocations act as non-radiative recombination centres, which are
responsible for the extremely low PL intensity at 1.1 eV [93]. In contrast, intense PL is
observed from samples XMBE291, XMBE293 and XMBE294 with peaks at 1.42 eV
(GaAs bandgap), 1.35 eV (InAs wetting layer) and ~1.2 eV (QDs). It is also evident that
the peak intensity increases with increasing doping concentrations due to the increased

carrier concentrations inside the QDs.

—a— Undoped QD InAs 2.6 ML —=— Undoped QD InAs 2.6 ML
a) —e— Undoped QD InAs 2.1 ML b) —e— Undoped QD InAs 2.1 ML
44 —a— 8x10"°cm™ n-doped QD InAs 2.02 ML 104 —a&— 8x10 "cm™ n-doped QD InAs 2.02 ML
< —&— 16x10"°cm™ n-doped QD InAs 1.98 ML < 16x10'’cm™ n-doped QD InAs 1.98 ML
S € 84
> 2
B 5 61
< c
L2 24 I9]
£ c 4]
= —
o o
24
0_
1.3 1.4 1.5 1.6 1.0 1.1 1.2 1.3 1.4
Energy (eV) Energy (eV)

Figure 63 PL spectra or samples XMBE288, XMBE291, XMBE?293 and 294 using both a) CCD and
b) InGaAs detector at room temperature. New states at 1.37 eV and 1.2 eV are added due to QD

insertion.

For the long wavelength PL measurement, a small blue-shift in the QD PL peak is
apparent. Comparing Sample XMBE291 with both samples XMBE293 and XMBE294,
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the inter-doping dots generates 20meV blue-shift in the PL peak. The latter may be as
well because of the dots size difference due to the wetting layer thickness changes.

The optical characterisation exhibited the addition of two energy transitions that can be

located within the QD material band diagram shown in Figure 64.

Wetting
Layer

1.43 eV 1.35eV 12eV 1.43 eV

Wetting QDs

Spacer layer Layer

Spacer layer

Figure 64 InAs/GaAs Quantum dots material band diagram

5.2.3 Electrical characterisation

Cylindrical diodes were fabricated in the form of mesa structures with a diameter of 250
um. Metal contacts were evaporated on both front and back sides. For the front contact,
a ring of 50 nm Ti(50nm)/Au(100 nm) has deposited. The back contact has made of
AuGe(50 nm)/Au(400nm) and annealed at 320 °C for 2 minutes.

In order to measure the electrical response of the devices, the sample were diced up and

mounted on TO-46 headers and finally bonded. For reference, J-V measurements were

performed using 1 sun calibrated Solar simulator in the Department of Physics at the
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University of Lancaster facilities. Thereafter, the Incandescent lamp height could be
adjusted to get the same short circuit current density measured as the one in the Lancaster
laboratory. [94]
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Figure 65 Room temperature J-V characteristics of the various quantum dot samples PV devices at
1 sun (100 mW/cm?). Doped samples exhibit high open-circuit voltages up to 0.8 V while the short-

circuit current density is higher for the undoped sample with a 2.1 ML InAs layer.

The 1 sun J-V measurements are shown in Figure 65. The poor performance of sample
XMBE288 is in agreement with the low structural quality. In terms of open circuit
voltage, it can be seen that the insertion of n-type doping increases the open circuit voltage
from 0.7 volts in the undoped sample XMBE291 up to 0.8V in sample XMBE294. It
should be pointed that the quantum dots act as non-recombination centres for generated
free carriers, but introducing doping atoms, this recombination effect is reduced
enhancing the Voc of the material [63]. However, the short circuit current density (Jsc) is
reduced with the increase in delta doping profile. Jsc drops to ~15mA/cm? in sample
XMBE294 (16x10* cm? n-doped QD) from 20 mA/cm? in the undoped sample
XMBE291. This result is contrary to that reported in reference [95], using lower delta
doping profile, and in which the Jsc is enhanced as the doping profile is increased.
Nevertheless, in terms of Voc, the inter-dot doped material behaviour is consistent. It
could be that the dots are acting as radiative recombination centres (as evident by the
strong PL) rather than extraction centres. Overall the increased doping led to an increased

power conversion efficiency of 9.7 % in sample XMBE293.
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Table 11 InAs/GaAs QD device efficiencies calculation

Jsc Voc Im Vvm FF

n
(Eff)
mA/cm? mV mA/cm? mV % %
XMBE288-Undoped QD (2.7ML) 4.1 272 2.9 187 48 0.5
XMBE291-Undoped QD (2.1ML) 20.1 696 15.8 571 64 9.0

XMBE293-n-doped QD 8x10*° cm 17.4 733 148 653 76 9.7
XMBE294-n-doped QD 16x10*° cm 15.6 797 136 653 71 89

Figure 66 shows the external quantum efficiency (EQE) measured from the solar cells
measured using a calibrated 100 W quartz-halogen lamp through a % metre
monochromator for samples XMBE288-Undoped QD (2.7ML), XMBE291-Undoped
QD (2.1ML), XMBE293-n-doped QD 8x10%* cm™ and XMBE294-n-doped QD 16x10*°

cm2,

It can be seen that a quantum efficiency of higher than 30% is achieved in GaAs bandgap
(1.43 eV) for all the samples except for the sample with 2.6ML. The QD samples all show
enhanced EQE below the GaAs bandgap down to 1.1 eV. The increased doping reduces
the EQE over the energy range 1.2-1.6 eV compared to the undoped material, which

reduces the short-circuit current.

It is clear from the figure that the Inter-dot doped materials show a reduction in EQE in
the range from 1.2 to 1.6 eV compared with the undoped material. However, the obtained
values (~ 20%) are still excellent compared with values reported for AlGalnAs quantum

dot devices in [96] where the lowest energy absorbed is at ~1.24 eV.
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Figure 66 Room temperature External Quantum Efficiency (EQE) spectra for the QDs devices.

The agreement between the obtained 1V (Figure 65) and EQE (Figure 66) for InAs/GaAs
QD materials, shows that the material optical properties are strongly related with the
energy conversion efficiency rates. The extremely low short circuit current achieved for
the undoped dots with 2.7 ML wetting layer thickness is a consequence of the very low
material absorption. Low absorption rates generates that the quantity of absorbed photons
drop having a low short circuit current as consequence. However, for the materials whit
a wetting layer thickness around 2 ML, the external quantum efficiency goes up to 40%

exhibiting good absorption rates and contributing so to get efficiencies up to 9%.

5.3 InAs/GaAs quantum vertical array periodicity analysis

5.3.1 Structural characterisation

In this section, several materials with different vertical periodicity of the InAs/GaAs
quantum dot layers are studied; just like the quantum wells materials case, the structures
were simulated using RADS software to obtain the actual thickness of each layer from
the DCXRD measurement data.

However, it is necessary to be clear that the observed results are exhibited on the material

as a consequence of the quantum dots insertion or any of the further structure changes
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(e.g. insertion of doping atoms within the host lattice or changes in the vertical array
periodicity). The latter involves the necessity of growing a control sample. This sample
consists of GaAs material without any QD. The control sample material ID is XMBE312.

The rest of the samples are configured with 5, 10 and 20 layers of InAs/GaAs quantum
dots (XMBE312, XMBE311 and XMBE291 respectively). The epitaxial structures and

samples used are summarised below in Figure 67:

XMBE312 XMBE322
500 A p-GaAs 500 A p-GaAs
300 A p-A|o,eGao_4AS 300 A p-A|o_eGao,4AS
1000 A p-GaAs 1000 A p-GaAs
90 A GaAs 90 A GaAs
250 A GaAs 250 A GaAs
90 A GaAs 250 A GaAs L
3000 A n-GaAs (Si) 2.0ML InAs
2000 A n-GaAs (Si) 90 A GaAs
0.65um | n+ GaAs (Si) Subs. 3000 A n-GaAs (Si)
2000 A n-GaAs (Si)
0.65um | n+ GaAs (Si) Subs.
XMBE311 XMBE291
500 A p-GaAs 500 A p-GaAs
300 A p-Alo.sGao.sAs 300 A p-AlosGao.4As
1000 A p-GaAs 1000 A p-GaAs
90 A GaAs 90 A GaAs
250 A GaAs 250 A GaAs
250 A GaAs S 250 A GaAs S
2.0ML InAs 2.1ML InAs
90 A GaAs 90 A GaAs
3000 A n-GaAs (Si) 3000 A n-GaAs (Si)
2000 A n-GaAs (Si) 2000 A n-GaAs (Si)
0.65um | n+ GaAs (Si) Subs. 0.65um | n+ GaAs (Si) Subs.

Figure 67 InAs/GaAs QD epitaxial details for different periodicities study.

For sample XMBE312 depicted in Figure 68, the rocking curve exhibited a strong narrow
peak implying a good quality of the crystal. At the left side of this peak, appears a second

peak which is slightly smaller than the main peak which corresponds to the AlpsGaosAs
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window layer. For sample XMBE322 (x5 periodicity), depicted in Figure 69, the
strongest peak corresponds to the GaAs substrate and it is surrounded by several satellite
peaks. This time, the InAs wetting layer thickness, obtained by RADS fitting, is 1.98ML.
The satellite peaks are not as narrow as expected, however they are uniformly spaced and
a small shoulder can be seen at the sides of each satellite peaks indicating a good vertical

alignment of the dots.
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Figure 68 DCXRD curves for InAs/GaAs quantum dot sample XMBE312 without any quantum dot
within the lattice.
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Figure 69 DCXRD curves for InAs/GaAs quantum dot XMBE322 including 5 quantum dot layers.
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The rocking curve for sample XMBE311 which has 10 quantum dots layers is shown in
Figure 70. By increasing to 10 the number of vertically stacked layers, the satellite peaks
are narrower compared with the ones for XMBE322. The satellite peaks exhibited again
the left side shoulder which is, according with Srinivasan et al [92], an indication of very
high quality crystal. The calculated wetting layer thickness for samples XMBE322 and
XMBE311 is 2ML. Sample XMBE291 ( x20 periodicity) , shown in Figure 71, has a
wetting layer thickness of 2.02ML and shows narrow peaks uniformly spaced with a very

small shoulder on the left side of each satellite peak due to a vertical layers correlation.
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Figure 70 DCXRD curves for InAs/GaAs quantum dot sample XMBE311 including 10 quantum
dot layers.
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Figure 71 DCXRD curves for InAs/GaAs quantum dot sample XMBE?291 including 20 quantum
dot layers.
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The structural characterization for all the vertical quantum dos periodicity samples shows
narrow uniformly spaced peaks with Full width at Half maximum (FWHM) of less than
18arcsec across the entire period demonstrating extremely low distortion in the lattice and

showing in general an excellent vertical correlation.

5.3.2 Optical characterisation

Figure 72 shows the PL measurement where new sub bands transitions can be observed.
The control sample (without quantum dots incorporated within the lattice) exhibits only
one transition at 1.42 eV which corresponds to the GaAs bandgap as expected. However,
the samples including quantum dot layers show two additional optical transitions below
the GaAs band gap. The new transitions are located at 1.35 eV and 1.2 eV which

corresponds to the InAs wetting layer and the QD optical transitions.

As can be seen in Figure 72, as the number of quantum dots layers increases, the
photoluminescence peaks intensities reduces. This is because the quantum dots act as
recombination centres reducing the radiative recombination rates. In addition, the
quantity of material will change as the periodicity changes, which impacts directly in the
photoluminescence peak levels. For the optical transition located at 1.42 eV, the sample
XMBE322 (x10 QD layers) displayed the lowest intensity. For the 1.35 eV transition, the
intensity of the PL peak is reduced as the periodicity is increased. Contrary to that, the
1.2 eV transition increases drastically as the periodicity increases. So, the radiative
recombination in the Dots increases as the periodicity increases and the opposite occurs
with the wetting layer radiative recombination.
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Figure 72 PL measurements for InAs/GaAs material system with different vertical periodicity

5.3.3 Electrical characterisation

J-V measurements at 1 sun light intensity were performed; the results are shown in Figure
73. The control sample showed the highest efficiency with a short circuit current density
of 19.2 mA/cm? and an open circuit voltage of 800 mV. For the QD samples, the insertion
of quantum dots reduces the open circuit voltage due to the increase in the recombination
in the material. It can be seen that as the periodicity increases the open circuit voltage is
reduced. However, for the short circuit current, the more quantum dot layers the more
generated current. This is consistent and is due to the increase in the active material

volume within the lattice which increases the material energy absorption.
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Figure 73 Room temperature J-V characteristics of the various quantum dot samples PV devices at
1 sun (100 mW/cm2). The control sample (No QDs incorporated) exhibited the highest short circuit
current density and it is clear that the device fill factor is being negatively impacted by
incorporating quantum dots.

Table 12 shows the efficiency calculations for the different periodicity materials. In terms
of both the short circuit current density and the open circuit voltage, the obtained results
as consequence of the periodicity increases are as expected. However, the efficiency trend
was surprising and contrary to our expectations. When the periodicity were increased
from 5 QD layers to 10 QD layers, the efficiency increased from 9.2 % up to 9.9 % as
expected. But, when the periodicity was increased from 10 QD layers to 20 QD layers,
the efficiency dropped back to 9% which is even lower than the 5 QD layers sample. It is
thus clear that the QD dots are introducing non-radiative defects in the crystal which are
negatively impacting the device efficiency. It thus seems that there is no merit in
introducing QD into GaAs solar cell structures. However as shown in the next section,
the QD devices led to remarkable improvement in the thermal stability of the devices.

Table 12 Efficiency calculations for InAs/GaAs quantum dot materials using different vertical
periodicities. The highest efficiency was exhibited for XMBE312, the sample with no QD.

Sample ID Isc Voc Im Vm FF h (Eff)
mA/cm2 V mA/cm2 V %

XMBE312 - No QDs 19.19 0.80 17.62 0.67 76.9 11.8

XMBE322 — x5 16.30 0.73 15.1 0.61 77.4 9.2

XMBE311 - x10 19.28 0.68 17.72 0.56 75.6 9.9

XMBE?291 — x20 20.09 0.69 15.82 0.57 64.6 9.0
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5.4  High Temperature dependence study

Photovoltaic devices analysis under different conditions is crucial as in real operation the
environment will change according to the application. The conditions that can vary are
light power, temperature, etc. Solar cells are exposed to sun irradiance which generates
an increase in the operating temperature. Some applications, such as solar concentrator
PV modules, operate at higher temperature than 300K (Room temperature of ~23°C).
Terrestrial concentrator PV modules can operate above 315K (~40°C) [97]. For space
applications, the operation temperature can go above the 400K mark depending on the

mission location [98].

From the physics of the photovoltaic device, and in the case of semiconductor materials,
it is evident that the temperature dependence of the recombination phenomena plays a
crucial role. The latter generates losses in the generation of current with temperature
changes [99], [100], [101].

The efficiency is expected to be (negatively) impacted as the temperature increases. The
increase of temperature, either due to the operation environment or the light
concentration, produces an enhancement of the short circuit current [102]. However, the
open circuit is degraded because the temperature enhances the recombination phenomena

involved as well as reducing the effective band gap of the semiconductor [103].

Many efforts have been made in the last decades to find materials with small variations
in their performance at high temperatures due to increases in recombination phenomena
[104]. This has led to new photovoltaic devices with higher efficiencies. Not only
structural modifications have been proposed but also addition of external thermal
conditions has been tested on photovoltaic devices. It has been found that both the fill
factor temperature dependence and the efficiency temperature dependence are strongly

related with presence of defects within the active material [105].

Recently, the introduction of quantum dots as vertical arrays in semiconductor devices
has been demonstrated to have better behaviour at low temperatures than other devices

[106]. However, it is important to investigate the behaviour of these devices at high
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operational temperatures. For silicon photovoltaic devices, the effect of the temperature
on the open circuit voltage has been shown to drop from 0.65 volts to 0.22 volts when the
temperature is raised from 23 °C (RT) to 170 °C [107].

In this subsection, are presented detailed measurement of the InAs/GaAs quantum dots
solar cells performance as well as the temperature dependence of the main parameters
such as open circuit voltage, short circuit current density, fill factor and efficiency are
presented. The study includes the analysis of the effect of the inter-dot doping profile and

its temperature behaviour.

A detailed PL study in previous sections has revealed that two more energy states (1.37
and 1.2 eV) appear in the GaAs band gap which is in addition to the main 1.45eV peak.
These are added due to the insertion of QDs into the host lattice. This new states add to
the enhancement in the open circuit voltage which in turn helps with the increase of the
device's efficiency using the correct doping profile between the dots.

5.4.1 Experiment details

Simple devices without anti-reflective coating (ARC), and which consist of 250um
cylindrical diodes, were fabricated. The top contact is formed from two concentric circles
with diameter of 50um and 200um respectively (as refers in Figure 29). The wafers were
cut into small pieces and placed on a temperature controlled base. The devices were
characterized on —wafer at the Slovak University of Technology facilities in the Institute
of Electronics and Photonics of Bratislava under 20 suns light illumination (AM1.5 Solar
light model 16S-002-300 using a Keithley 237 I-V test equipment). A light intensity of
2000mW/cm? was achieved by focusing the light using a Fresnel lens. The temperature
of the samples was controlled using a cryostat system.

The J-V characteristics were measured under light for all the studied samples. Without
any attempt to reduce the reflectance on the solar cell surface, the short circuit current
density (Jsc) for sample XMBE291, InAs/GaAs undoped QD with periodicity of 20, is
20 mA/cm? and its open circuit voltage is the lowest of all the samples at only 690 mV.

The QDs can act as traps for the generated electrons but doping the dots increases the
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probability that one electron is trapped. It is clear that the insertion of doping into the QDs
reduces the recombination phenomena in the material. The highly doped sample, sample
XMBE294 is clear from the figure, exhibits the highest VVoc of 800 mV.

5.4.2 Room temperature characterisation

The obtained I-V curves, using 2000 mW/cm? light, for all the samples are shown in

Figure 74.
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Figure 74 J-V characteristics under 20 suns at room temperature

It was found that sample XMBE291 (undoped QDs x20) exhibited the highest current
density, 283 mA/cm?. However, the enhancement of the open circuit voltage due to the
inter-dot doping insertion is also clear in the graph. The QD devices efficiencies under 20
suns were extracted and the results are shown in Table 13. In the case of the highly doped
sample (16x10%° /cm?) the efficiency increased up to 7% and the fill factor up to 73%,
which are excellent values for such simple structures. However, the undoped sample
including 10 quantum dot layers, XMBE311, exhibits the highest efficiency for all the
QD materials. It is evident from its JV curve, that the fill factor of the device plays a

crucial role in the final device efficiency.
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It is also clear that the insertion of the inter-dot doping n-type profile helps considerably
the quality of the device in terms of shunt resistance. This can be seen in the curve slope
from 0 volts to 0.4 volts approximately. Once again, it is confirmed that the optimum
periodicity for undoped quantum dots is 10 layers. The efficiency is the highest among
the rest of the QD materials. The insertion of an inter-dot doping profile evidently helps
to enhance the open circuit voltage reducing the recombination in the dots. However, the

short circuit is negatively impacted at room temperature.

Table 13 shows the values used for the efficiency calculations. The doped samples present
a short circuit current smaller than that of the undoped sample. This is evidence that for
these samples the inter dot doping is not helping the solar cell generate more free carriers.
However, the doping is helping to reduce the recombination as due to the dots presence

the open circuit voltage is enhanced.

Table 13 GaAs/InAs QD devices efficiencies under 20 suns

ID x20 suns light intensity
Jsc Voc FF n

mA/cm? V. % (%)
XMBE312 No QDs 255.0 0.94 80.3 9.60
XMBE322 x5 undoped 227.0 080 78.0 7.10
XMBE311 x10 undoped 260.0 0.77 76.7 7.65
XMBE291 x20undoped 2835 0.77 62.8 6.91
XMBE293 x20 n-doped 2495 0.81 58.7 5.97
XMBE294 x20n-doped 2289 0.84 73.3 7.06

5.4.3 Temperature dependence characterisation

The devices were tested in the temperature range from 300K to 430K. For the GaAs
sample XMBE312, without quantum dots, the open circuit voltage reduced by about 300
mV with the temperature increases. The short-circuit current density for the same sample
is enhanced by about 2.5% at 430K, compared with the room temperature value, with
values up to 261.4 mA/cm? The J-V curves for sample XMBE312 at different

temperatures are depicted in Figure 75.
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Figure 75 J-V curve measurement for temperature range from 300K to 430K for XMBE312.

For the undoped dots sample (periodicity of 20), and as expected, the open circuit voltage
reduced by about 280 mV with the temperature increases. The short-circuit current
density for the same sample is enhanced by about 6% at 430K, compared with the room
temperature value, with values up to 266.7 mA/cm?. The J-V curves for sample
XMBE291, InAs/GaAs undoped QD with periodicity of 20, at different temperatures are
depicted in Figure 76.
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Figure 76 J-V curve measurements for temperature range from 300K to 430K for Sample 291.
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For the samples with inter-dot doping, the degradation of the photovoltaic cell's electrical
parameters increases with the temperature. For sample XMBE293, which an n-type
doping profile of 8x10%° /cm?, the open circuit voltage drops by just 230 mV from 0.81
volts at room temperature to 0.58 volts at 430K. The short circuit current density increases

by around 9.2% with temperature as can be seen in Figure 77.

The reduction of the open circuit voltage for sample XMBE293 compared with sample
XMBE291 is very noticeable. This is due to the effect of the doping profile introduced in
the host lattice.
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Figure 77 J-V curve measurement for temperature range from 300K to 430K for Sample 293.

For Sample XMBE294, InAs/GaAs QD with periodicity of 20 with inter-dot dopin profile
of 16x10%° cm, the open circuit voltage degradation is the smallest of all the samples.
This time, the reduction of the open circuit voltage is only 250 mV. The open circuit
voltage obtained at 430K is 0.61 volts. The short circuit current density increases by
11.3% rising from 200 mA/cm? at room temperature to 222 mA/cm? at 430K. (See Figure
78). It is clear that the n-type doping profile, which was introduced in the quantum dots
structure, helps to reduce the recombination phenomena that limit the open circuit
voltage. In this material system, the open circuit voltage drop is slower as the inter dot
doping profile increases. Using inter dot doping an open circuit voltage up to 0.6 volts
was achieved at 430K.

117



Voltage (V)

8'0 0.2 0.4 0.6 0.8 1.0
XMBE294 . 0 )

. _5pl 20xsun (2000 mw/em’) “ n |
NE AM1.5 o 1

2 tsi80ere

g -100 :: : |
2 3]

2 %

% -150 73 |
©

<

2 200 |
8 T =300 K

-250

Figure 78 J-V curve measurement for temperature range from 300K to 430K for Sample 294.

For Sample XMBE322, in which the quantum dot layer periodicity was changed to 5, the
open circuit voltage degradation is one of the smallest degradation of all the samples. This
time, the reduction of the open circuit voltage is only 240 mV. The open circuit voltage
obtained at 430K is 0.56 volts. The short circuit current density increases by 3.4% rising
from 227 mA/cm? at room temperature to 234 mA/cm? at 430K. (See Figure 79).
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Figure 79 J-V curve measurement for temperature range from 300K to 430K for XMBE322.
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The temperature dependence of the JV curve for sample XMBE311, in which the
guantum dot layer periodicity is 10, is shown in Figure 80. It is clear how the increasing
of the periodicity from 5 up to 10 layers has no impact in the voltage degradation and it
is consistent with the idea that the adding of more quantum dot layers will only increase
the quantity of active material but the material properties (like recombination processes
involved) are not affected. This time, the reduction of the open circuit voltage is only 240
mV just like the 5 layers case. The open circuit voltage obtained at 430K is 0.53 volts.
The short circuit current density increases by 3.3% rising from 260 mA/cm? at room
temperature to 268 mA/cm? at 430K.
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Figure 80 J-V curve measurement for temperature range from 300K to 430K for XMBE311.

The open circuit voltage temperature dependent ratios have been calculated using the J-
V curve data measurements as well as the short circuit current density. The trends of these
parameters as a function of temperature are shown in Figure 81 (different inter-dot doping
profiles) and in Figure 82 (different quantum dot vertical layers periodicity). It is evident
that the recombination processes in the material increases with the increase in temperature
limiting the open circuit voltage. On the other hand, the short circuit current density is

enhanced with the increase in temperature.

119



O L
0.85 1 o 310
] O g
0.80 o -0 xmBe2o1 [ 300
] - O~ XMBE293 —=]
0.75 + -/ XVMBE294 290
] 0= L —
N
—~ 070 280 =
b —&— XMBE291 [ o
O 0.65-{~——@— XMBE293 -270 2
3 | —A—xmBE294 . c
> -260 —
0.60 ) NS
] -0 )
o 250
0.55 7
1 L 240
0.50 A L A
] P L 230
0.45 T

T T T T T T T
280 300 320 340 360 380 400 420 440
Temperature (K)

Figure 81 J-V characterisation under 20 sun for samples with different inter-dot doing profiles:
XMBE291 (undoped), XMBE293 (doping profile of 8x10%° cm?) and XMBE294 (doping profile of
16x10%° cm?).

For different periodicities, it is evident that the recombination processes in the material
does not change significantly. On the other hand, the short circuit current density is

enhanced with the temperature increases but still below that of doped samples ratios.
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Figure 82 J-V characterisation under 20 suns for samples with different vertical periodicities:
XMBE312 (No QDs), XMBE322 (x5), XMBE311 (x10) and XMBE291 (x20).

The temperature increase degrades the photovoltaic device performance. The open circuit
voltage is negatively affected by the temperature. The rates of change are shown in Table
14,
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It is clear that the doped quantum dots samples, Samples XMBE293 and XMBE294,
present the lowest coefficient of -1.9 mV/K, while -2.25 mV/K is obtained for the
undoped quantum dots sample with periodicity of 20. These values are competitive with
the best values for organic solar cells found to be in -1 mV/K for bulk heterojunction
(BHJ) material [108] and -1.9mV/K in [109]. Furthermore, the short circuit current
changes in different ratios. For the doped dots, the ratios are higher than the ones for the
undoped dots. Even when small changes have been observed for XMBE322, XMBE311
and XMBE12, the periodicity temperature dependence seems to be nil. However, when
the periodicity is increased up to 20 layers, the quantity of material is enough to have

temperature dependence effects.

Table 14 Temperature dependence for Voc and Isc

ID d(Voc)/dT  d(Isc)/dT
mV/°K  mA/cm?/°K

XMBE291 -2.25 0.12
XMBE?293 -1.91 0.16
XMBE294 -2.01 0.18
XMBE311 -2.00 0.07
XMBE312 -2.50 0.05
XMBE322 -2.00 0.06

The efficiency of the photovoltaic device like the ones presented in this work are strongly
dependent on the material characteristics and the contacts (metallization) used. The later
gives an efficiency dependence of the open-circuit voltage and the short-circuit current
density. These parameters directly affect the Fill Factor of the cell, an important device
quality reference. Fill factors close to 100% are desirable, but in real devices, values
above 70% are acceptable. Therefore, as the fill factor is function of the Voc and Jsc
parameters, the efficiency of the devices will be markedly impacted by the temperature

variations.

In Figure 83 are depicted the temperature dependence curves for the fill factor and
efficiency for samples XMBE291, XMBE293 and XMBE294. For the undoped sample
with periodicity of 20, the fill factor remains fairly constant with temperature increases.

However, for the doped samples the fill factor does drop with temperature.
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Figure 83 Fill Factor and Efficiency temperature dependence measurements for samples with
different inter-dot doping profile

The efficiency for all the devices is impacted negatively with an increase in temperature
as expected. The best efficiency temperature dependence coefficient (d(n)/dT) is
displayed by Sample XMBE293, inter-dot doping profile of 8x10'° cm, which has a
coefficient of -0.0106 %/°K. This implies that the efficiency, as a function of temperature,
of Sample XMBE293 drops at a lower rate than Samples XMBE291, undoped dots, and
XMBE294 , inter-dot doping profile of 16x10'° cm, even with the fact that the open
circuit voltage drop is faster than in the highly doped dots sample. There is thus a clear
compromise to be struck between open circuit voltage and short circuit current density

variations.

In Figure 84 are depicted the temperature dependence curves for the fill factor and
efficiency for samples XMBE312 (No QDs within the lattice), XMBE322 (x5 QD layers),
XMBE311 (x10 QD layers) and XMBE291 (x20 QD layers. For the undoped sample with
periodicity of 20, XMBE291, the fill factor remains fairly constant with increases in
temperature. However, for the doped samples the fill factor does drop with temperature.
At high temperatures, the samples with few QD layers (vertically stacked) exhibited the
worst degradation effect compared with the doped samples. However, when the number
of quantum dot layers was 20, the efficiency degradation as a function of temperature was

around 50% less compared with samples with smaller number of quantum dot layers.
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Figure 84 Fill Factor and Efficiency temperature dependence measurements for samples with
different QD vertical periodicity

In Table 15 are presented the fill factor and the efficiency coefficients as temperature
dependence parameters for all samples. The Fill factor as function of temperature drops
at a lower rate for sample XMBE294, which has 20 QD layers with an inter-dot doping
profile of 16x10%° cm, and as a consequence this sample exhibits the lowest efficiency
temperature dependence rate of -0.015 %/K. These values of fill factor temperature
dependence are excellent compared with the values of -0.64%/K that have been found for
Si devices [110]. For commercial crystalline Si solar cells, fill factor coefficient drops at
a rate of -0.2 %/K and the efficiency at a rate of -0.53 %/K [111]. This strong efficiency
temperature dependence degradation makes them less than appropriate candidates for

high power concentrator applications.

Table 15 Efficiency temperature dependence for QD materials

ID d(n)/dT
%/°K
XMBE291  0.016
XMBE293  0.016
XMBE294  0.015
XMBE311  0.023
XMBE312  0.030
XMBE322  0.021

Additionally, the minimum energy required to generate free electron in the material has
been calculated and the results are shown in Table 16. It can be seen that the introduction
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of quantum dots reduce the GaAs activation energy independently of their studied
configurations, which were either with different periodicities or including different inter-
dot doping profiles.

Table 16 Activation energy obtained from Voc vs. T for all InAs/GaAs QD material system

Sample ID  Activation Energy

eV
XMBE291 1.39
XMBE293 1.38
XMBE294 1.48
XMBE311 1.36
XMBE312 1.65
XMBE322 1.38

5.4.4 Discussion

In summary, detailed investigations of three InAs/GaAs QD samples with different
doping profile and tested under 20 suns irradiation in the temperature range from 300 to
430 °K are reported. The solar cell efficiency was found to be temperature dependent.
The efficiency is reduced as the operational temperature is increased. The obtained results
indicate an improvement of the GaAs solar cells operation at higher temperatures due to
the insertion of QDs. The open circuit voltage temperature dependence value of -1.9
mV/K is an excellent value compared with the one obtained on GaAs solar cells of -2
mV/K reported in [98]. In addition, it was found that with the introduction of n-type
dopants into the quantum dots lattice, the temperature dependence of the open circuit

voltage is weaker compared with undoped quantum dots structures.

55  Low temperature dependence study

The analysis of photovoltaic (PV) devices operating under high temperatures conditions
is very important to fully characterize and understand cell behaviours. Also, it is
sometimes necessary to analyse the solar cell performance under low temperatures
operation in order to understand the physics that controls the device behaviour. The

temperature dependence of some of the material parameters, such as the recombination
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phenomena, plays a crucial role. The latter involves unavoidable losses of current with
temperature changes [112], [113], [114]. Carrier mobility changes due to two main
scattering phenomena which are the impurities and lattice vibration. These phenomena
are very temperature dependent too. The lattice vibrations reduce at low temperatures
while the impurities scattering will be impacted by the ionization at very low
temperatures, usually below 100K. Within the range of 100 K to 400K, usually denoted
as the extrinsic region, a temperature increase will not generate more free carriers because
here all the dopants are already ionized. At higher temperatures than 400K (for Si) charge
carriers will be generated by lattice vibrations and the number of intrinsic carriers will

dominate.

Furthermore, the carrier Kinetic energy is reduced by reducing the temperature and this
has the effect of further reducing the photocurrent via drift and diffusion current
components. Low temperatures produce a reduction of the diffusion current, however, at
high electric fields the drift current dominates while at low electric fields the diffusion

current dominates [115].

The introduction of quantum dots arrays in PV devices is expected to be as a good option
to get better behaviour at low temperatures [116]. This devices concept is known as
intermediate band solar cells and we have shown in our previous studies that the resulting
devices are very stable at temperatures higher than 300K. In this study we demonstrate
that the insertion of n-type inter-dot dopants helps to improve the fill factor of the device
while the temperature dependence degradation of the cell parameters is reduced. A
number of QD solar cells based on the InosGaosAs/GaAs system have been previously
tested at low temperature showing blue shifting of the energy gap material and extended
wavelength range but at a cost of a highly reduced fill factor at temperatures lower than
150K. [117] It has also been shown that GaAs cells showed lower dark current compared
with the quantum dot ones at low temperatures [118]. In addition, it has also been found
that low temperature measurements on doped material revealed that there is a very strong
relationship between the carrier concentration and the quantum efficiency. The quantum
efficiency at low temperatures is dominated by the junction carrier concentration and not

by the minority carrier diffusion length [119].
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In this section XMBE312 (control sample), XMBE291, XMBE293, XMBE294, XMBE
311 and XMBE322, which are GaAs/InAs quantum dots (QDs) structures grown on GaAs
substrate, were measured and characterized at low temperatures to study the physics of
this intermediate band cell. The results were compared with a control GaAs sample
without any quantum dot included. The samples structures consist of two different
batches. The first one of 20-period quantum dots arrays vertically stacked with the inter-
dot doping profile as the main differentiator. The second one of different periodicities of
the quantum dot vertical layers (periodicities of 0, 5, 10 and 20). Temperature dependence
of the photocurrent spectra is studied in details and this includes the analysis of the effect

of the inter-dot doping profile and its temperature behaviour.

5.5.1 Experimental details

Samples were diced into small pieces and were placed on a temperature controlled chuck
base. The I-V measurements were performed using a Keithley 237 unit. The
measurements of light I-V curves was carried out under 1 sun AM1.5 solar simulator from
the company Solar Light, model 16S-002-300 (light intensity 200mW/cm?). A Fresnel
lens assembly was used to obtain 20 suns light intensity (2000 mW/cm?). The temperature
of the samples was controlled using a cryostat system. The measurements setup is shown
in Figure 85 and was conducted at the Slovak University of Technology facilities in the

Institute of Electronics and Photonics of Bratislava.
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Figure 85 Low-temperature photocurrent measurements setup
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5.5.2 Temperature dependence characterisation

The electrical characterization at room temperature under light conditions shows an
evident open circuit voltage enhancement due to the inter-dot doping profile. However,
we have shown in Section 5.4 that at high temperatures the quantum dot devices showed
a better stability and the solar cell metrics are impacted much less than the ones for the
control GaAs samples [120]. In order to understand the physics involved in the quantum
dots device performance, low temperature measurements were performed. These
measurements were made within the range from 50K to 300K and photocurrent data were
obtained. For the control sample, photoresponse from the GaAs bandgap (1.44eV) 860
nm down to 400 nm were acquired. The photocurrent spectra at 300K are shown in Figure
86.

The GaAs bandgap is shifted from 860 nm (1.44 eV) at room temperature to 815nm (1.52
eV) at 50K. This is consistent with the temperature dependence of the Gallium Arsenide
bandgap via the Varshni’s equation [121] confirming that the bandgap of GaAs is
dependent only on the lattice dynamics due to the temperature drop that leads to a shifting
of both valence and conduction bands. It can be seen that the photocurrent within the
wavelength range from 400 to 830 nm has a bizarre behaviour. It was expected that the
photocurrent were reduce as temperature reduces but at 50 K, the photocurrent has a clear
increasing. However, the absorption range was shifted normally so, more studies should
be perform to find the reason of this strange behaviour.
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Figure 86 Photocurrent for GaAs Control Sample. The GaAs bandgap presents a blue-shift while
the temperature drops as expected. Inset Varshni equation is compared with low temperature
measurement values showing a good agreement

When nanostructures are introduced within the lattice, more phenomena are involved in
the temperature dependence relation. As can be seen in Figure 87 for the undoped
InAs/GaAs quantum dots sample, a new energy level appears at 922 nm approximately
(1.35 eV) which increases the absorption wavelength of the material into the infrared
spectrum. As is well known, at very low temperatures (< ~ 70K) the electron mobility
and the lattice vibrations are significantly reduced. Not only are these parameters affected
by temperature but also the drift and diffusion current.
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Figure 87 Photocurrent for Sample XMBE291, InAs/GaAs undoped quantum dot, the GaAs
bandgap presents a blue-shifted while the temperature drops as expected.
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Low-temperature measurements were therefore performed on all the quantum dot
samples with different inter-dot doping profiles. Sample XMBE291, undoped dots, shows
additional optical transitions at room temperature which are located below the GaAs
bandgap. The first additional transition is located at 922 nm (1.34 eV) (first quantum dot
transition (QD1)). The second quantum dot transition (QD2), which is even lower than
QD1, appears at 1.08 um (1.23 eV). These new optical transitions can be observed in

Figure 88.
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Figure 88 Photocurrent for Sample XMBE291 showing two extra optical transitions located at 1 um
and 1.1 um (QD2 and QD3 transitions).

Figure 89 depicts the low temperature measurements for sample XMBE293 from 50K to
300K. The intensity of the QD1 and QD2 optical transitions (920nm and 1080 nm) are
reduced with temperature as expected. All optical transitions show, as in the GaAs control
sample, a blue shift. For samples XMBE293 and XMBE294, 8x10% /cm? and 16x10%°
/cm? n-type inter-dot doping profile respectively, the same transitions are present at 920

nm approximately. However, this time the QD2 transition is not present.

It is evident that a reduction of the photocurrent below 610 nm approximately occurs at
room temperature. This is probably a consequence of the photon absorption in the

AlosGao.sAs window layer.
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Figure 89 Photocurrent for Sample XMBE293, InAs/GaAs with n-type inter-dot doping profile of
8x10%%/cm?.

When a doping profile is introduced within the dots, the open circuit voltage is enhanced
due to the reduction of recombination in the nanostructures but the short circuit current is
expected to be impacted negatively. In sample XMBE293, which includes an n-type
doping profile of 8x10*° /cm?, the QD1 transition is again visible at 920nm at room
temperature shifted down to 870nm at 50K. At room temperature and due to the inter-dot
doping profile, the photocurrent decreases from a maximum of 6x10°A at 700nm to
1.6x10°A at 700nm.

Sample XMBE?294 showed a reduction in the intensity of the photocurrent when the
temperature is reduced, as the rest of the samples as can be seen in Figure 90. This time,
the inter-dot doping profile is even higher than the one for sample XMBE293. However,
bellow 610 nm, the photocurrent spectrum showed an increase at 160K which possibly
occurs because of the changes in the window layer due to the reduction in the temperature
reducing its absorption coefficient and as a consequence allowing through more photons
to pass to the active region (the quantum dots array) and thus contributing to the carriers

generation.
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Figure 90 Photocurrent for Sample C, InAs/GaAs with n-type inter-dot doping profile of
16x10'%/cm?.

Sample XMBE322 showed a reduction in the intensity of the photocurrent when the
temperature is reduced, as the rest of the samples as can be seen in Figure 91. This time,
the reduction of the quantum dot layers periodicity down to 5 produces a reduction of the
photocurrent in the QD1 transitions. The photocurrent temperature dependence for this
sample has a lineal relationship with temperature. The effect of the emitter layer below
680 nm is apparent where it starts absorbing part of the photons reducing the photocurrent
levels.

Sample XMBE311 showed a reduction in the intensity of the photocurrent when the
temperature is reduced as can be seen in Figure 92. This time, the 10 quantum dot layers
produce a slight increase of the photocurrent in the QD1 transition. The photocurrent
temperature dependence for this sample has a lineal relationship with temperature. Again,
it is clear that the emitter layer starts absorbing below 680 nm reducing the photocurrent

levels.
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Figure 91 Photocurrent for Sample XMBE322, with 5 InAs/GaAs quantum dot layers.
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Figure 92 Photocurrent for Sample XMBE311, with 10 InAs/GaAs quantum dot layers.

The QD1 optical transitions as a function of the temperature are presented in Figure 93
for all the QD studied materials. It can be seen that the intensity of the photocurrent at the
first quantum dot optical transition varies according to the material configuration. For
inter-dot doped quantum dot materials, the dopant atoms clearly contribute to a drastic
reduction of the photocurrent as the temperature drops. This can be interpreted as the
intermediate band requiring thermal energy to be enabled in the material but when
impurity atoms are present in the quantum dot, the host lattice can enhance the current

generation due to the high carrier concentration. However, for the undoped samples, the
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photocurrent seems to remain at the same level independently of the temperature changes.

Here, the effect is almost imperceptible because the photocurrent at room temperature is
already very low by itself.
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Figure 93 QD transitions as function of the temperature within the range from 50K to 300K

Figure 94, shows polynomial approximations of the QD1 for the different samples
including the GaAs Control sample. Using Varshni equation, the GaAs fitting was
obtained using Eg(0)= 1.519 eV with alpha = 5.41x10*eV and beta = 204K. In order to
fit the QD1 transition for all studied samples, the same values were used except for Eg(0)
which was changed to 1.44 eV. Thus, it can be seen that the QD1 transition is blue-shifted
when the temperature is reduced. In addition, the peaks intensity is dramatically reduced.
It means that intermediate band cannot be formed in the absence of thermal energy. It is
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evident that the doping within the dots can interact with the charge carriers generation at

temperatures greater than 100K where the impurities are ionized.
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Figure 94 Low-temperature measurements for InAs/GaAs QD samples and Control including the
theoretical GaAs Eg curve and the polynomial approximation for samples measurements data.

Several QD PV devices were measured at low temperatures. The quantum confinement
effects at temperatures within the range of 50K to 300K were studied by observing the
temperature dependence of the photocurrent spectra. It was observed that lower energy
transitions, below the GaAs material bandgap, are added by introducing QD arrays within
the lattice. These QD structures, are negatively impacted at low temperatures which
confirms that thermalisation of the lattice is needed to keep the intermediate band
transitions. In all the devices, the window layer starts absorbing some of the incident

photons hindering photons from contributing to the active layers.

56  Anti-Reflective coating study

This section presents the characterisation of several solar cell devices using a single layer
of anti-reflective coating (ARC). Several devices, consisting of InAs/GaAs quantum dots
cylindrical diodes, were fabricated and characterised. The main difference between the
used materials is the inter-dot doping profile. The J-V characteristic for the devices were
obtained under 1 sun showing an increase of the short circuit current density (Jsc) by

almost 40% in the undoped dots sample. We show that the use of 100 nm Silicon Nitride
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(SizN4) enhance the efficiency by about another 2.5% resulting in efficiencies up to 11.6%

for single junction diodes.

Reducing the reflected incident light on the top of optical devices (solar cells, lasers,
photo diodes, etc.) can increase the efficiency of these devices when using different
coatings such as ZnS and MgF- [122]. The design of the antireflective coating (ARC) can
be complicated because correct and accurate optical data of materials are needed to
evaluate the multilayer coefficients which are a function of the wavelength of the incident
light. Several methods can be used to calculate a single layer ARC for a single wavelength
which can be analytical or empirical. The ARC can be used for a single layer, for different
wavelength or wideband detectors. For the case of solar cells, it is clear that what is
needed is a wideband anti-reflective coating because of the large wavelength range of
incident light. The material used can be organic such as TiO2 (Spray), Ta20s, ZnS and
SiO2 [123].

As is well known, the reflectance on the surface of solar cells is related directly to the
refractive index of the media layer thickness. Thus, thickness and refractive index are
critical for the optimal ARC coating and enhancement of up to 30% in the Isc using a
68nm single layer of ZnS on silicon solar cell have been reported [124]. TiO2 and Al2O3
coatings have been tested on GaAs devices, leading to improvements in the Jsc of up to
30% [125]. TiO2 has been used to enhance the performance of different solar cells like
Dye-sensitized solar cells (DSSC) resulting in an efficiency up to 3.4% from almost 2%
of the original cell [126] but for this ARC the temperature and thickness are critical
parameters [127]. Deposition of Silicon Nitride as ARC has been tested on several devices
showing good enhancements of the optical coupling. In this section, the deposition of

100nm Si3N4 single layer on InAs/GaAs Quantum Dots solar cells is studied.

5.6.1 Antireflective coating design

An anti-reflective coating (ARC) should be designed to operate with low reflectance in
the long wavelength range (from 800 to 1000 nm). The first step is to measure the
reflectance of the material and this is shown in Figure 95 as a black-line. It can be seen
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that only 40 % of the incident light on the device is transmitted to the GaAs top layers.
So, 60 % of the energy is being lost due to the media mismatch.
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Figure 95 Reflectance measurement for InAs/GaAs material
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Figure 96 Scheme of optical parameters of incident light
The reflectivity can be calculated using the diagram shown in Figure 96. The reflectance
equation is:

R = |r|? = r?+ri+2ryr; cos26
14rqr+2rqry cos 26

Where r1, r;and 0 are calculated as follow:

r1=(no-n1) / (No+n1) 6

r=(n1-n2) / (n1+nyz) 7
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0=2nn1t1) / (A) 8

Equations 5, 6, 7 and 8 were used to calculate the antireflective coating refractive index
and the optimum thickness [128].

Antireflective coating refractive index calculation

The reflectance can be calculated as a function of the refractive index of the different
media and the thickness of the intermediate layer (in our case it is the ARC layer) as
shown in Figure 97. ng is considered as ‘air', and n, as 'GaAs'. Thus, the ARC design is

focused on its refractive index and its thickness.
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Figure 97 GaAs [129] and SisN4 [130] refractive index

The refractive index no is fixed to be 1 (air) as the solar cell is exposed to ambient. The
n2, GaAs refractive index (shown in Figure 97), is obtained from [129]. The thickness
used for the optimum ARC refractive index is 70 nm. It is clear that the minimum
reflectance value is obtained using an ARC refractive index of 2 (Figure 98) with the
minimum reflectance of 2% at 550 nm. The later, makes SizN4 the best option for this
materials. SizN4 has a refractive index of 2 from 700 to 1100 nm as shown in Figure 97.
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Antireflective coating thickness calculation

Si3N4 has therefore a convenient refractive index to reduce the reflectance up to 2%. It is
necessary to tune the antireflective coating to the region of interest in the infrared
wavelength range from 700 to 1100nm. Controlling the layer thickness can tune the
wavelength optical response of the ARC [131], [132]. Thus, the optimum thickness is
calculated using no=nair, N1=Nsian4 and N2=Ngaas. The thickness was varied between 60 nm
to 120 nm as can be seen in Figure 99 where 100 nm gives the best reflectance behaviour
from 700 to 1100 nm. The reflectance is 2%.
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Figure 99 SisN4 layer thickness calculation with no=nair, N1=nsisnsa and N2=ngaas
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5.6.2 Optical measurements

Samples preparation

The samples were coated with 100 nm SisN4 layer using Plasma Enhance Chemical
Vapour Deposition (PECVD) at 165°C at 10 nm/min. The deposition was performed
under 360mT pressure and a gas of Silanol/Amonia/Nitrogen flow ratio of 9/20/56 sccm.
The coated layer shows a bluish colour that corresponds to approximately 93.5 nm
according to the SizN4 thickness colour chart [133]. The actual thickness was checked

using a Dektak™ surface profiler and found to be 102 nm.

Reflectance measurement

The reflectance measurements were performed using the setup shown in Figure 100. The
source used is a tungsten halogen broadband Ocenoptics LS1™ guided by an optical

fiber. The optical fiber is a Reflection/Backscattering probe.

The detectors used were an extended InGaAs (900 to 2500 nm) and a Si CCD array (400
to 1100 nm). In order to get a reliable measurement, the system was calibrated using a
reference that reflects 100 % of the incident light. Calibrated mirrors are preferably used
as reference. For these measurements, a double side polished GaAs sample, that gives a
reflectance of 100 %, was used. The reflectance measurements are shown in Figure 101.

The reflectance after the ARC insertion is around 2% at 800 nm wavelength, as expected.
This is a very good reflectivity reduction at the surface of the solar cell. The reflectance
from 700 up to 1100 nm is kept well below 20 %. This implies that the amount of photons

into this wavelength range has been doubled.
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Figure 101 Reflectance measurement for InAs/GaAs material coated with 100 nm of SisN4

5.6.3 Anti-reflective coating electrical measurements

Cylindrical diodes with diameter of 250 um were defined using wet etching. Ti/Au and
Au-Ge/Au were evaporated on the top and the bottom of the device respectively. The on-
wafer devices were coated with 100 nm of Silicon Nitride obtaining a bluish coating
again. Chemical dry etching of silicon nitride in a plasma reactor using CF4 was

performed to open the metal area.
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5.6.3.1 J-V characteristics

The fabricated devices were mounted on TO-46 headers for electrical characterisation. A
Solar simulator system was used to perform the measurements with a broadband light
calibrated at 100 mWatts/cm? (1 sun).

The J-V characteristics under light are shown in Figure 102 for all the samples studied.
Without any attempt to reduce the reflectance on the solar cell surface (line-in-black), the
short circuit current density (Jsc) for sample XMBE291 is 20 mA/cm? and its open circuit
voltage (Voc) is the lowest of all the samples at only 690 mV. The QD can act as traps
for the generated electrons but doping the dots increases the probability that one electron
is trapped. It is clear that the insertion of doping into the QDs, reduces the recombination
phenomena in the material. The highly doped sample, sample XMBE293, exhibit the
highest Voc of 800 mV.
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Figure 102 J-V characterisation under 1 sun (100 mW/cm?) for samples with anti-reflective coating

The coated devices, line-in-blue in Figure 102, show a clear enhancement in the short
circuit current density. For sample XMBE291, Jsc has been increased from ~20 mA/cm?

up to ~27 mA/cm? yielding an enhancement of about 37 %. For Sample XMBE293, this
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enhancement is around 37% and finally for Sample XMBE294 it is about 30%. The open
circuit voltage (\Voc) is constant for the undoped QDs sample. However, the n-inter-dot

doped samples register a slight degradation in the open circuit voltage of around 30 mV.

5.6.3.2 External Quantum Efficiency

It is crucial to have an estimate of how many of the incident photons are captured and are
therefore able to contribute to the photocurrent generation. To have this estimation,
external quantum efficiency measurements were performed. The External quantum
efficiency for the uncoated devices (line-in-black) and the SisN4 coated devices (line-in-
red) are shown in Figure 103. The uncoated samples exhibit very low quantum efficiency,
below 40 % for the undoped sample. This is likely due to the high reflectance on the
sample surface of about 60 %. Using an antireflective coating, the enhancement,
compared with the uncoated ones, is evident. In the wavelength range from 750 to 1000
nm the external quantum efficiency is enhanced as a result of the device surface reflection
reduction. The quantum efficiency was enhanced by up to 60%. However, below the 600
nm range where the ARC reflectance is increasing, the external quantum efficiency drops
by around 8 %. The undoped sample presents the highest enhancement of the three
different samples. In the inter-dot doped samples the enhancement is marginal. From 800
to 900 nm samples XMBE293 and XMBE?294 display up to 40 % EQE.
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Figure 103 External quantum efficiency measurement
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The efficiency calculations for the uncoated PV devices are shown in Table 17. It is clear
how the insertion of the inter-dot dopant helps to increase the Fill Factor by up to ~72 %
from 64 % shown by the undoped sample. This gives a clear indication of the good quality

of the solar cell.

Table 17 Efficiency calculation without using antireflective coating

Sample Jsc Voc Jm vm FF n

(Eff)
mA/cm? V  mA/lcm? V % %

XMBE291 200 069 158 057 646 9.0
XMBE293 174 073 148 0.65 758 9.6
XMBE294 156 079 135 0.65 71.23 88

The efficiency calculations for 100nm SizN4 coated PV devices are shown in Table 18.
Here the efficiency is seen to improve by around 2.5 %. The efficiency increases from 9
% up to 11.6 % for the undoped sample. Previous reports in the literature show that the
AR coating can increase the efficiency by up to 2%. The enhancement of around 2.5% in
our case is higher than reported ones. [134]

Table 18 Efficiency calculation using a single layer of SisN4 as antireflective coating

Sample Jsc Voc Jm vm  FF 1 (Eff)

mA/cm? V  mAlcm? V % %

XMBE291 273 0685 2101 055 617 116
XMBE293 209 0.755 17,7 0.625 70.1 110
XMBE294  16.1 0.76 14.2 062 719 838

5.6.4 Discussions

The QDs, as an initial assumption, act as recombination centres. However, the presence

of dopants in the QD layers reduces the recombination probability and thus increases the
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PL intensity. This way of synthesising the diodes complements other techniques such as

Quantum Dot size control and inter-dot spacing [135].

The maximum efficiency obtained in this work, 11.6 %, is an excellent value for so simple
devices. The SisNa, tested for the first time on InAs/GaAs QD materials, proves to be a
good option as an antireflective coating. The use of SisN4, reduce the reflectance on the
device surface to a value of 2% and the operational wavelength can be tuned controlling
the layer thickness. A 100 nm SizN4 antireflective coating proves to be an excellent
coating from 700 to 1000 nm. This material optical behavior is not optimum below 700
nm. In terms of short circuit current density, a 37% enhancement was achieved. This
result is in excellent agreement with simulated Si3N4 and SiO: antireflective coating

results reported with Jsc increasing by 7%. [136]

5.7 Conclusion

Systematic study and optimization were performed on InAs/GaAs QD devices. These
novel cells were improved in terms of efficiency by inserting stacks of QD into different
regions of the device. The effect of localized doping of such structures was also studied
to maintain and enhance the open-circuit voltage which in turn increases the device
efficiency. InAs/GaAs QD vertically stacked arrays exhibited the imperative need of
presence of thermal energy in order to enable the intermediate band within the material.
The low temperature device characterisations showed recombination processes are
reduced with temperature and the effect of the doping profile inserted within the QD host
lattice inhibits carrier recombination in the dots, which was the initial assumption (QDs

act as recombination centres).

For high concentrator light applications, which involve operational temperature over
400K, the studied intermediate band cell structures can be used with an inter-dot doped
configuration as it has been found that the inter dot doping profile reduces the efficiency
degradation below the GaAs values including an excellent enhancement in the open
circuit voltage. However, for normal temperature conditions the best configuration was
found to have periodicity of 10 using undoped quantum dots due to its high exhibited

short circuit current density at 1 sun.
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CHAPTER 6

Conclusions

6.1 Conclusion

This thesis reported a detailed study of several photovoltaic materials which were grown
using state-of-the-art in materials synthesis technology, molecular beam epitaxy (MBE).
The wealth of optical and electrical properties of I11-Vs gives the opportunity for further
improvements in cell efficiency and cost reductions. Particularly, the introduction of InAs
quantum dots (QDs) into the GaAs lattice extends the absorption of the device out into
the near infra-red and consequently the photovoltaic device efficiency is enhanced. Our
solar cells were characterized using measurements of the dark/light current-voltage (I-V)
characteristics and spectral response (50-300 K). Solar cell external quantum efficiencies
under standard air mass (AM) 1.5 illumination were determined and the suitability of

these new cells under solar concentration were appraised.

The first set of studied solar cells based on InGaAs-InAIAs MQW showed very low
efficiencies, largely as result of a drastic reduction of the open voltage as a consequence
of the low band gap materials in the QW.

For these quantum well structures, the agreement between the simulated results and
experimental ones was very good indeed and permitted to single out the low band gap
materials in the QW as the key reason for the poor efficiencies obtained The key factors
for reliable simulations are the careful selection of the device parameters and correct
definition of the mesh. Furthermore, most of the InGaAs/InAlAs material systems
parameters are still poorly understood, nevertheless good correlations with experimental
data were obtained.

The highest measured efficiency was obtained for the high temperature grown
GaAs/AlGaAs MQW sample (VMBE1661) but this sample can operate only in the visible
range. Therefore, it is desirable to enhance the absorption range of the cell. In this sense,



InGaAs/InAlAs samples have been proven to have better absorption in the infrared range.
This is desired, because the cell can absorb lower energy light than the GaAs/AlGaAs
devices. The insertion of the strain in the quantum well structure resulted in the reduction
of the absorption of the cell, as a result of low band gap of the QW materials. However,

the short circuit current was increased, which is desirable.

Several simulations attempts have been performed in order to get the external quantum
efficiency of the cell and an excellent trend of the EQE curve, in close agreement with
experimental data was obtained. It was also from the EQE measurements that by

increasing the number of wells, the efficiency is reduced.

The second part of the research work concentrated on a systematic investigation of the
properties of InAs QD within GaAs with the aim of achieving enhancement of solar cell
performance. Optimization was performed on these novel cells to further improve their
efficiency by inserting stacks of QD into different regions of the device. The effect of
localized doping of such structures was also studied to maintain and enhance the open-
circuit voltage which in turn increases the device efficiency. Periodicity changes were

performed in order to improve the efficiency too.

The imperative need of thermal energy in order to enable the intermediate band within
the material was confirmed, for InAs/GaAs QD vertically stacked arrays. The low
temperature device characterisations showed recombination processes are reduced with
temperature and the effect of the doping profile inserted within the QD host lattice inhibits
the generated free carriers recombination in the dots, which was the initial assumption
(QDs act as recombination centres). However, the presence of dopants in the QD layers
reduces the recombination probability and thus increases the PL intensity. This way of
synthesising the diodes complements other techniques such as the Quantum Dot size

control and inter-dot spacing [135].

The key findings of this thesis is the fact that Intermediate band photovoltaic devices
using material based on InAs/GaAs vertically stacked quantum dot arrays, can be used in

applications according to specific configuration criteria. For high concentrator light
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applications, or other application which involve operational temperature over 400K, this
type of intermediate band cell can be used with an inter-dot doped configuration as it has
been found that the inter dot doping profile reduces the efficiency degradation below the

GaAs values including an excellent enhancement in the open circuit voltage.

However, for normal temperature conditions (without light concentrators or junction
temperature rising above 400K), a convenient configuration is with a x10 layers of
undoped quantum dots. It is true that these devices do not have, a good performance at
high temperatures but the periodicity changes enhances the short circuit current density

while keeping a large open circuit voltage.

The best overall efficiency of 11.6 % obtained in this work is an excellent value for so
simple devices configuration. The SisNs, tested for the first time on InAs/GaAs QD
materials, proved to be a good option as antireflective coating. The use of SizNs, reduce
the reflectance on the device surface to a value of 2% and the operational wavelength can
be tuned by controlling the layer thickness. A 100 nm SisN4 antireflective coating proved
to be an excellent coating from 700 to 1000 nm. This material optical behavior is not
optimum below 700 nm. In terms of short circuit current density a 37% enhancement was
achieved. This result is in excellent agreement with simulated Si3N4 and SiO-

antireflective coating results reported with Jsc increasing by 7%. [136]

The results presented in this thesis are crucial to have a better understanding in the
intermediate band photovoltaic materials understanding. Theoretical premises were
confirmed in the practical device operation. The impact of this works can, hopefully, help
in the future improvements of the intermediate band solar cells based on InAs on GaAs
QD. The performed studies presented in this thesis and the materials used are further
contributions to the state-of-the-art photovoltaic materials.

6.2 Future work

It can be stated that all the initial objectives of this thesis were achieved successfully. The

vertically stacked materials were confirmed as good candidates for high temperature
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applications by growing, processing and characterising several InAs/GaAs quantum dot
system devices. The cylindrical geometry has been found, among other fabricated
geometries, to be the optimum mesa definition for very simple diodes. There is a
compromise for this kind of materials design between the number of quantum dot layers
and the inter-dot doping profile. The latter depends fully upon the solar cell end

application.

However, there is still more work to do in terms of top contact grid pattern and anti-
reflective coating design due to the development of new materials for these purposes.
Regarding the top contact design, the generated shadows reduce the amount of photons
that pass through the active material. There are new options like transparent conductor
Silver Nano-wires deposition however the added series resistances must be minimised to

take full advantage of truly transparent contact.
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Appendices

Appendix A Mask Designs
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Appendix B Fabrication final recipe

Step Step Chemicals Equipment Temp Time Comments
Mask: 5” QZ

Preheat Hotplate 115°C After hotplate, heat sink for 1 min at least.

Prebake Hotplate 115°C After hotplate, heat sink for 1 min at least.
Develop S1805 MIF 319 Rinse with water and dry with N2.

Ortho- H3PO4:H202:H.0 Calculated 15:5:250 ml. H3PO4 = H202=Hydrogen
phosphoric etch (3:1:50) time!!! Mesa height ~ 150nm. Ortho-phosphoric etches rate Ortho-phosphoric Acid Peroxide
*H202 High grade ~100nm/min InGaAs/InAlAs type pHEMT,
and, ~80nm/min GaAs/InAlAs type pHEMT.
It doesn’t etch InP. Etch to buffer layer (160nm=1m
30s,

Back . Evaporation AuGe/Au Biorad Load ~70mg AuGe and 10cm Au If the results are not OK, additional Layer: AuGe=3,
contact 50nm/100nm **AuGe will allow Au to diffuse inti S/C to make annealing at 290°C for 60s Au=2
metalisation

OHMICS 2.1 Acetone/IPA USB (Level Dry with N2
1

Softbake Hotplate 100°C After hotplate, heat sink for 1 min.

PEB ( Post Hotplate 110°C After hotplate, heat sink for 1 min.
Exposure
Bake

Plasma with Plasma 0.33 (20s) Power: 100 (25W) Oxigen Flow:
molecular 0.50

Oxigen

2.9 Lift-off NMP (1165

2.11 Anneal Alloing 250°C 2m




Appendix C “XMBE242” SILVACO optimisation

The optimization process was divided into 6 different steps:

7. Barrier-Well thickness optimization

8. Spacer layers (intrinsic) thickness
optimization

9. n/p (Base/Emitter) layer thickness
optimization

¥25

10. Window layer thickness
optimization

11. Buffer thickness optimization

12. Final structure

Barrier-Well thickness optimization

The next figure presents the simulation results for different barrier thickness (150, 100

HMBE242

InGass f Indlds OWY Solar cell (x25)

p-type InGads Cap
p-type In&l&s Window
p-type IN&) s Emitter
i In&l&s Spacer

i IN&) s Barrier
i InGads well

i In&l&s Spacer
n-type In&l&s Base
r-type In&l&s Buffer
It InP

and 80 A). The rest of the structure has the same dimensions.

3 - - - - barrier 150A dark conditions|
— barrier 150A light conditions
2 - - - - barrier 100A dark conditions

barrier 100A light conditions
- - - - barrier 80A dark conditions
—— barrier 80A light conditions

Current Density (mA/cm2)
o

Figure 104 Barrier thickness variations from 80 A to 150 A

The short circuit current was increased with a reduction in barrier thickness. The VVoc was

increased too.

0.

Contacts



Table 19 Barrier thickness analysis
Barrier thickness (A) Isc (mA/cm2) Voc (V)

150 1.34 0.465
100 1.66 0.48
80 1.83 0.49

The changes in thickness are shown in two different figures, the difference between them
is the barrier thickness, it was fixed for each figure at 150 and 80 A. For each figure the
different well thicknesses are 150, 100 and 80 A. If both well and barrier thicknesses are
reduced then both the Isc and VVoc are enhanced.

- - - - well 150A dark conditions
— well 150A light conditions
- - well 100A dark conditions|
well 100A light conditions
- - well 05A dark conditions
—— well 05A light conditions

Voltage (V)

Current Density (mA/cm2)
o

Figure 105 Well thickness variation from 50 A to 150 A

Both the short circuit current and the open circuit voltage Voc were increased with a

reduction in the well thickness.

Table 20 Well thickness analysis
Well thickness (A) Isc (mA/cm2) Voc (V)

150 1.00 0.41
100 1.14 0.42
50 1.48 0.45

Both Isc and Voc are enhanced when reducing the thicknesses of both well and barrier.
Therefore according to the simulations the optimum thicknesses are:

Well =50 A
Barrier =80 A
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Spacer layers (intrinsic) thickness optimization

The changes in thickness are shown in two different steps, one for each layer:
1. The first step is on the Spacer layer next to n-type layers (Layer2)
Thicknesses: 150 , 100 and 50 A (Figure 106)
2. The second step is on the Spacer layer next to p-type layers (Layerl)

Thicknesses: 150 , 100 and 50 A (Figure 107)

8 - - - - Layer2 150A dark conditions
Layer2 150A light conditions
5 - - - - Layer2 100A dark conditions|

—— Layer2 100A light conditions
- - - - Layer2 50A dark conditions
—— Layer2 50A light conditions

-
1

Current Density (mA/cm2)
o o
o
o |
N
o
N

1] Voltage (V
2
-3
Figure 106 Layer 2 thickness analysis
3.0 J- == - Layer1 200A dark conditions
2.5 Layer1200A light conditions
1 - - - Layer1 150A dark conditions|
2.0 -—— Layer1 150A light conditions
N 1 5] - - - Layer1 100A dark conditions
& ' ]—— Layer1 100A light conditions
§ 1.0
é 0.5
20.0
n 0]
C.0.54
o 0.5 1
Q.10
o |
g-'] .5—_
= i
o 2.0 1
-2.5 1
-3.0-

Figure 107 Layer 1 thickness analysis
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Table 21 Layer 2 J-V simulation

Layer2 thickness Isc Voc

(A) (mA/cm2) (V)
150 2.22 0.46
100 2.22 0.46
50 2.22 0.46

Table 22 Layer 1 J-V simulation

Layerl thickness Isc Voc

(A) (MA/cm2) (V)
150 2.18 0.46
100 2.22 0.46
50 2.23 0.46

No significant changes. The initial thickness is adequate. Therefore the Spacer layers
thicknesses are kept at 100 A.

n/p (Base/Emitter) layer thickness optimization

The pLayer thickness is varied as such: 250, 200, 150, 100, 50 and 20 A

Table 23 pLayer J-V simulations
pLayer thickness () Isc (mA/cm2) Voc (V)

250 1.96 0.46
200 2.22 0.47
150 2.45 0.48
100 2.69 0.50
50 2.99 0.51
20 2.92 0.51
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- - - - pLayer 250A dark conditions|
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1= - - - pLayer 20A dark conditions ot
—— pLayer 20A light conditions
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1

y (mA/cm2)

0l 041 02 03 04
Voltage (V)

Currer]t Densit

Figure 108 pLayer thickness analysis

In the pLayer case, the optimum thickness value is 50 A, it increases the Isc up to 3
mA/cm2 and the Voc up to 0.51V. The nLayer thickness simulated were: 15000,11000,
10000 and 9000 A

- = = 'nLayer 15000A dark conditions| N
nLayer 15000A light conditions U
- = = ‘nLayer 11000A dark conditions| .
nLayer 11000A light conditions .’

— 1. ‘nLayer 10000A dark conditions| R4 ‘
N —— nLayer 10000A light conditions P
E = = = *nLayer 9000A dark conditions e ‘
(&) —— nlLayer 9000A light conditions |~ _.-==""
2 0 T 1
e 0|0 0.2 0.4 0.6
N
2 Voltage (V)
.a _1 ;.
[
[0
(m]
T -2
(O]
—
—
&

-3 4

-4

Figure 109 nLayer thickness analysis

Table 24 nLayer J-V simulations
nLayer thickness (&) Isc (mA/cm2) Voc (V)

15000 3.14 0.52
11000 3.12 0.52
10000 2.99 0.51
9000 3.12 0.52

158



Therefore for the pLayer case, the optimum thickness value is 9000 A, it increases the Isc
up to 3.1 mA/cm2 and the Voc up to 0.512 V.

Window layer thickness optimization

The window thickness is varied from as such: 1000, 800, 500, 200 and 100 A

3.0

= = = window 1000A dark conditions

L]
25 window 1000A light conditions S
= = = *window 800A dark conditions o
2.0 window 800A light conditions
= = = window 500A dark conditions N

-~ 1.54 window500A light conditions Y
cg = = = window 200A dark conditions W
S 1.0 4 window200A light conditions Lt
2 = = *window 100A dark conditions Lt
= 0.5 1—— window 100A light conditions Lot
‘; 0.0 R
£ 500 0.2
0 "Y.-97
C 4
5 10 Voltage (V)
[m)] }
L 20
S }
O -2.54

-3.0 4

-3.5

4.0

Figure 110 Window layer thickness analysis

Table 25 Window layer J-V simulations
Window thickness (A) Isc (mA/cm2) Voc (V)

1000 2.54 0.510
800 2.66 0.511
500 2.84 0.512
200 3.05 0.513
100 3.14 0.514

The optimal thickness is 100 A as in the original structure, the thinner layer could increase
the Isc up to 3.1 mA/cm2 and up to 5.14 V the Voc.

Buffer thickness optimization

The buffer thickness is varied as such; 4000, 3000, 2500 and 1500 A
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3.0

2.54

}- - - - buffer 4000 A dark conditions|

buffer 4000 A light conditions

- -~ buffer 3000 A dark conditions

buffer 3000 A light conditions
- - - - buffer 2500 A dark conditions
buffer 2500 A light conditions

|- - - buffer 1500 A dark conditions

— buffer 1500 A light conditions

Current density (mA/cm2)
=
(8)]

0 0.2

Voltage (V)

Figure 111 Buffer layer thickness analysis

Table 26 Buffer layer J-V simulations

Buffer thickness (A)

Isc (mA/cm2) Voc (V)

4000 2.55
3000 2.54
2500 2.66
1000 2.55

0.51
0.51
0.51
0.51

The optimum value is 2500 A as in the original structure.
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Appendix D XMBE242 SILVACO Modelling Code

HHAHH T
# Solar cells

HHEHH T
# Edson Garduno Nolasco
HHHHHHHHHHEHEH
# xmbe242
HHHHHRHHHHHEHEH
# PhD UoM - EEE
#InGaAs/InAnAs MQW cells
HHAHH TR
# QW Modelling

HHAHH T

go atlas

#

"

#Structure parameter definition (Constants)
H#

"

## Thicknesses
sett_top=0.075

set t_window=0.010
sett pLayer=0.200
sett_layer1=0.010
sett qwl=0.015
sett qw2=0.010
sett layer2=0.010
set t_nLayer=1.000
sett_buffer=0.250
sett_substr=500.0

## Doping concentrations
set d_top=4e+17

set d_window=9e+17

set d_pLayer=9e+17

set d_nLayer=9.3e+17
set d_buffer=9e+17

set d_substr=9e+17

## Compoisitions
set ¢_top=0.52

set ¢c_window=0.30
set c_plLayer=0.53
set ¢_layer1=0.48
set c_qw1=0.50

set c_qw2=0.42

set ¢_layer2=0.48
set c_nLayer=0.53
set ¢_buffer=0.52

## Other parameters
set wmesh=1
set nqw=15

## Layers
set A=$t_top
set B=$A+$t_window
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set C=$B+$t_pLayer

set D=$C+$t_layerl

set E=$D+($t_qwl+$t_qw2)*$nqw
set F=$E+$t_layer2

set G=$F+$t_nLayer

set H=$G+$t_buffer

set I=$H+$t_substr

## Regions numbers

set rA=1

set rB=$rA+1

set rC=$rB+1

set rD=$rC+1

set rF=1+($nqw*2)+$rD
set rtG=$rF+1

set rH=$rG+1

set rl=$rH+1

#

ks

# Mesh generator
H

ks

mesh auto width=$wmesh

## The x.mesh and y.mesh specifies the location 'loc' of mesh grid lines along the respective

## axis. 'spacing’ determines the mesh spacing in microns at the position specified by 'loc’

## parameter. The mesh spacing from one mesh statement to the next is gradually changed and is
## managed by the simulator itself.

x.mesh I=-$wmesh/2 s=5
x.mesh I=$wmesh/2 s=5

#Top

y.mesh 1=0.000 s=0.005

y.mesh I=$A $=0.001
# Window

y.mesh [=$A $=0.001
y.mesh |=$B $=0.001
# pLayer

y.mesh |=$B s=0.01
y.mesh 1=$C s=0.01
# layerl

y.mesh [=$C $=0.001
y.mesh [=$D $=0.001
# Quantum wells

y.mesh [=$D $=0.001
y.mesh |=$E s=0.001
# layer2

y.mesh |=$E s=0.001
y.mesh |=$F s=0.001
# nLayer

y.mesh [=$F s=0.01
y.mesh [=$G s=0.01
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# Buffer

y.mesh 1=$G s=0.001
y.mesh 1=$H s=0.01
# Substr

y.mesh |=$H s=50
y.mesh [=$I s=50
H

# SECTION 2: Structure Specification

#

ks

#

# Regions definition
H

"

region num=$rA name=top
y.max=$A

region num=$rB name=window
y.max=$B

region num=$rC name=pLayer
y.max=$C

region num=$rD name=layerl
y.max=$D

# MQW region

material=InGaAs x.comp=$c_top y.min=0

material=InAlAs x.comp=$c_window y.min=$A
material=InAlAs x.comp=$c_pLayer y.min=$B
material=InAlAs x.comp=$c_layerl y.min=$C

dbr half.cyc=$nqw*2 thick1=$t_qwl thick2=$t_gqw2 matl=InAlAs mat2=InGaAs x1.comp=$c_qw1l
x2.comp=%c_qw?2 y.start=$D y.end=3E qwell2 n1=6 n2=6
# End qw region

region num=$rF name=Ilayer2 material=InAlAs x.comp=3$c_layer2 y.min=$E
y.max=$F

region num=$rG name=nLayer = material=InAlAs x.comp=$c_nLayer y.min=$F
y.max=$G

region num=$rH name=buffer material=InAlAs x.comp=$c_buffer y.min=$G
y.max=$H

region num=$rl name=substr material=InP
y.min=$H y.max=$I

#

# Electrodes

#

electrode num=1 name=cathode material=Gold y.min=$l y.max= $l

electrode num=2 name=anode material=Gold y.min= 0.0 y.max= 0.0

#

# Doping

#

doping uniform p.type conc=$d_top Region=%rA

doping uniform p.type conc=%d_windowRegion=%$rB

doping uniform p.type conc=%d_pLayer Region=%rC

doping uniform n.type conc=$d_nLayer Region=$rG

doping uniform n.type conc=%d_buffer Region=$rH

doping uniform n.type conc=$d_substr Region=$rl

H
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#Contacts
#

™

contact name=  anode
contact name=  cathode

#

# SECTION 3: Material & Models Definitions

#

ks

## The physical parameters for the materials are defined in the following three sub-sections

#MATERIAL REAL.INDEX=1.0 IMAG.INDEX=0.0
material material=Gold  sopra=Au.nk

material material=InGaAs sopra=ingaas.nk

material material=InAlAs sopra=ingaas.nk

material material=Lp23 sopra=ingaas.nk
material material=Lp52 sopra=ingaas.nk
material material=Lil sopra=ingaas.nk
material material=Li2 sopra=ingaas.nk
material material=Ln52 sopra=ingaas.nk
material material=Ln23 sopra=ingaas.nk
material material=InP sopra=inp.nk

HHHHHHHBAND DIAGRAM #ti#

output e.field e.mobility e.temp e.velocity con.band val.band charge flowlines devdeg
#STRUCTURE GRAPHIC

solve init

save outf=xmbe242_ qw.str

tonyplot xmbe242_qw.str

#HHHHHEND BAND DIAGRAM #it#

#quit

#
#

#H ANALY SIS #iHE

#
models srh fermi conmob optr auger bgn

method newton

contact name=anode workf=5.032

solve init

log outf="xmbe242const_qgwdark.log"

solve  vanode=-1.0 name=anode vstep=0.05 vfinal=1.0
log off

tonyplot xmbe242const_qwdark.log -set edson.set

#quit

### Light 1V condition
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beam num=1 AM1.5 wavel.start=0.1 wavel.end=1.4 wavel.num=50

output opt.int
probe name=inten beam=1 intensity

solve init

solve b1=1e-04
solve b1=1e-02
solve b1=1e-01

log outf="xmbe242iv.log"

solve vanode=0 name=anode vstep=0.01 vfinal=1

log off

tonyplot -overlay xmbe242const_qwdark.log xmbe242dark.log xmbe242iv.log -set edson_IV.set
extract init inf="xmbe242iv.log"

extract name="Isc" y.val from curve(V."anode", I."cathode") where x.val=0.0
#max(abs(i."cathode™))

extract name="Voc" x.val from curve(V."anode", I."cathode") where y.val=0.0

extract name="Pm" max(curve(V."anode",(V."anode" * |."cathode")))

extract name="Vm" x.val from curve(V."anode", (V."anode"*I."cathode™) ) where y.val=$"Pm"
extract name="Im" $"Pm"*$"1"*$"1"*$"1"/$"Vm"

extract name="FF" ($"Pm"/($"Isc"*$"Voc"))

extract name="intens" max(probe."inten™)

extract name="Eff" ($Pm/($"intens"*0.2628))

# OPTICAL RESPONSE
models conmob fldmob consrh print

# spectral response

solve init

solve previous

solve previous b1=0

log outf=vmbe2016_spectral.log

solve b1=1 beam=1 lambda=0.3 wstep=0.025 wfinal=1.0

tonyplot xmbe242_spectral.log -set solarex01_3.set

# The "Available photo current" accounts for absorption in semiconductor regions only.
# Users interested in the overall absorption need to calculate EQE as:
# EQE=I anode / | Source Photo Current * Asorption

extract init inf="xmbe242_spectral.log"

extract name="1QE" curve(elect."optical wavelength", \
-(i."anode™")/elect."available photo current™) outf="I1QE.dat"

extract name="EQE" curve(elect."optical wavelength™, \
-(i."anode")/elect."source photo current™) outf="EQE.dat"

extract name="EQE2" curve(elect."optical wavelength", \
-(i."anode")/elect."source photo current"*elect." Absorption™) outf="EQE2.dat"

tonyplot IQE.dat -overlay EQE2.dat -set solarex01_1.set

HitHH
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