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Abstract

Ultrathin Cu(In,Ga)Se2 (CIGS) has an immense potential to expand the application spec-
trum of photovoltaic technologies, such as Building Integrated Photovoltaics (BIPV) or as the
power source Internet of Things devices, due to its high efficiency, flexibility, stability and low
cost. However, since the low cost stems from a absorber thickness reduction, ultrathin CIGS
faces some challenges that are not present in standard thickness CIGS, such as a decreased light
absorption and degraded electrical performance.

This thesis is focused on the development and fabrication of mitigation strategies through
the use of rear passivation and optically enhancing structures fabricated by several e-beam
lithography steps. Due to the elemental diffusion and detrimental reactions with selenium, the
encapsulation of the optically enhancing rear reflector ensures that the CIGS absorber will not
be negatively affected, while simultaneously increasing the photocurrent generation. Addition-
ally, the rear passivation dielectric layer reduces the recombination velocity of the Mo/CIGS
interface and, consequently, increased the open circuit voltage. In addition to the fabrication
and characterization of solar cells with an encapsulated passivation layer, these modifications
were studied with optical and electrical simulations and delivered a 3.2 % absolute efficiency
increase.

Keywords: CIGS; solar cells; ultrathin; passivation; optical enhancement; e-beam; FDTD;
CHARGE
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Resumo

Cu(In,Ga)Se2 (CIGS) ultrafino possui amplo potencial para expandir o leque de aplicações
das tecnologias fotovoltaicas, por exemplo, painéis fotovoltaicos integrados em edifícios (BIPV),
ou como fonte de alimentação para dispositivos Internet das Coisas, graças á alta eficiência,
flexibilidade, estabilidade e baixo custo. Todavia, visto que o baixo custo provém da redução da
espessura do CIGS, as células ultrafinas encontram desafios que não estão presentes no CIGS
de espessura padrão, nomeadamente a redução da absorção da luz incidente e um decréscimo
no desempenho elétrico.

Esta tese foca-se no desenvolvimento e fabricação de estratégias de mitigação, através da
aplicação de estruturas de passivação traseira e aumento ótico, fabricadas por vários passos de
litografia de feixe de eletrões. O encapsulamento do refletor ótico traseiro garante que o CIGS
não será negativamente afetado devido à difusão atómica e reações prejudiciais com o selénio,
enquanto que ao mesmo tempo a geração da fotocorrente é aumentada. Adicionalmente, a passi-
vação traseira constituída por uma camada de dielétrico, reduz a velocidade de recombinação na
interface Mo/CIGS, e consequentemente, leva ao aumento da tensão de circuito aberto. Além da
fabricação e caracterização de células solares com passivação encapsulada, estas modificações
foram estudadas através de simulações óticas e elétricas, resultando num aumento absoluto de
3.2 % da eficiência da célula solar.

Palavras-chave: CIGS; células solares; ultrafino; passivação; aumentos óticos; feixe de eletrões;
FDTD; CHARGE
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Motivation and Objectives

In today’s modern world, the importance of the photovoltaic (PV) module, as a source of clean
energy is undeniable. Be it as a cheap energy source, as an alternative to fossil fuels or as one of
the most environmental friendly energy supplies available to Humanity [1–4]. Consequently,
the PV industry has been on the rise, with a compound annual growth rate of the production
volume at over 40 % in the past 15 years [5].

Due to its current production low-cost, good light to power conversion efficiency values[6]
and high existent manufacturing capability, the PV market has been historically dominated by
the c-Si technology[7, 8], with currently 95 % of the world’s market share[9]. This dominance,
however, does not signify that c-Si, also designated as First Generation PV, is the be-all and
end-all of photovoltaic scientific know-how. The scientific comprehension of solar cells has
had a remarkable expansion in the last decades, since the start of the c-Si dominance, thus,
alternatives with interesting properties over c-Si have been developed, opening application
possibilities outside the reach of traditional PV. One of said alternatives, are Thin Films Solar
Cells (TFSC), a term typically applied to CdTe, a-Si and Cu(In1−XGaX)Se2 (CIGS) solar cells.
Another designation frequently attributed to the specified technologies is Second Generation
PV. Designated as “thin”, since with thicknesses in the range of single digit µm and below[10,
11], Second Generation PV solar cells are dozens to hundreds of times thinner than standard
silicon solar cells, which have thicknesses around 200 µm[10–12]. Second Generation solar cells
have the ability to function with such a reduction in the thickness values, due to the materials
composing them being classified as direct band-gap semiconductors, opposed to the indirect
band-gap of c-Si. The direct band-gap bestows the TFSCs with much higher optical absorption
coefficients[11, 13], when compared to the their first generation c-Si counterpart, as the Figure
0.1 shows.

Figure 0.1: Absorption spectra of various semiconductors. Adapted from [13].

Additionally, TFSCs exhibit superior low light performance[14, 15], relatively to the first
generation c-Si solar cells. This is in turn, translated into superior stability of the light to power
conversion efficiency value in locations where the weather conditions lead to an increased off-
axis diffuse incident light [14]. Furthermore, the superior low light performance enables the
use of TFSCs in low irradiance environments and low power applications, such as Internet of
Things smart sensors inside a building[16, 17]. Unlike standard c-Si, TFSCs have a range of
suitable materials that can be employed as the solar cell substrate, such as flexible polymer films
and metal foils[18, 19], or more traditional rigid soda-lime glass. This capability gives TFSCs
the option to be fabricated for a specific use case, thus, allowing for a greater optimization of
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MOTIVATION AND OBJECTIVES

the design for each application. A good showcase of the exceptional potential of TFSCs for
certain uses cases, resulting from the sum of these advantages, is in architectural integration
applications[20–22]. A striking example of what can already be achieved with standard PV
modules, is a new building constructed by the Centre for Solar Energy and Hydrogen Research
(ZSW) in Stuttgart, as show in the Figure 0.2.

Figure 0.2: A PV facade of a building constructed by ZSW in Stuttgart[23].

The lighter and flexible substrates allow for a more seamless installation of solar panels in
the building structure, without the requirement of stringent structural support. Additionally,
the greater electrical performance stability due to higher off-axis diffuse incident light perfor-
mance, results in a reduced negative impact compared to c-Si, if the installation is placed in
a non-ideal position relative to the solar illuminance. The impact in the visual aspect is sig-
nificantly mitigated as well, as the second generation solar cells do not possess the large grain
patterns found in p-Si, nor do they necessarily require metal grids for the electrical contacts,
since it is possible to delegate that function to transparent conductive oxides. Furthermore,
TFSCs are not limited by the wafer sizes, and can be fabricated into continuous sheets or rolls,
foregoing the interconnects between individual cells, found on traditional c-Si solar panels.
The argument for the architectural use of TFSCs is further strengthened by the commercial
availability of CIGS solar panels with multiple color options[24, 25]. Taking a step even fur-
ther, second generation solar cells can even be deployed as semi-transparent windows[20, 26],
thus not only can they act as electrical power generation devices, but can also provide to some
degree, additional building thermal management capabilities.

Even though thin film solar cells, namely CdTe, a-Si and CIGS share several common ad-
vantageous characteristics, these three technologies do not possess the same level of success
and future potential. Amorphous silicon solar cells are quite behind the other two technolo-
gies in terms of power conversion efficiency, with the best a-Si research cell achieving a 14 %
record efficiency, while research CdTe and CIGS solar cells have reached 22.1 % and 23.4 %
respectively[10, 27]. Furthermore, a-Si solar cells suffer from light-induced degradation due to
the Staebler-Wronski effect[28] thus, between the low efficiencies and the degradation under
illumination, the commercial prospects of a-Si are quite limited[9, 29]. Even though cadmium
telluride has had the largest market share of thin-film PV in the last decade[9], due mainly to
this technology having the lowest price per kW of any TFSCs[10, 30, 31], worries about the
toxicity of cadmium[29, 32, 33] during the manufacture and the disposal of CdTe solar cells
are poised to only increase if the market share of CdTe PV increases as well. On the other hand,
CIGS boasts the lowest environmental impact, when compared to the remaining TFSCs and
c-Si[34], and even though CIGS historically uses cadmium sulfide as the buffer layer, the latest
world records have been achieved with a Cd free solar cells[35, 36]. Moreover, CIGS has the

xxvi



TFSC efficiency lead in both research cells and commercial modules[6, 27, 37], even slightly
surpassing the poly-Si research cell world record, with a 0.1 %[27] advantage over the silicon
counterpart, at the time of writing. Even the price advantage that CdTe has held over CIGS is
being threatened, as cost projections predict a significant reduction in the CIGS cost per watt,
once certain technological hurdles are overcome and a greater large scale manufacturing effort
takes place[21, 25, 38].

One of the main factors currently thwarting the market expansion of the CIGS technology
into the broader PV market, is the price advantage enjoyed by c-Si, mainly poly-Si over TF-
SCs[39], as price per kW is one of the most important factors in the energy industry. Additional
points of contention are the claims that the natural reserves of the CIGS essential element,
Indium, are not large enough to accommodate the boom of the CIGS industry, and that supply
issues and price fluctuations will inevitably arise[40, 41]. To tackle these issues, CIGS can resort
to its set of properties in order to gain the advantage. By reducing the absorber thickness from
2 µm to 0.5 µm, the dependence in the scarce element is also slashed to a quarter, increasing its
immunity to price fluctuations, furthermore, as less material is required for the fabrication of
the same area, the machine time required will therefore be reduced. These improvements will
have a compounding effect on the price of the CIGS solar cell and increasing its market attrac-
tiveness. Additionally, ultrathin CIGS solar cells have the potential to achieve higher electrical
performance, due to lower bulk recombination, when compared to standard bulk thickness
CIGS[42–44]. Even if CIGS fails to beat c-Si head-on, its peculiar properties make it much
more well suited for applications where the shortcomings of c-Si prevent it from large scale
deployment, making CIGS still a worthy endeavour to develop[34, 38, 45]. On the other hand,
reducing the absorber layer thickness down to a quarter, does have negative effects, such as,
the incomplete optical absorption of the incident spectrum[46], which will result in degraded
power conversion efficiencies. Moreover, the absorber thickness decrease negatively affects the
electrical performance of the CIGS, since it results in an increase of the recombination of the
charge carriers in the rear contact interface[47, 48], with this being one of the main limiting
factors of CIGS solar cells[49].

To tackle the points of concern of ultrathin devices, more specifically, the rear contact re-
combination, the deposition of insulating material between the rear contact and the absorber
layer as a passivation layer, has been proposed and demonstrated by several authors[43, 50–52],
including past work developed by the Nanofabrication for Optoelectronic Applications (NOA)
group at the International Iberian Nanotechnology Laboratory (INL), where I partook in the
development of the fabrication process of said passivating structure[53]. While the passivation
layer is focused on improving the electrical performance, it possesses beneficial optical proper-
ties, partially curtailing the optical losses[53]. Nonetheless, even with the dielectric layer, the
optical losses are still significant, and need to be thoroughly addressed[54]. Consecutively, the
optical deficit can be decomposed into two smaller challenges affecting the solar cell perfor-
mance: i) high optical parasitic losses due to the high optical absorption and poor reflectivity
of the molybdenum (Mo) rear contact[55]; ii) weak optical absorption of the absorber layer in
the near infrared range[49]. Replacing the Mo back contact with a metal with higher reflection
properties is not an option, since Mo has empirically outperformed other alternatives, and it has
been the only metal to reliably form a good electrical contact with CIGS at the rear contact[56,
57]. Thus, in order to reduce the optical parasitic losses and increase the mean optical path, a
highly reflective metal film can be deposited between the rear contact metal and the dielectric
passivation layer, therefore providing an increase in the rear reflection and the augment to the
optical absorption of the CIGS layer, as a consequence of said reflection increase. Such work
was performed by T. S. Lopes et al.[54], where once again I contributed in the fabrication de-
velopment procedures. The results did not meet the expectations, as some CIGS solar cells had
their performance severely degraded, and it was concluded that the culprit was the unwanted
elemental diffusion from the metal reflector to the CIGS layer, which would then negatively
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alter the characteristics of the absorber layer [19, 54, 56].
It is this pitfall of the previous architecture that lead to the need of the work that shall

hereby be presented and developed. Therefore, the need to create a passivating structure with
the correct optical properties, capable of increasing the optical absorption remains, but with the
added constraint that the new layout needs to eliminate any possible diffusion paths between
the metal film and the absorber layer. In other words, the design needs to encapsulate the metal,
and shield it from contact with the CIGS. The structure will be fabricated using traditional
cleanroom additive and subtractive techniques e.g. Magnetron Sputtering and Inductively
Coupled Plasma Etching (ICP), with the addition of the use of electron beam lithography. The
resulting product shall be characterized by Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM) and Scanning Transmission Electron Microscopy (STEM) Energy
Dispersive X-ray Spectroscopy (EDS). Furthermore, the proposed structure will undergo op-
tical simulations through Finite-Difference Time-Domain methods (FDTD) and additional 3D
electrical simulations by a self consistent Poisson solver, all part of the Lumerical Suite[58], in
order to better understand the underlying causes and effects, and better optimize the fabrication
process.
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1 Introduction

Cu(In1−XGaX)Se2 is a chalcopyrite semiconductor alloyed from the CuInSe2 and CuGaSe2
ternary compounds in a variable X ratio. It belongs to the I-II-VI2 family of semiconductors,
and it is the light absorbing material of the namesake CIGS class of thin film solar cells[59].
The crystal structure is organized in a tetragonal crystal system, where each Copper (Cu) or In-
dium/Gallium (In/Ga) atom has four bonds to a Selenium atom (Se). Conversely, each Se atom
has two bonds to Cu and two to In/Ga[59]. A representation of the crystal structure is available
in Figure 1.1. CIGS is a p-type semiconductor, and it is suitable as an absorber material due
to its direct bandgap and comparatively high optical absorption coefficient, as demonstrated
previously in Figure 0.1.

Figure 1.1: Chalcopyrite structure of CuInSe2. The Cu atoms are represented in red, In in blue
and Se in green. In CuGaSe2 crystals, the In is replaced by Ga atoms[60, 61].

CIGS has the inherent ability to tailor its bandgap by varying the [Ga]/([Ga]+[In]) content
ratio, creating the possibility of having different band gaps at different depths[47]. Furthermore,
the electrical conductivity can be fine-tuned by varying the CIGS constitution, with one of
the major contributing factors being the [Cu]/([Ga]+[In]) ratio[13, 62]. The CIGS quaternary
compound is an intermediate layer in a heterostructure solar cell device, whose construction
relevant to this work can be seen in the Figure 1.2, and is constituted in the following manner,
starting from the bottom:

Figure 1.2: Structural schematic of a CIGS solar cell. Diagram for illustrative purposes. Not at
scale.

i) The substrate is soda-lime glass (SLG), due to its widespread availability, relative low-cost
and good thermal expansion compatibility with the CIGS[63]. Additionally, the sodium content
from the glass will diffuse into the CIGS layer and significantly improve its performance[64]; ii)
The rear contact is composed of molybdenum, due to the good adhesion it possesses with the
SLG anddue the ohmic contact with CIGS, as result of the p-type semiconductor MoSe2 layer
that is formed during the CIGS deposition stage [56, 65]; iii) With the rear contact in place, the
p-type CIGS layer is deposited, where Cu, In, Ga and Se are co-evaporated at specific rates in
order to achieve the desired stoichiometry; iv) The p-n junction is then formed by the deposition
of the CdS n-type buffer layer through Chemical Bath Deposition (CBD); v) The buffer layer is
followed up by a transparent window bilayer composed of an intrinsic ZnO film and a second
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CHAPTER 1. INTRODUCTION

ZnO layer doped with aluminium. The i-ZnO deposition process eliminates surface oxides
from the CdS[66], and its high resistance aids in the elimination of shunt current paths and
sites of locally enhanced recombination[67], while the Al:ZnO layer has a high conductivity for
efficient charge extraction[59, 68]. vi) Concluding the fabrication, the following step consists in
the deposition of a metal grid on top of the Al:ZnO layer, with the intention of facilitating the
connection between the solar cell and external circuitry. This grid is composed of a Ni/Al/Ni
stack deposited by evaporation, with the grid being delineated by a shadow mask. The first Ni
layer function is to create an ohmic contact with the Al:ZnO, while the function of the second
Ni layer is to shield the Al layer from atmospheric exposure. The purpose of the Al layer is to
offer a current path with higher electrical conductivity.

1.1 State of the Art
With the first CuInSe2 solar cells being created with crystals of said material in 1975[69], fol-
lowed soon after by the development of the first CuInSe2 thin film solar cell in 1976[70]. From
then on, the CIGS technology has been under a constant development over the years, with
efforts being focused on different sections of the solar cell structure throughout time[32].

Recently, the research efforts have been focused on tackling key issues hampering a wider
market adoption of CIGS technology, with those being the toxicity of cadmium[71], the risk
of indium supply scarcity in the foreseeable future[41] and its cost competitiveness when
compared to the conventional Si-based solar cells[39].

The CIGS world record already belongs to a cadmium free cell[35], showing that it is not
only possible to create efficient cells without Cadmium Sulfide (CdS), but that it is the way
forward. In order to tackle possible indium supply chain restrictions, efforts have been made
to develop solar cells with absorber thicknesses under a single µm, classified as ultrathin[72].
The reduction of the active layer thickness also has the benefit of reducing material usage,
lowering cost and increasing manufacture throughput, which in turn, lowers cost even further.
In order to tackle the reduced optical absorption created by the reduction of the absorber layers,
efforts are being made with the intent of increasing the optical path through light trapping,
by using reflective back structures[48, 54, 73] and nanoparticles[74]. Moreover, the electrical
performance of ultrathin cells can be further improved by employing passivation layers, on
both the front CIGS interface[75], and the back contact[50, 53]. These concepts are developed
to a greater extent below. The work being developed in this thesis, will focus on tackling both
the increase of the light absorption of the solar cell, and the electrical performance of the rear
contact.

Additional efforts to lower the cost of these types of solar cells are under way, for instance,
the use of flexible substrates, such as steel or polymer films[18], and the use of low-temperature
and high-output production using printing techniques for the deposition of the active layer[76].

1.2 Single Diode Equivalent Model
In order to better understand the various phenomena that occur in a solar cell, and what are
the causes and consequences of such, it is necessary to comprehend the electronic behaviour
of a solar cell. For such, one can be aided by the use of a equivalent model constructed out
of discrete electrical components of which, the properties are well understood. This will thus
allow the determination of the equations that describe the behavior of the photovoltaic device.
In this segment, the equivalent circuit is shown in Figure 1.3a, as well as a few important
equations that describe the most important parameters of a solar cell.

The equivalent circuit is composed of a photogenerated controlled current source, IPH , the
ID is the designation of the current flowing through the diode described by the Shockley diode
equation, which represents the PN junction of the solar cell, and finally the two resistors RP
and RS account for the parasitic parallel and series resistance present in real devices[77].
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1.2. SINGLE DIODE EQUIVALENT MODEL

(a) Solar cell diode model. (b) Current density-Voltage curves in
dark and light conditions. Adapted

from [59].

Figure 1.3: Equivalent circuit and Current-Voltage plot.

The most pertinent behaviour-describing equations will be displayed, while the deduction
of said equations lays beyond the scope of this work, thus I relegate such developments to the
referenced material[13, 77, 78].

The current-voltage relation in a solar cell is described by the following equation:

J = J0 ·
(
exp

(
qV − qJRS
AkBT

)
− 1

)
+
V − JRS
RSH

− Jph (1.1)

where J , J0 and Jph represent the current density, the saturation current and the photogener-
ated current respectively. RS and RSH signify the specific series and shunt resistance (Ω · cm2),
as exemplified on Figure 1.3a. The diode ideality factor is represented by A, with V being
the voltage difference on the solar cells terminals, while T is the temperature of the solar cell.
Finally, kB is the Boltzmann constant and q is the electron elementary charge.

When the current in the solar cell is equal to 0, the cell is in the “open circuit” condition, on
which, the open circuit voltage is the following:

VOC =
AkbT
q
· ln

(
Jph
J0

+ 1
)

(1.2)

It is worth mentioning the logarithmic relation between the saturation current, J0, and
the open circuit voltage of the solar cell, as it is this relation that gives further relevance and
importance to the surface recombination and consequent passivation layer, such as it will be
described in the Section 1.3.

One important figure of merit is the Fill Factor (FF), which is defined by the ratio of the
product of the voltage and current density at maximum power (VMP and JMP respectively) by
the product of the JSC and VOC , as shown in equation 1.3.

FF =
VMP JMP
VOCISC

(1.3)

Ranging between one and zero, the FF gives the ratio of how close the solar cell is near
to an ideal solar cell, as it is affected by many deficiencies present in the solar cell, such as
the series and shunt resistance mentioned antecedently, thus being an useful indicator of the
overall quality of the solar cell.

Knowing JSC , VOC and FF, it is possible to calculate the light to power conversion efficiency
of the solar cell (η), that is, how efficiently the solar cell can convert the power of the incident
light into electrical power. The efficiency equation is the following:

η =
JSCVOCFF

Pinc
(1.4)

Pinc stands for the incident optical power on the solar cell.
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CHAPTER 1. INTRODUCTION

1.3 Carrier Recombination & Passivation
As elaborated in Motivation and in the section 1.1, it is desirable to couple the increase of CIGS
solar cells efficiency, with the reduction of the absorber thickness. Howbeit, this subtraction is
met with a degradation of the solar cell performance, manifested across all solar cell’s figure
of merit, i.e. the short-circuit current (JSC), open-circuit voltage (VOC), Fill Factor (FF) and
efficiency(η). This section will focus in the VOC deficiency, which is a consequence of an
adverse effect present in the CIGS solar cells, the rear interface recombination. An effect that
gains further prominence through the absorber thickness reduction since the photogeneration
of carriers will be situated closer to the back contact, and thus the probability of the rear
interface recombination will be higher[79, 80].

Recombination is the opposing mechanism of the fundamental photovoltaic effect. It con-
sists in the charge carrier annihilation that occurs when an excited electron, through several
mechanisms, stabilizes from the conduction band into an empty valence band state, thus oc-
cupying the vacant state that was represented by the hole charge carrier, effectively removing
the electron from the photogenerated current. The subtraction from the photogenerated cur-
rent can be represented as a current of opposing polarity, as is conventionally designated as
the recombination current[81, 82]. The recombination current is detrimental to the solar cell
performance, as it significantly impacts the VOC . The reason being the logarithmic decrease
of the VOC with the increase of the dark saturation current (J0), which in turn is dependent
on the recombination current of the solar cell, as the equation 1.2 dictates [83]. Additionally,
the reduction in charge carriers has a direct and negative impact on the short circuit current,
further plunging the solar cell efficiency [84].

One of the critical locations in a CIGS solar cell, where of one the detrimental recombination
processes occurs at a higher rate, is the rear contact interface between the CIGS and the MoSe2
layer[50, 84–86]. This effect is already present on standard thickness solar cells, but in ultra-
thin devices, it gains further prominence as a larger portion of the generated minority charge
carriers are located closer to this recombinative hotspot, meaning that the negative effects of
the recombination are further augmented[47, 48].Therefore, it is of the utmost importance that
an effective approach is developed in order diminish the recombination velocity of the rear
interface in ultrathin CIGS solar cells.

Since this obstacle is caused due do the interface between the CIGS absorber and the metal
contact, one of the most direct approaches to have been deployed, is the reduction of the area
between these two critical layers. This is designated by chemical passivation, a term originated in
the silicon industry, that involves the reduction of the total number of electrically active defects
in an interface, by selectively distributing insulator material and thus, restricting the locations
where the electrical contact takes place[43]. Since the total number of electronic defects was
reduced, the interface recombinative velocity will thusly be reduced, resulting in a positive
impact on the solar cell performance. Additionally, the dielectric materials intended to be
used as passivation layers, ideally possess a high density of fixed charges that create a built-in
electric field into the semiconductor. This is commonly designated as field-effect passivation.
This phenomena is beneficial since, with the correct polarity, such field will repel the minority
carriers from the highly recombinative interface, hence reducing the effective recombination
velocity and bolstering even further the passivating effect of this layer[43, 53, 87].

1.4 Light Management
Reducing the absorber thickness has additional detrimental effects on the solar cell. Due to
several factors, a significant loss in short-circuit current occurs. The predominant factor is
the incomplete optical absorption in the longer wavelengths of the incident spectrum[49, 88].
Additionally, the Mo rear contact possesses a high parasitic optical absorption, meaning that a
significant percentage of photocurrent (Jph) is lost due to the optical absorption occurring in
the metal layer, instead of it taking place in the absorber[48, 54]. Replacing the Mo rear contact
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1.4. LIGHT MANAGEMENT

with a conductor with more favorable optical properties is not a feasible option. Certain metals
can outperform molybdenum in particular aspects, but no other metal is able to offer as a good
balance in characteristics. Mo possesses good adhesion to the SLG substrate, high thermal
stability, low electrical resistivity and high corrosion resistance against the Se present during
CIGS deposition, forming a thin layer MoSe2 that forms an ohmic contact with the absorber
layer[13, 89]. Consequently, it is desirable that a solution is found that is capable of bolstering
the optical absorption in the CIGS layer, by increasing the optical length of the incident photons
in the absorber layer, and reducing the losses of the incident power absorbed in the molybdenum
rear contact.

A solution was demonstrated in one of my earlier contributions, published by T. S. Lopes et
al.[54], where it was proposed the placement of a thin layer of a highly reflective metal beneath
the passivation layer, in order to increase the reflectivity of the rear contact. The consequences
of the increase in reflectivity is the second chance given to the non-absorbed photons, to be
absorbed in the CIGS layer when they are reflected back into it. In this manner, the photocur-
rent is compensated for the reduction created by issues above described. Furthermore, this
structure has the benefit of potentiating other light trapping schemes due to the reduction in
parasitic losses as it was mentioned in the references[74, 90]. Unfortunately, this architecture
is not without its faults, and in the article in question, the shortcomings of the proposed archi-
tecture were demonstrated. Even though the majority of the metal mirror is slated between
the molybdenum rear contact, and the dielectric layer, thus being mostly shielded during the
remaining fabrication steps of the solar cell, the metal film is exposed in the contact zones as a
consequence of the fabrication process, as shown in Figure 1.4.

Figure 1.4: Locations where metal diffusion and selenium reaction occur during the CIGS
fabrication process.

This small exposed section is enough for vile reactions to occur during the CIGS deposition
step which resulted in degradation of the solar cell performance. Said reactions ranged from
atomic diffusion of the metal elements into the absorber layer, which in turn negatively altered
the properties of the CIGS film[19, 56], harmful reactions between the metal and the selenium
atmosphere, to the complete detachment (peel-off) of the metal layer, which would in turn
remove the layers situated above, from the substrate, thus destroying the entire solar cell[54].
Despite this, positive results were achieved on solar cells made with zinc and tungsten-titanium
alloy back mirrors, as they proved to be quite resilient to high temperatures (≈ 550 °C) and the
harshness of the chemical atmosphere present during the fabrication step of the CIGS layer[68].
Additionally, they were capable of providing considerable gains in the performance of the solar
cell. Nevertheless, as demonstrated in the article in question, other metals such as silver, should
be used in order to fabricate back mirrors with higher reflectance, which creates the necessity
for the development of a passivation/rear mirror structure that will not suffer from the same
flaws, and can accommodate a much broader range of back mirror structures and materials.

Accounting for this issue, the design proposed in this thesis will have a buffer zone in the
contacting area, where the metal layer will be subtracted, leaving sections containing only the
dielectric material. This effort is made with the intention of eliminating any exposed metal and
preventing the consequent reactions delineated above.
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2 Materials and Methods

In the previous Introduction chapter it was set forth the motivation and reasoning behind
the passivation layer and what it had to accomplish. The Materials and Methods segment
will elaborate on the advanced fabrication process and characterization techniques necessary
to fabricate and survey the desired structure. Furthermore, optical and electrical simulation
studies were conducted with the intent of aiding the design process and the decisions involved,
and to better understand the underlying effects that are responsible for the augmentation of the
performance on passivated CIGS solar cells. Thus, a small description of those methods will be
given.

2.1 Device Fabrication Process
The institution where this Thesis was developed in, the International Iberian Nanotechnology
Laboratory (INL), does not have a CIGS TFSC production line, being the solar cell production
delegated to our Swedish partners in Uppsala University. Instead, in this Thesis the focus is set
on the rear contact and passivation structure that was previously described, with a complete
overview of the CIGS fabrication process available elsewhere[68]. Previous iterations of my
work, have their fabrication process described in detail in the following works by Bose et al.[53]
and Lopes et al.[54], with a short description of each given in the Results Chapter. Therefore,
only the most recent architecture will receive a detailed description of the fabrication process.

Before the description of the process begins, I draw the attention of the reader to Figure
2.1, where a cross-section and a 3D illustration of the Mo/CIGS interface passivated by the
proposed structure are shown. The design can be summarized into a 2D layout, represented in
Figure 2.1b that was extended throughout the entire length of the substrate. The design consists
on the placement of the metal mirror segments on top of the molybdenum contact, followed
by the encapsulation of the mentioned metal with an insulator, in order to physically shield
the metal from the CIGS harsh growth conditions. The electrical contact is done in-between
these passivation structures at specific intervals, allowing for an effective extraction of charge
carriers. In Figure 2.1b, the dimensions designations are presented. The margin consists on the
distance between the edge of the metal mirror and the insulator layer. The width is the distance
between the edges of two insulator lines, and it is where the electrical contact occurs. Finally,
the pitch is the distance between the same point of two different lines.

(a) 3D Render of the passivation stack. (b) Cross-section of the passivation stack with CIGS.

Figure 2.1: Proposed passivation structure. Diagrams for illustrative purposes. Not at scale.

In order for the encapsulation of the metal mirror to occur, the width of the insulator
segments need to be wider than the width of the metal mirror lines, otherwise, the pitfall of
previous architectures will be repeated[54], and the exposed metal will deteriorate the solar
cell performance, as it will be further developed in the Results Chapter below. The proposed
design modification aims to solve the issues created by the exposed metal reflector, but with
the repercussion being that, while in previous processes a single lithography step would suffice,
that is not the case in this design. Due to the two different widths of the metal and insulator
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patterns, and considering the fabrication equipment available at the INL cleanroom, this design
requires two distinct lithographic processes. One to define the pattern of the metal mirror layer,
and the second lithography to define the larger segments of the insulator layer. This, in turn,
requires further modification to the existing processes. Since the rear reflector/passivation layer
pattern transfer occurs in two steps, and due to the need to ensure the metal encapsulation, the
two lithographies need to be well aligned with one another. To guarantee the correct pattern
alignment, the lithography equipment requires the use of alignment markers, which in turn,
need to be created in a third lithography step to ensure proper layer alignment.

The fabrication process starts in the Ångström Solar Center, where 5×5 cm2 SLG substrates
undergo the process of DC sputtering the Mo rear contact, in a MRC 603 sputtering system at
0.8 Pa and 1500 W, represented in Figure 2.2 with the a) step. When completed, the resulting
Mo layer possesses a sheet resistance of 0.6 ± 0.1 Ω/� and a thickness of 350 ± 20 nm.

Figure 2.2: Schematic representing the alignment markers fabrication process. Not at scale.

2.1.1 Alignment Markers

On reception of the substrates at the INL facilities, they were submerged in an acetone ultra-
sound bath for 10 minutes, followed by a 10 minutes ultrasound bath in isopropanol, rinsed
with deionised water and blown dry with nitrogen. The second major step involved the fabrica-
tion of the required alignment markers, represented in Figure 2.2 by the b), c) and d) steps. This
fabrication stage started with a hexamethyldisilazane (HMDS; C6H19NSi2) treatment applied to
the substrates at 150°C, creating an adhesion promoter layer for the photoresist film. The latter
being spin-coated onto the substrate, creating a 2.2 µm film of the positive optical photoresist
(PR) AZ P4110 on top of the Mo layer. This step was achieved using a SUSS Microtec Gamma
Cluster and a standard INL recipe. On completion, the PR coated substrates were exposed
using direct laser optical lithography on a Heidelberg DWL 2000 equipment, with the laser
operating at the 405 nm wavelength, and with standard exposure conditions at the time of the
exposure. The marker lithography was executed in this equipment due to: i) it relinquishing
the need of physical lithography masks, thus providing a greater process flexibility; ii) the
chosen lithography system requires square markers with a 20 µm length, which is significantly
above the 700 nm resolution limit of said equipment; iii) from initial sample loading to the
removal of the exposed substrate, the exposure step can be done in approximately five minutes,
making it one of the fastest lithography process available at INL. The PR development was
executed in the Gamma Cluster, using AZ 400K:H2O 1:4 developer for 300 seconds. The result-
ing exposed pattern conformity to the original design mask, was checked through an optical
microscope. The substrates underwent the transfer of the markers pattern from the PR onto
the Mo layer through reactive ion etching on a SPTS Inductively Coupled Plasma tool (ICP).
The etching process needed to remove a minimum of 120 nm from the 350 nm layer of Mo,
in order to attain a sufficient marker electronic contrast when said markers were analysed by
the 100 kV electron beam lithography tool. Taking into account the Mo etch rate, the thermal
limitations of the PR layers and the typical substrate temperatures during reactive ion etching,
the 5 minutes long etching process was segmented into a set of smaller 30 and 60 seconds steps
with the intent of minimizing the damage to the PR layer, so that it can be effectively stripped
from the substrate. With the marker pattern transfer process complete, the remaining PR was
removed by submerging the substrates for at least 20 minutes in an acetone ultrasound bath.
Afterwards, the substrates were submitted to a 230 W O2 plasma ashing step on a PVA TEPLA
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Plasma Asher for 6 minutes. On completion, the samples were submitted to another 20 minutes
acetone ultrasound bath, and a subsequent 5 minutes isopropanol ultrasound bath, rinsed with
deionised water and blown dry with nitrogen.

2.1.2 Metal Mirror Layer

With the markers defined, the substrates went on to receive the metal back mirror, represented
by the steps e), f), g) and h) in Figure 2.3.

Figure 2.3: Schematic representing the fabrication process of the metal mirror layer. Not at
scale.

The first task involved the selection of the metal for the back reflector function. Said decision
was done in accordance to the following criteria: i) the metal had to possess a superior optical
reflectance spectrum when compared to Mo; ii) the metal needed to be compatible with the
fabrication process; and iii) it had to be available to be deposited at the INL cleanroom. In
Figure 2.4 the reader can find the reflectance spectra[91, 92] of a few of the most relevant metal
options, as well as the spectrum of the transmitted optical power through a 500 nm ultrathin
CIGS solar cell, simulated by FDTD methods.
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Figure 2.4: Reflectance spectra of possible metals to be employed as the back metal mirror[91].

Copper, silver and gold stand out, as their reflectance is above 95 %, between 0.7 µm and
1.1 µm wavelengths. This high reflectance value is highly desirable, as it is in the longer
wavelengths, where the ultrathin CIGS suffers the most from incomplete optical absorption.
Unfortunately, these metals are incompatible with the current fabrication process, due to ma-
terial redeposition that occurs during the etch step in the ICP tool[93]. The next best option is
aluminium, having a reflectance of 87 % and above throughout the entire relevant spectrum.
More importantly, depending on the wavelength, aluminium has a 18 % to 38 % higher re-
flectance, in comparison to the molybdenum rear contact. In terms of compatibility with the
fabrication process, aluminium does not have the same redeposition issues mentioned previ-
ously, nor does it have other relevant hindrances. Furthermore, when compared to Ag, Au and
Cu, Al is more advantageous due to its lower price, increasing the feasibility of process’s future
scale-up. For these reasons, it was decided that aluminium, deposited by a Kenosistec multitar-
get UHV sputtering system, would be the constituting element of the rear reflector. In terms
of the thickness value of the Al layer, the decision was influenced by the necessity to guarantee
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the complete encapsulation of the reflector layer. Moreover, the lack of previous definitive
conclusions related to the conformability of the insulator deposited on top, and especially, on
the side walls of the metal layer, influenced the decision. Thus, a consensus was formed around
the 10 nm value for the thickness of the Al layer for the initial fabrication run, as this value is
half of the thickness of the insulator layer, thus reducing the chance of encapsulation failure.
After the quality of the encapsulation was established in the initial fabrication run, the metal
mirror thickness was increased to 25 nm, for additional optical gains. As it will be shown in
the Optical Simulations Results section, a 10 nm thick metal reflector still provides significant
aid to the CIGS optical reabsorption.

With the metal mirror deposited, the process advanced into the second lithography step,
accomplished in the Vistec EBPG 5200 electron beam lithography system, due to its superior
alignment and resolution capabilities, when compared with the optical Heidelberg DWL 2000
system[94, 95]. A 430 nm layer of undiluted Polymethyl methacrylate (PMMA; (C5O2H8)n), an
electron sensible positive resist, was spun on top of the metal mirror and baked at 150 °C for
one minute, with the aid of the SUSS Microtec Gamma Cluster track. Before the exposure, the
samples were placed inside the loading chamber of the electron beam lithography system for
approximately eight hours, in order to reach thermal equilibrium with the system and eliminate
alignment errors caused by the thermal expansion of the glass substrate. The exposure occurred
at a beam acceleration voltage of 100 kV, and at a beam current of 100 nA. The pattern consisted
on array of lines with a width varying from 0.7 µm to 1.2 µm, depending on the sample, a pitch
of 2 µm and a length of 4 cm. A representation of the exposed pattern can be found in Figure
2.3 g). After the, up to, 25 hours long exposure, the exposed PMMA was submitted to the
development process, which again was executed in the Gamma Cluster. The development
process lasted 40 seconds, using a Methyl isobutyl ketone based developing solution.

After the development, line shaped sections of the metal mirror were exposed, in the loca-
tions where the electrical contact with the rear electrode will be made. This meant that the
exposed metal could now be selectively removed, and this step was achieved with the second
ICP etch of the fabrication process, this time lasting for 20 seconds. The process to strip the
remaining PMMA was the same described for the stripping of the AZP 4110 in the marker
fabrication segment.

2.1.3 Insulator Layer

With the metal mirror layer fabricated, the process advanced into the passivation layer assembly
stage, depicted in Figure 2.5 by the steps i), j) k) and l).

Figure 2.5: Schematic representing the fabrication process of the insulator layer. Not at scale.

The insulator selection process had two points in common with the metal selection: i) the
chosen insulator had to be compatible with the fabrication process; ii) and it had to be available
at the INL facilities, since it was an intermediate step of the fabrication process. Moreover, the
insulator had to fulfill two additional requirements: iii) it needed to be capable of withstanding
the high temperatures of the CIGS deposition process (≈ 550 °C)[50, 68]; iv) the insulator had
to exhibit both good chemical, and field-effect passivation capabilities, in order to maximize the
solar cell performance. From the available material pool, only two insulator materials fulfilled
the specifications, SiOx and Al2O3. While Al2O3 has seen wide usage as the rear passivation
layer in CIGS[48, 50, 54, 85], in this process, the selected insulator was SiOx, with it holding
a proven track record as a passivation layer as well[53, 85, 87]. The main factor that lead to
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the choice of SiOx as the insulator material in this fabrication process, was the quality of the
deposited films of both the SiOx and Al2O3 materials, at the INL facilities. From previous
experience and unpublished data, the RF sputtered Al2O3 in a Timaris FTM tool, has proven to
have a lower quality consistency in terms of the passivation layer performance, when compared
to the SiOx deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) in a SPTS
MPX CVD tool. With the insulator selection process complete, the substrates underwent the
deposition of 20 nm of SiOx by PECVD at 300 °C on a SPTS MPX CVD, as it is represented in
the step i) of the Figure 2.5.

As preparation for the third lithography step, the substrate was spin-coated with 430 nm of
PMMA, with the same conditions as described previously. After, the sample was loaded into the
Vistec EBPG 5200 e-beam lithography tool, and a thermalisation interval occurred. The aligned
exposure consisted on the same line pattern with the same length and pitch, but with a width
0.5 µm smaller, meaning that the pattern had a 0.25 µm margin on each side, i.e. if the first
e-beam exposure consisted of lines with a width of 0.66 µm, in the second e-beam exposure,
the line width would be 0.16 µm. The beam acceleration voltage remained at 100kV, but the
beam current was reduced from 100 nA to 70 nA, as the µC dosage was lower. Afterwards, the
substrate was again developed for 40 seconds with a Methyl isobutyl ketone based developer
in the Gamma Cluster.

The third and last etching step, with the intent of removing the excess SiOx and creating
the contact openings to the Mo rear electrode, was again executed in the SPTS ICP tool. The
conditions were the same as the previous etch steps, but the duration was adjusted to 30 seconds,
in order to account for the thickness and etch rate of the SiOx layer. After performing the strip of
the remaining PMMA through the use of acetone and the plasma asher as previously described,
the fabrication process was complete.

2.2 Characterization
Throughout the several stages of the various fabrication processes that lead to complete CIGS
solar cells, careful examination of the samples was required, in order to accurately assess the
resulting quality of each process.

2.2.1 Sample Analysis

During the interim steps of the previously described fabrication phase, the quality of the align-
ment markers, and the status of the sample’s overall cleanliness after each resist strip step, was
obtained through a Nikon Eclipse L200N 100x optical microscope. After the completion of
the fabrication of the passivation structure, the samples were taken into a NovaNanoSEM 650
Scanning Electron Microscope (SEM), operating at 5 kV, for surface analysis. Through this data,
it was possible do determine the accuracy of the alignment, and the likelihood of the metal
layer encapsulation having been successful or not.

Post CIGS solar cell fabrication, multiple solar cell cross sections where analyzed through a
Transmission Electron Microscopy (TEM) FEI Titan Themis operated at 200 kV. The extracted
data allows the determination of the level of success of the fabrication stage, by the analysis
of the subsequent structure. Additionally, elemental analysis through Scanning Transmission
Electron Microscopy (STEM) Energy Dispersive X-ray Spectroscopy (EDS) was performed, in
order to ascertain the status of the back reflector and passivation layer, and to determine if the
encapsulation was successful.

2.2.2 Solar Cell Electrical Characterization

The completed CIGS solar cells were subjected to current density-voltage (J-V) measurements,
in order to ascertain the electrical performance gains of the solar cells that received the encap-
sulated back structure. These results were then compared to reference solar cells, produced
in the same run of the Ångström Solar Center pilot line, at Uppsala University. The J-V mea-
surements were accomplished through the use of a modular system developed at the Ångström

11



CHAPTER 2. MATERIALS AND METHODS

Solar Center, with a tungsten halogen lamp outputting an optical power density calibrated to
1 kW/m2, and a voltage sweep from -0.5 V to 1 V in 5 mV steps. External quantum efficiency
(EQE) measurements accompanied the J-V results, being the data extracted from representative
cells of each fabricated substrate. During the EQE measurements, the sample was illuminated
with monochromatic light ranging between the 330 nm wavelength and 1000 nm, in 2 nm steps.

2.2.3 Architecture Simulation

Accompanying the fabrication of the solar cell substrates, extensive optical and electrical simu-
lations were performed, intended at providing both a better understanding of the underlying
effects, and allow for the optimization of the proposed design, with the intent of maximizing
the solar cell performance.

The optical simulations were performed using the commercial software solution Lumerical
Finite-Difference Time-Domain (FDTD) solver[96]. Said software is capable of resolving the
Maxwell’s equations in complex 3D geometries by decomposing said structures into a discrete
spatial and temporal grid. Some of the solved equations, but not limited to, are the follow-
ing[96–98]:

∂
−→
D
∂t

= ∇× −→H (2.1)

−→
D (ω) = ε0εr(ω)

−→
E (ω) (2.2)

∂
−→
H
∂t

= − 1
µ0
∇× −→E (2.3)

These are the Maxwell’s curl equations solved in non-magnetic materials, where
−→
H ,
−→
E and

−→
D

are the magnetic, electric and displacement fields respectively. The complex relative permittiv-
ity, or dielectric constant, is represented by εr(ω) = n2, where n is the material refractive index.
Additionally, µ0 is the permeability of free space and ε0 is the permittivity of free space. ω
and t represent angular frequency and time, respectively[97–99]. Further details of the FDTD
simulations will be provided in the optical simulation results section.

The electrical simulations were executed using the Lumerical CHARGE software, a 3D charge
transport simulator capable of solving the Poisson’s electrostatic potential equations and the
drift-diffusion equations[100, 101]:

Jn = quenE + qDn∇n (2.4)

Jp = quhpE − qDp∇p (2.5)

where J is the current density, µh and µe are the hole and electron mobility respectively, n
stands for the concentration of free electrons while p represents the concentration of free hole
carriers. The electron elementary charge is represented by q, while Dp and Dn stand for the
diffusion coefficient of holes and electrons, respectively.

In order to solve the drift-diffusion equations (2.4;2.5), it is necessary to know the electric
field, which can be determined by solving the following equation[100, 101]:

−∇ · (εr∇V ) = qρ (2.6)

where V is the electrostatic potential, and ρ is the net charge density. In order to account
for the charge conservation, the auxiliary continuity equations are required[100, 101]:

∂n
∂t

=
1
q
∇ · Jn −Rn (2.7)

∂p

∂t
= −1

q
∇ · Jp −Rp (2.8)

where Rn and Rp are the net recombination rate of electrons and holes, i.e. the difference
between the recombination rate and generation rate of each carrier.
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3 Results and Discussion

The research and development of microfabrication processes is highly iterative in nature, mean-
ing that current efforts are based in the findings and conclusions of previous versions of the
work in question, with the intent of further improving the previous result. This thesis is no
exception, and in order to validate the hypothesis that served as the cornerstones of this thesis,
the main outcomes of previous iterations will be presented, works in which I partook in[53, 54].
Subsequently, the results of the optical and electrical simulations of the current and previous
designs versions will be presented, in order to provide a direct comparison between the pre-
sented architectures and to allow for further study of the current proposed design. Ultimately,
the results of the characterization of the fabricated substrates will be shown, as well as the
results corresponding to the analysis of the complete solar cells.

3.1 Previous Results

Before advancing into the latest results, the outcome of my precedent works relevant to this
thesis, will be presented. For the sake of brevity, an abridged version will be showcased.

3.1.1 Insulator Passivation Layer

The first results pertain to the article “Optical Lithography Patterning of SiO2 Layers for Inter-
face Passivation of Thin Film Solar Cells”[53] published by Bose et al. The aim of this article
was to study the impact of a passivation structure fabricated through optical lithography on a
ultra thin CIGS solar cell. For such, a 25 nm thick layer of SiO2, positioned on top of the Mo
rear contact, was fabricated with a stripped pattern. In addition, the dimensions of the pattern
were varied in order to study the relation of the distance between electrical contacts and the
efficacy of the charge carrier extraction. A schematic representing the fabricated structures is
found in Figure 3.1. Furthermore, the article showcased the capabilities of SiO2 as a passivation
material for CIGS solar cells.

Figure 3.1: Schematic representing some of the fabricated structures. Adapted from [53].

The fabricated substrates underwent the processing required for the fabrication of a com-
plete solar cell at imec[53, 102]. The solar cells had a similar structure as described previously,
that is: SLG/Mo/SiO2/CIGS/CdS/i-ZnO/Zno:Al/Ni-Al-Ni grid, with the CIGS layer being co-
evaporated at 550 °C and with a final thickness of 450 nm. The elemental composition of
the CIGS layer was measured by X-ray fluorescence and was determined to be the following:

[Cu]
[Ga]+[In]=0.7 and [Ga]

[Ga]+[In]=0.3. Reference substrates possessed, apart from the passivation layer,
the same cell structure, elemental composition, and were processed in the same batch.

The resulting solar cells underwent J-V and EQE characterization, in order to measure the
impact of the passivation structures and the different distances between electrical contacts.
Representative plots of the results can be found in Figure 3.2, and the averaged values of the
J-V figures of merits can be found in the Table 3.1
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(a) Representative EQE plots.
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(b) Representative J-V plots.

Figure 3.2: Results from J-V and EQE measurements of reference and passivated solar cells.

Table 3.1: Average and standard deviation values of each passivation pattern.

Sample Line Width (µm) Pitch (µm) Passivation Area (%) JSC (mA/cm2) VOC (mV) FF (%) η (%)

Reference No passivation layer 16.60±0.94 536±16 55.2±3.4 4.9±0.6
H0.7Pitch2 0.7 2 65.0 18.22±0.31 607±5 52.2±8.9 5.8±1.0
H0.7Pitch4 0.7 4 82.5 16.96±0.39 580±1 59.3±4.2 5.8±0.5
H0.7Pitch8 0.7 8 91.3 17.72±1.09 518±16 46.3±6.1 4.3±0.8

The EQE measurements, displayed in Figure 3.2a, demonstrate the optical enhancements
induced by the passivation layer, such as it was hypothesised in previous chapters. All the
passivated samples demonstrated a superior external quantum efficiency in comparison with
the reference cell. Such EQE increase is then translated in a consequent augmented JSC in all
the passivated solar cells.

When analysing the J-V data in Figure 3.2b and the Table 3.1, a distinct behaviour is ob-
served with the samples H0.7Pitch2 and H0.7Pitch4. These two samples possess the hallmark
effects of rear interface passivation. They present an increase in the VOC , an increased JSC and
similar values of FF, when compared to the reference solar cell[43, 50, 103]. These gains are
translated into a final gain in efficiency up to 18 %, relative to the reference non-passivated solar
cell. The hypothesis that SiO2 can be utilized as the constituent material of passivation layers
is thus confirmed. Additionally, the beneficial effects of a passivation layer are demonstrated
as well. On the contrary, the sample H0.7Pitch8 displayed an efficiency loss, even though it
possesses the highest passivation area. Despite of the H0.7Pitch8 sample having the highest
average JSC , both the FF and the VOC were the lowest. The reduced fill-factor indicates insuffi-
ciencies in charge extraction. This deficiency might be attributed to the high contact resistance
caused by the hole accumulation in the rear interface, and the increase of the current density in
the contacts, due to the high passivation area[104]. Furthermore, the literature indicates that
passivation structures should be designed taking into account the minority carrier diffusion
length in order to be effective[43, 50, 75]. The minority carrier diffusion length is known to typ-
ically be between 0.75 µm and 2 µm[50, 105, 106], however, the 8 µm pitch of the H0.7Pitch8
sample is higher than the double of the 2 µm maximum of the diffusion length interval, possibly
leading to ineffective charge carrier extraction. This sample showcases the consequences of a
poorly designed passivation architecture.

In addition to the electrical studies, SEM analysis was performed on the cross section of a
reference and a passivated solar cell. The intent was to determine the state of the passivation
layer after it being exposed to the harsh conditions of the CIGS deposition. Furthermore,
the study allowed to verify the morphological influence of the passivation layer on the CIGS
absorber. The processed pseudo-color SEM images can be found in Figure 3.3:
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(a) Reference Cell. (b) Passivated Cell.

Figure 3.3: Pseudo-color SEM cross sections of a reference and passivated solar cell. The Mo rear
contact is colored in blue, the SiO2 in red, CIGS in green, CdS in purple and the ZnO/Zno:Al
window layer in orange. The passivated solar cell has a insulator pitch of 8 µm.

Figure 3.3b indicates that the SiO2 passivation layer is capable of withstanding the harsh
CIGS deposition environment, and does not present adhesion issues. The CIGS absorber layer
does not exhibit observable divergences in its morphology, indicating that the passivation layer
does not precipitate undesirable changes to the CIGS structure[107].

3.1.2 Metal back reflector

With the impact of passivation structures in ultrathin CIGS solar cells demonstrated, the focus
was set on the optical phenomena that were the subject of the article "Rear Optical Reflection
and Passivation using a Nanopatterned Metal/Dielectric Structure in Thin-Film Solar Cells"[54]
by Lopes et al. In the mentioned article, it was demonstrated that the current losses due to
insufficient optical absorption of the CIGS layer could be reduced by depositing a layer of a
highly reflective metal, in between the insulator passivation layer and the Mo rear contact. For
a more extensive description of this concept, the reader may refer to the “Light Management”
subsection of the introduction chapter of this thesis.

In Figure 3.4 the reader can find a schematic of the metal reflector and passivation layer
structure proposed by the article in question.

Figure 3.4: Schematic representing the fabricated structures. Adapted from [54].

In comparison to the structure from the article by Bose et al.[53], the structure in Figure
3.4 consists of a dotted pattern, with the same dimensions used throughout all the fabricated
samples. The electrical contact diameter is 0.2 µm and the pitch between the same point of the
electrical contacts is 2 µm. These dimensions result in a passivation area of 96.86 %. In this
work, the insulator material chosen for the passivation layer was Al2O3, a material widely used
as a passivation layer for CIGS[52, 54, 85, 108, 109]. The variable distinguishing the samples
was the material used as the rear reflector layer. A total of eight metals and metal alloys were
used, namely: Ag, Au, AlSiCu (98.34 % Al; 1.45 % Si; 0.21% Cu), Cu, Ta, Ti, TiW (97.19 % Ti;
2.81 % W) and Zn.
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The fabricated substrates underwent the CIGS deposition process in the Ångström Solar
Center pilot line, at Uppsala University[68]. The 500 nm thick CIGS layer deposition occurred
at 520 °C and the measured compositional values were [Cu]

[Ga]+[In]=0.85 and [Ga]
[Ga]+[In]=0.28.

The completed solar cells were submitted to J-V and EQE characterization, for the sake of
determining the repercussion of the metal reflector and the insulator passivation layer, on the
performance of the solar cell. In Figure 3.5, the reader finds the J-V and EQE curves of the
highest efficiency device, of representative samples. The average values of the J-V analysis are
in Table 3.2. It is noteworthy that, as previously mentioned, some of the data published in
the article in question, was omitted from the following charts and table for the sake of density.
Nevertheless, the conclusions remain unaltered, and the complete data can be found in the
annexes.

(a) EQE curves from the highest efficiency
devices of a few selected metals.
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(b) J-V plots from the highest efficiency devices

of a few selected metals.

Figure 3.5: Results from J-V and EQE measurements of reference and passivation/reflector
samples.

Table 3.2: Average and standard deviation values of each sample with different metals as back
reflector.

Sample JSC (mA/cm2) VOC (mV) FF (%) η (%)

Reference 24.28±0.39 535±14 47.5±4.6 6.2±0.9
Ag 15.43±3.02 365±13 49.9±2.2 2.8±0.7
Au 22.19±1.61 191±77 26.1±1.4 1.2±0.6
AlSiCu 0.47±0.11 404±66 21.6±1.2 0.0±0.0
Cu 1.34±0.30 2±1 0.0±0.0 0.0±0.0
TiW 25.25±0.81 629±6 61.9±4.5 9.9±1.0
Zn 23.63±1.59 590±8 51.1±2.5 7.1±0.5

From the six samples incorporating a metal or metal alloy back reflector, all but two samples
suffered from degraded performance. The proposed failure mechanisms are varied, ranging
from rampant metal selenization, unrestrained inter-elemental diffusion from the metal re-
flector layer into the CIGS[110], to the formation of current blocking compounds[111]. The
physical disengagement of the Mo and CIGS layer due to the expansion of the selenized metal
layers was also experienced, resulting in the destruction of the entire solar cell.

The two samples that demonstrated an augmented performance were the TiW and Zn sam-
ples, but were still short of reaching the full potential of this solar cell architecture. The Zn
sample displayed a decrease in the short circuit current density, possibly due to the formation
of a n-type ZnSe compound[111]. Additionally, the efficiency increase of the Zn sample is at-
tributed to the open-circuit voltage and fill factor gains caused by the insulator passivation layer.
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Even though all the previous samples demonstrated nefarious reactions during the CIGS fabri-
cation step, the TiW sample did not display any negative conditions. It boasted an increase in
JSC , VOC and FF, resulting in a 3.7 % absolute efficiency increase, in comparison to the reference
solar cell. The only shortcoming burdening this sample, is the fact that the TiW alloy possesses
an optical reflection similar to the one of Mo, as demonstrated in Figure 2.4. The similarity in
the optical performance of the TiW and Mo materials, means that the demonstrated gains are
largely responsibility of the dielectric passivation layer, thus the resulting improvements are
not due to superior optical performance but are, instead, electrical in nature. In conclusion,
this work demonstrates the consequences of having an exposed rear reflector layer during the
CIGS deposition phase. Even though only a small percentage of the total area of the metallic
layer was exposed, this segment located in the electrical contact points, proved to be the main
vulnerability of this architecture. If highly reflective metals, such as Ag, Al, Au or Cu are to be
used, in order to achieve greater current densities, it is imperative that the reflective layer is
shielded from exposure to the harsh conditions of the CIGS deposition process.

3.2 Optical Simulations
The usefulness of optical simulations is twofold. Not only do they allow for a better under-
standing of the optical phenomena that occur inside the structure of a ultrathin CIGS solar cell,
but they also allow for the optimization of the design parameters, in order to maximize the
performance of the solar cell design in study. These optical simulations where performed using
Finite-difference time-domain methods and small portion of the developed workflow will be
showcased. The optical models were based on the refractive index, n, and extinction coefficient,
k, of each material obtained from several sources. The i:ZnO, Al:ZnO and CdS data was ob-
tained from Carron’s et al. work[112], the passivation/back mirror bilayer materials data, Al
and SiOx, was obtained from Palik’s publications[91] and the Mo rear contact material data was
acquired from Werner’s et al. article[113]. Finishing the optical material model, the CIGS index
values were determined in-house, through spectroscopy ellipsometry measurements[74]. In
terms of layer thickness, unless specified otherwise, the values used were 400 nm of the Al:ZnO
layer, 100 nm for the i:ZnO layer, 50 nm for the CdS buffer, 500 nm for the CIGS absorber
layer and 350 nm for the Mo rear contact. The passivation layer and metal mirror thickness
were dependent on the architecture in question. For the encapsulation architecture developed
in this thesis, the simulations were ran with 25 nm for the Al layer, and 20 nm for the SiOx,
while for the previous iterations, the dimensions are according to the values reported in the
correspondent articles.

At the start of each simulation, a pulse of a laterally-uniform electromagnetic wave with
a wavelength ranging between 0.3 µm and 1.1 µm is perpendicularly projected towards the
the structure surface. On reaching the structure, the incident light is reflected, transmitted,
and absorbed, with the amount depending on the properties of the material in question. In
order to properly simulate a solar cell, all three effects need to be known, but the absorption
has an added importance, since it is the absorption of the incident radiation that will cause the
generation of the photocurrent, due to the photovoltaic effect[114]. Thus, in order to determine
the absorbed optical power, Pabs, the resulting electric field distribution in each spacial unit cell
is measured and the absorbed optical power calculated through the following equation[115–
117]:

Pabs =
1
2
ω |E|2=(εr ) (3.1)

with ω representing the angular frequency of the incident spectrum, |E|2 representing the
strength of the electric field and εr the dielectric permittivity. Integrating Pabs over the volume
gives the total optical absorption, Abs, at a specific wavelength (λ) for the entire solar cell
structure:

Abs(λ) =
∫
Pabs(λ)dV (3.2)
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Now that the absorption per wavelength is known throughout the solar cell structure, the
number of charge carriers generated in the absorber layer can be calculated using the following
equation:

G =
∫

λ
hc
Abs(λ)IAM1.5G(λ)dλ (3.3)

Of the variables shown above that are yet to be introduced, IAM1.5G stands for the standard
global terrestrial solar spectrum with 1.5 for air mass, h and c are Planck’s constant and the
speed of light in vacuum, respectively. With the carrier generation rate and total absorbed
power known, the EQE and JSC can be calculated as well. The EQE is attained by calculating
the ratio between the total absorbed optical power in the CIGS layer and the optical source
power. The JSC is attained by multiplying the generation rate calculated throughout the entire
absorber layer, by the elementary electronic charge[118]: JSC = qG. This approach will return
the maximum theoretical value for the short circuit current of the solar cell. This is due to
the fact that the FDTD method does not take into account any charge transport phenomena,
meaning that this short circuit current value is reached assuming that every single generated
charge carrier is successfully extracted.

3.2.1 Optical Simulations Results

Before drawing comparisons between the different discussed architectures, the simulations
performed with the intent of optimizing the proposed encapsulating architecture will be shown.
In said optimization runs, there were three main points of contention that required a more in-
depth study, in order to understand their impact on the solar cell performance. Specifically: i)
the thickness of the metal back reflector; ii) the rear contact width and iii) the encapsulation
margin. In order to study point i) and understand the impact of the metal reflector thickness
on the JSC , a set of simulations were set, wherein an Al layer with 100 % surface coverage was
placed on top of the Mo rear contact, followed by a 20 nm layer of SiOx located above the metal
reflector layer. Even though it is not feasible, from an electrical standpoint, to have the rear
contact completely covered in an oxide layer, this was done with the intention of determining
the maximum optical impact of the passivation/metal reflector bilayer. Consecutively, the
thickness of the Al film was varied between 0 and 100 nm in 5 nm steps, with the resulting data
plotted in Figure 3.6a. The results show that for each 5 nm increase in the Al layer thickness,
the current gains per step diminish. At the 25 nm mark, the Al layer boosts the current in
≈ 1.07 mA/cm2, while at the 100 nm Al thickness, the current gain reaches its highest value
at ≈ 1.15 mA/cm2. A difference of 0.08 mA/cm2 at the cost of 75 nm of additional Al. Thus,
the 25 nm thickness value appears to be the optimal target for the Al rear reflector, since
thicknesses beyond this value provide meager returns at the cost of extra material usage, longer
deposition times and coverage issues during the CIGS deposition step might arise for the larger
thicknesses. For the optimization of the contact width and encapsulation margin, simulations
were ran wherein these two values were varied independently of one another. Between 0 and
1800 nm for the contact width, with 200 nm steps, and 0 and 300 nm for the encapsulation
margin with 50 nm steps. This meant that surface coverage ratios between 0 % and 100 %
were simulated. Thusly, the JSC impact of the back mirror/passivation bilayer for a variety of
combinations was simulated and the result is plotted in Figure 3.6b.

The goal of the dimensional optimization run, was to determine what is the response of
the photogenerated current when the dimensions of the rear structure are altered, and if there
is a point of diminishing returns, as it was observed in the Al thickness simulation run. The
resulting data indicates that the relation between the JSC and the two dimensions in question,
the contact width and encapsulation margin, is roughly linear. Furthermore, the data indicates
that an equal dimensional variation between the contact width and encapsulation margin will
not yield the same impact in the photocurrent. The highest impact is caused by shifts in the
contact width value. This is expected since variations in the contact width will reduce the
overall area covered by both the metal back reflector and the passivation layer, thus increasing
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Figure 3.6: Results from the design parameters optimization simulations.

the exposed area of the optically inferior Mo rear contact. Secondly, the impact caused by the
variation of the encapsulation margin is lower since this change will only affect the metal back
reflector. The width of the insulator film will remain the same, which, even though not as
effective as the metal back mirror, still provides significant optical gains. In conclusion, from
an optical standpoint, the contact width and encapsulation margin should be as low as the
fabrication process can handle, in order to maximize the photocurrent gains.

With the encapsulation design optimized, optical simulations were performed with the
intent of comparing the current encapsulation design with a reference and previous design
iterations of rear contact passivation and optical enhancing structures. The simulations in
question provide three major datasets: i) the total CIGS absorption and JSC in Figure 3.7a; ii)
the JSC loss due to the substrate parasitic absorption in Figure 3.7b; and iii) the JSC deficit
caused by the total reflection of each solar cell design in Figure 3.7c. For the encapsulation
design, a contact width of 160 nm and an encapsulation margin of 200 nm were used, as these
values are representative of the developed fabrication process. Secondly, an ultrathin 500 nm
CIGS reference solar cell and a 2 µm standard thickness CIGS solar cell were simulated, in
order to provide context for the performance of ultrathin CIGS solar cells. Since this thesis
focuses on ultrathin CIGS solar cells, all further comparisons will be made against the ultrathin
500 nm CIGS solar cell, designated as “Reference”.

In terms of the optical performance of the encapsulated substrate, it is expected that the
CIGS optical absorption and JSC performance gains are situated between the performance of the
structures previously developed in Bose et al. and Lopes et al. articles[53, 54]. When comparing
the encapsulation design with the initial iteration of a passivation layer revealed in Bose et al.,
the expected result is that the encapsulation architecture outperforms its older counterpart, due
to the presence of an optically enhancing metallic back mirror. The simulations confirm this
claim, since while the passivation structure achieves a 0.39 mA/cm2 increase over the reference,
the encapsulated design reaches an increase of 1.26 mA/cm2 above the reference. On the other
hand, when the encapsulation design is compared to the design proposed in Lopes et al., it
shows slightly worse performance in terms of current gain. This is expected, since even though
the materials and thicknesses are similar between the simulations of the two designs, the layout
showcased in Lopes et al. possesses a 97 % coverage of the rear contact surface area. On the
other hand, due to the necessity of encapsulating the metal and due to the margins necessitated
by the fabrication constraints, the simulated encapsulated design retains 72 % of its surface
area occupied by the metal reflector and 92 % covered by the insulator. Nonetheless, the 25 %
reduction in metal surface area resulted in a smaller drop in the current gains. While the
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(a) Simulated CIGS absorption spectra and JSC
for each architecture.
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(b) Simulated parasitic optical absorption
spectra of the rear passivation and contact

layers.
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(c) Simulated total solar cell reflection spectra.

Figure 3.7: Optical performance of the several iterations of rear contact passivation and optically
enhancing layers.

Lopes et al. structure achieved a JSC improvement of 1.45 mA/cm2, the encapsulation structure
achieved an increase of 1.26 mA/cm2, a delta of 13 % in the current gains, for a loss of 25 % of
metal coverage.

The plot in Figure 3.7b shows the current lost to the parasitic optical absorption of the
structures below the CIGS absorber, namely the parasitic absorption of the Mo rear contact and,
when present, of the passivation/metallic mirror layers. All three designs show a reduction
in the parasitic current loss, meaning that a higher percentage of the unabsorbed radiation is
redirected back into the CIGS ultrathin layer, as intended. Furthermore, the behaviour of the
parasitic absorption of the substrate in the various simulated designs follow the same trends
that are displayed in the CIGS absorption plot. As previously, the performance of the encap-
sulation design sits in-between the mirrorless Bose’s et al. passivation structure and the design
shown in Lopes’s et al. article. Albeit, even though the encapsulated design shows a reduction
in the parasitic current loss of 2.46 mA/cm2, the solar cell’s JSC gains are merely 1.26 mA/cm2.
This disparity in the currents is explained by the solar cell’s total reflectance plot in Figure 3.7c.
The data charted in this plot is the spectral distribution of the total reflected light from each of
the solar cell designs, in addition to the lost JSC value by each of the reflection spectra. In order
to increase the performance of a solar cell, the solar cell’s reflectance has to be suppressed to
the lowest value possible, since reflected optical power cannot be converted into photocurrent.
Paradoxically, all three passivation designs demonstrate reflections higher than the reference
configuration, with the trends seen in the previous graphs remaining true. The passivation
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layer shown in Bose’s et al. article, has an increase over the reference of 0.29 mA/cm2, followed
by the encapsulation structure with an increase of 1.03 mA/cm2 of the photocurrent loss to
reflection, and with the highest value of 1.60 mA/cm2 attributed to the design presented in
Lopes et al. Even though these results might appear as a negative aspect of the rear passivation
structures, it has to be mentioned that this phenomena is in reality, an opportunity to further
increase the optical performance of CIGS ultrathin solar cells. The simulated designs have no
other light trapping scheme present, meaning that the increase in reflection is due to the light
that was reflected back into the CIGS from the rear contact structures, but was not completely
absorbed. Thus, these structures can enhance the efficacy of other light trapping mechanism,
such as nanoparticles or anti-reflection layers, with this synergy resulting in a higher JSC , com-
pared to what would be achieved by the individual use of the mentioned light trapping scheme.
Simulations where ran, where the encapsulated rear reflector was accompanied by nanoparti-
cles at the rear interface and an anti-reflection layer in the Al:ZnO front contact. The resulting
data can be seen in Figure A.2 located in FDTD Simulations Supplementary Data.

In the preceding chapters, it was mentioned that in ultrathin CIGS, the importance of
the rear contact passivation is emphasised, due to a higher percentage of the photogenerated
charge carriers being located in close proximity to the highly recombinative rear interface [47,
48]. Substantiating this, is the data plotted in Figure 3.8, which represents the simulated
photocurrent generated throughout each nanometer of the height of the CIGS absorber, for 500
nm and 2 µm references and a encapsulated design.
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Figure 3.8: Current density generated throughout the height of the CIGS layer. Zero starts at
the passivation layer/Mo rear contact and the height goes up to the CdS interface. The data
pertaining to the 2 µm reference is compressed horizontally, with its independent axis colored
in blue. The two vertical axis apply to both independent X axis.

If taken into consideration the contribution of the last 100 nm of the CIGS film for all
three samples, the previous claim becomes apparent. In the ultrathin reference and in the
encapsulated solar cells, the CIGS between 100 nm and 0 nm contributes approximately 14.2 %
and 16.6 % to the total JSC value, respectively. On the other hand, the same region in the 2 µm
standard thickness reference cell only contributes 0.6 % to the total photogenerated current.
When the rear interface is optically enhanced, as it happens to be in the encapsulated structure,
as seen in Figure 3.8, the current gains are located in close proximity to the rear interface,
further increasing the importance of the rear passivation. In addition, the plotted data shows
that for the 2 µm standard thickness reference cell, a large percentage of the volume of the
absorber layer barely contributes to the overall JSC value. However, on the ultrathin cells,
the photocurrent generation is more evenly distributed throughout the height of the absorber
layer. This increased spacial efficiency is an additional argument in favor of the development
of ultrathin CIGS solar cells.

The data plotted in Figure 3.8 reveals the dependence of the height of the CIGS and the
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CHAPTER 3. RESULTS AND DISCUSSION

current generation occurred in the absorber. However, no information is provided regarding the
relation between the height of the generation event and the incident wavelength that induced it.
The relevancy of this information pertains to the future employment of further light-trapping
and optically enhancing structures, such as nanoparticles[74] or Voronoi nanocavity arrays[73].
The relationship between the wavelength of the incident light, the height at the CIGS layer and
the consequent generation rate was attained and is plotted in Figure A.1, found in the FDTD
Simulations Supplementary Data appendix.

3.3 Electrical Simulations
Optical simulations provide a wealth of information about the solar cell structures developed
for rear passivation and light management. However, during the FDTD simulations the charge
transport mechanics are completely disregarded, meaning that the results provided by the
simulations are only valid in an theoretical setting, where the charge extraction ratio is one.
Furthermore, no data is provided in relation to the solar cell’s VOC , FF, power conversion
efficiency and other electrical figures of merit. Therefore, the information that can be gathered
through the optical simulations, about the performance of the various passivation layer designs
and their effect on the solar cell is limited to a certain extent.

In order to accurately simulate the repercussions of the several passivation layer schemes
previously shown, the physics-based electrical simulation software Lumerical CHARGE was
used to perform 3D electrical simulations of ultrathin CIGS solar cells. For such, the existence
of a suitable ultrathin CIGS electrical model was required, which after an extensive literary
review culminated in the model data found in the Table B.1 located in the Appendix B, where
further details about the electrical model are given. Besides the bulk properties of each of the
material layers composing a CIGS solar cell, the developed model accounts for the CIGS/CdS,
CIGS/MoSe2 and CIGS/SiOx interface surface recombination velocities (SRVn/SRVp) for both
carriers independently. The field effect passivation created by fixed charges in the SiOx layer is
accounted for as well. Since CHARGE is a 3D solver, it inherently accounts for the geometrical
dependence of the various phenomena that occur during the photovoltaic operation of a solar
cell. For instance, the three dimensional distribution of the generated charge carriers imported
from the FDTD optical solver, the effectiveness of the passivation layer and its dependence on
the percentage of surface coverage. Furthermore the impact of the geometric features of the
device is accounted for in the charge transport mechanics.

3.3.1 Electrical Simulations Results

Keeping with the encapsulation design optimization process, electrical simulations were per-
formed with the intent of determining the influence of the rear contact width on the solar cell’s
figures of merit. To that end, the passivation area was varied between 0 % and 99 %, with
no other design variables being altered. The resulting efficiency and Fill Factor can be found
plotted in Figure 3.9.

The results suggest that the contact width should be as small as the fabrication process
allows, and that the increase in efficiency and fill factor will be approximately linear, akin to
the conclusions provided by the optical simulations. However, the charted data indicates that
there is no performance drawback as the passivation area approaches 99 % of the total contact
area, a result which goes against what is reported in the literature[43, 85, 108]. The reason
behind this discrepancy of the current version of the CIGS electrical model can be attributed
to two factors: i) CHARGE considers metals, such as the Mo rear contact, as perfect electrical
conductors with an infinite conductance and a flawless interface with the semiconductor layers;
ii) the developed model is isothermal, meaning that the CHARGE solver completely disregards
any thermal influences in the charge transport mechanics.

Simulated J-V measurements were performed on the reference and in the encapsulated
design, so that the impacts of the passivation layer on the solar cell’s performance can be
known. Three dimensional maps containing the spacial distribution of the generated carriers,
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Figure 3.9: Simulated power conversion efficiency and Fill Factor depending on the total rear
contact passivated area.

calculated through the FDTD optical simulations were imported into the respective model and
the voltage was swept from 0 V to 0.78 V in 20 mV steps. Even though a 20 mV stepping will
return coarser results, compared to the 5 mV stepping used in the experimental J-V analysis,
it was found that the 20 mV value provided a good compromise between accuracy and the
required computational resources. The encapsulated design model possessed a 160 nm contact
width and an encapsulation margin of 200 nm. The resulting J-V curves can be found in Figure
3.10 and the figures of merit in Table 3.3.
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Figure 3.10: Simulated J-V plots of the reference and encapsulated designs.

Table 3.3: Simulated figures of merit of the reference and encapsulated designs.

Sample JSC (mA/cm2) VOC (mV) FF (%) η (%)
Reference 24.53 649 77.4 12.3
Encapsulated 28.48 677 80.4 15.5

The encapsulated cell demonstrates increases throughout all the figures of merit, when
compared against the reference. The JSC displays an increase of 3.95 mA/cm2, by virtue of the
increased reflectivity of the rear contact and the reduced recombination. This reduction in the
rear interface recombination leads to an augment in the VOC , with it showing a gain of 28 mV
over the reference. These JSC and VOC improvements coupled with a 3 % increase of the Fill
Factor in favor of the encapsulated cell, result in an absolute efficiency gain of 3.2 % over the
reference.

It was previously claimed that in ultrathin CIGS solar cells, the detrimental effects of rear
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interface recombination become more pronounced, thus, the passivation of said interface is es-
sential in order to achieve high efficiency ultrathin solar cells. In addition, it was demonstrated
through optical simulations in Figure 3.8 and Figure A.1, that the optical gains generated by
the back mirror layer are predominantly located near the rear contact interface. However, at an
electrical level, the relationship between the spatial location of the generated charge carriers
and the charge extraction efficacy has not been demonstrated. CHARGE does not possess any
built-in function to extract a solar cell’s EQE, thus an indirect approach had to be developed.
The link between the FDTD optical simulations and the CHARGE electrical simulations is a
three dimensional map with the distribution of the generated charge carriers. Taking advantage
of this feature, the 3D charge distribution map was divided into singular wavelengths, rather
than having a single 3D map containing the generation distribution for the whole spectrum.
Afterwards, electrical simulations were ran in a short circuit condition per each of the wave-
lengths, and by comparing the currents obtained through the FDTD optical solver and the
CHARGE electrical solver, the influence of the charge transport mechanics can be determined.
Said effects are manifested in a ratio between the FDTD JSC and the CHARGE JSC at a specific
wavelength, with the ratio being the effectiveness of the extraction of the generated charge
carriers. Accordingly, if the solar cell’s EQE calculated through FDTD, is multiplied by said
extraction ratio, the electrically aware EQE plot of the solar cell can be plotted. This approach
was applied to a reference and to a encapsulated solar cell design, with the resulting EQEs and
extraction rations plotted in Figure 3.11:
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(a) Reference solar cell.
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(b) Encapsulated solar cell

Figure 3.11: Simulated EQE with and without charge transport mechanics of passivated and
reference solar cells. The charge carrier extraction ratio per wavelength is shown with the
respective axis on the right side.

The effectiveness of the passivation layer can be seen by comparing the extraction ratio of
the reference cell in Figure 3.11a with the extraction ratio of the passivated solar cell in Figure
3.11b. For the reference, on wavelengths above 0.47 µm the extraction ratio starts declining,
reaching a minimum of 0.61 at the 1.05 µm wavelength. This leads to a 4.27 mA/cm2 reduction
of the JSC from the ideal 28.80 mA/cm2 to a JSC of 24.53 mA/cm2 when the charge transport
mechanics are accounted for. In the encapsulated cell, the effectiveness of the passivation layer
is demonstrated by the much higher extraction ratio that this design presents. The encapsu-
lated design extraction ratio begins its decline at the 0.50 µm wavelength, reaching the 0.88
minimum at the 1.08 µm wavelength, 0.27 higher than the reference’s minimum value. The
higher extraction ratio throughout the whole spectrum leads to a much smaller reduction of the
JSC , dropping the JSC by 1.58 mA/cm2, from the ideal 30.06 mA/cm2 to 28.48 mA/cm2, when
the charge transport is no longer ideal. Since it is known, through the optical simulations, that
the photogeneration gains provided by the rear reflector are situated closer to the CIGS/Mo
interface, these extraction ratios reinforce the benefit and importance of the rear passivation
layer. A literary search failed to return simulation results similar to the ones presented by
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this innovative technique, with the most similar being the ones originated through empirical
experiment with e-beam induced current[105, 106, 111].

3.4 Substrate Fabrication & Cell Results
Due to external factors reducing the manufacturing capacity of both the installations at INL
and Ångström Solar Center, a reduced number of substrates was fabricated, and only a singular
substrate was processed into a complete ultrathin CIGS solar cell. Nevertheless, in conjunction
with the substrates fabricated during the development of the fabrication process itself, there is
enough data to fully characterize the outcome.

The first characterization step during the fabrication process pertains to the quality of
the lithography alignment markers. Even though the 20 µm width of the markers is well
inside the capabilities of the optical lithography equipment, due to the need to maximize the
fabrication area in each of the substrates, they are placed as close to the substrate border as
possible. On the other hand, due to the square geometry of the substrates, the photoresist
deposition is highly uneven near the edges, circumstance worsened by the need to use a 2 µm
thick resist due to the prolonged etching period. Notwithstanding, the process was successfully
optimized and the resulting alignment markers were inspected through SEM and their depth
was measured at approximately 140 nm, with the aid of a profilometer. The resulting SEM
image and profilometer data can be found in Figure 3.12:

(a) SEM image of a complete alignment marker. (b) Profile and depth of an etched marker into
the Mo layer.

Figure 3.12: Topographical analysis of a lithography marker by a profilometer and SEM.

Despite the use of alignment markers, the alignment success was not guaranteed. The e-
beam lithography tool was set to recalibrate the alignment at ten minutes intervals. However,
since the exposures could be as long as twenty five hours, there could be hundreds of recalibra-
tions during an exposure, hundreds of opportunities for the alignment to fail. Furthermore, the
error margins were very narrow, since the contact lines ran through several centimeters of the
substrate, thus, an angle of 1 degree of alignment error was enough for the encapsulation to be
compromised. Several measures were put in place to reduce the frequency and the severity of
these errors, such as the compartmentalization of the design, or the fabrication of a much higher
number of markers than what was necessary. Be that as it may, on completion of the fabrication
process, it was necessary to check the quality of the lithographic alignment and the general
state of the sample’s condition. For such end, the substrates were analysed through SEM, in the
interest of determining the quality of the finished pattern. In Figure 3.13, the reader can find
SEM images exemplifying both a successful and a failed lithographic alignment.

The substrates that passed through the quality control were shipped to Ångström Solar
Center, so that the remainder of the CIGS solar cell fabrication process could be executed. At
Uppsala, a modified version of the CIGS fabrication process, as described in the Introduction,
was executed. During the Cu-rich deposition phase, a portion of the Cu was substituted for Ag
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(a) Example of a good alignment. The image is
of a test substrate, thus, two different contact

sizes are shown.

(b) Example of a failed alignment. The electrical
contact was etched between the insulator and

metal back reflector, exposing the latter.

Figure 3.13: SEM images showcasing an example for both a successful and failed lithographic
alignment.

with a ratio of [Ag]
[Ag]+[Cu]=0.10, resulting in the formation of (Ag,Cu)(In,Ga)Se2. This substitution

results in a increased VOC , consequence of the elimination of the negative conduction band
offset in the CdS/CIGS interface[119, 120]. The CIGS deposition process resulted in a film
with an approximate thickness of 610 nm with the composition ratios of [Cu]

[Ga]+[In]=0.8 and
[Ga]

[Ga]+[In]=0.42. The buffer layer was deposited to a thickness of 50 nm through chemical bath
deposition, followed by the 170 nm thick i:ZnO/Al:ZnO window layer acting as the top contact,
since no Ni/Al/Ni grid was deposited.

Solar cell’s figures of merit were extracted from the light J-V measurements. Said J-V mea-
surements and the EQE results were performed as previously described. The resulting data
can be found plotted in Figure 3.14 for the EQE data and J-V curves, and in Table 3.4 the J-V
figures of merit. Each substrate sample contained sixteen 0.1 cm2 solar cells, thus, for the
encapsulated cell the presented data pertains to the average of said sixteen solar cells. However,
for the reference sample, the population size is fifteen, due to the removal of a significantly
lower performing outlier solar cell.
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(a) External Quantum Efficiency measurements
of average representative solar cells.
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(b) Averaged illuminated J-V curve. The curve’s

shadow is the standard deviation.

Figure 3.14: Electrical measurements of reference and encapsulated architecture solar cells.

The EQE curves shown in Figure 3.14a provide information concerning the optical aspect
of the rear passivation and back mirror structures fabricated on the substrate. Even though
optical gains are found in the encapsulated sample, they fall short of the gains predicted by the
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optical simulations, with a JSC increase of 0.36 mA/cm2, when the simulations anticipated a
1.26 mA/cm2 difference. The J-V curve in Figure 3.14b returns similar results, with the encap-
sulated cell demonstrating an insignificant 6 mV VOC gain over the reference cell, contradicting
the expected VOC increment provided by the passivation layer, as suggested by the electrical
simulations.

Table 3.4: Average and standard deviation values of the J-V figures of merit.

Device JSC (mA/cm2) VOC (mV) FF (%) η (%) GSH (mS/cm2) GS (mS/cm2)

Reference
Best cell 25.90 700 71.1 12.9 0.37 541
Mean 25.51±0.29 700±6 70.5±1.3 12.6±0.3 0.35±0.07 497±50

Encapsulated
Best Cell 26.41 718 70.6 13.4 0.45 371
Mean 25.87±0.31 706±12 69.3±1.0 12.7±0.5 0.45±0.07 345±34

Even though the JSC and VOC had minor improvements, the Fill Factor of the encapsulated
cell suffered a 1.2 % drop over the reference, consequence of the significantly worse shunt con-
ductance (GSH ) and series conductance (GS). The lower series conductance for the encapsulated
cell on its own is not unexpected, since it is a known result of a passivation layer that could be
further optimized. However, the higher shunt conductance goes against the expected results.
The insulator layer of the passivation layer should have reduced the shunt conductance, since
it acts as a barrier to possible shunt paths. As a result of these figures of merit, the encapsu-
lated solar cells showed a 0.1 % absolute efficiency increase over the reference, with the highest
performance encapsulated solar cell being 0.5 % over the best reference cell.

While the exact reasons for the lackluster performance increase of the encapsulated solar
cells are not yet known, a few influencing factors will be discussed. Before the CIGS deposition,
the substrate in question was analysed by SEM, in order to check not only the alignment, but
also the overall quality of the substrate. Succeeding the solar cell fabrication, the sample was
examined again, this time by TEM. Representative images can be found in Figure 3.15:

(a) SEM image of the complete substrate before
CIGS deposition.

(b) Bright field TEM image of a cross section of
the complete CIGS encapsulated solar cell. The
red arrow shows an unopened contact, while the

green arrow shows an open contact.

Figure 3.15: Electronic microscopy analysis of the substrate before and after the CIGS deposi-
tion process.

In Figure 3.15a, it is visible through the SEM image that various residues are present in the
surface of the encapsulation structure. The debris consist of scorched PMMA leftover after the
ICP etching steps. Various attempts to remove the burned resist were made, from prolonged
ultrasounds bath in acetone, isopropyl alcohol and resist strippers such as Microstrip 3001, to
oxygen plasma ashing but none succeeded in completely cleaning the substrate. Furthermore,
due to the very strict timetable, the substrate was sent in this state, so that solar cells could
be manufactured, with the intent of repeating the process after the resist issues were solved.
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CHAPTER 3. RESULTS AND DISCUSSION

Promising results are being attained by shifting the conditions of the etching step, namely by
utilizing a process with active substrate cooling in a SPTS Advanced Plasma System.

After the completion of the solar cell fabrication process, bright field TEM analysis was
performed on a cross section of the solar cell, in order to analyse the state of it after it under-
went the harsh CIGS deposition process. In Figure 3.15b, an example of a detected defect is
found, designated by the red arrow, where the SiOx layer should have been etched through in
order to create the electrical contact. The etch did not occur, thus preventing the local charge
collection. Additionally, the sporadic presence of significant sidewalls near the electrical con-
tacts was detected, which can negatively affect the contact quality if severe enough. In order
to determine the state of the 10 nm thick Al back mirror layer, and check if the elemental dif-
fusion from the back mirror was prevented, STEM energy dispersive X-ray spectroscopy (EDS)
was performed on the cross sections of the complete solar cell. The resulting images with the
elemental composition distribution can be found in Figure 3.16:

Figure 3.16: Elemental composition distribution of an encapsulated rear passivated CIGS solar
cell’s cross section.

Through the comparison between the Si and Al elemental distribution, the quality of the
alignment between the lithographies can clearly be seen. In this sample, the alignment was
heavily biased to the left side, but it was still inside the safety margin and the SiOx layer
overlaid the Al back mirror. The oxygen distribution presents some cues for the lackluster JSC
gains provided by the Al back mirror. To facilitate the reader’s visualization, the aluminium
elemental distribution was overlayed over the oxygen distribution, in Figure 3.16:

Figure 3.17: Aluminium elemental distribution in green, overlayed over the oxygen elemental
distribution.

By comparing the elemental distribution of aluminium and oxygen, it can be concluded
that amidst the fabrication process of the CIGS solar cell, the Al back reflector was oxidized
and Al2O3 was formed. This is heavily detrimental for the back reflector since Al2O3 is essen-
tially transparent and provides a much reduced optical gain, resulting in a decrease from 30.06
mA/cm2 to 29.53 mA/cm2 in optical simulations. The suspected sources for the aluminium
oxidation are: i) the SiOx deposition process, as it occurs in an N2O atmosphere at high tem-
peratures, thus it is possible that a reaction between the oxygen and aluminium occurs at that
stage; ii) the O2 plasma ashing cleaning steps between the lithographies; iii) the formation of
native Al2O3 during the substrate handling before the Al layer is encapsulated by the SiOx, as
the substrate is exposed to the atmosphere. To overcome this issue, an oxide layer could be
deposited on top of the Al layer, immediately after the deposition of the metal. The oxide de-
position needs to occur inside the same machine that deposited the Al, thus avoiding exposing
the aluminium to the atmosphere, through the creation of a semi-encapsulating oxide layer. An
alternative is the use of a low temperature SiOx deposition method, assuming that the reduced
temperature results in a reduced aluminium oxidation rate.
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4 Conclusion and Future Perspectives

As the cornerstone of this thesis, I delved into the potential of CIGS ultrathin solar cells and
what role they can play in the future’s energy supply. However, said future will not materialize
unless some critical hurdles are overcome, such as the price per kWp or the the volatility of
the In supply. A solution to tackle both these issues is the deployment of sub-micrometer CIGS
solar cells, known as ultrathin. This contraction allows for the reduction of the material cost,
the dependence on the In supply and increases the manufacturing output, resulting in a reduc-
tion of the kWp price. However, this material reduction is not without its faults, as it will lower
the CIGS optical absorption, and make it more susceptible to rear interface recombination.
Nevertheless, these deficiencies can be remedied, as the rear recombination can be repressed
by the use of a dielectric passivation layer, and the optical absorption losses can be restored
through the placement of a highly reflective metal layer. It was in these two key points that my
preliminary work focused on, yet, further improvements were necessary. Accordingly, I set out
with the intent of researching and developing an approach to successfully combine the rear pas-
sivation and back reflector layers, without the detrimental impact on the CIGS absorber layer
from the metal diffusion. To that end, a new architecture and fabrication process was proposed,
with the methods to optimize and characterize said architecture explained. The optimization
workflow involved the careful deployment of optical simulations through the FDTD method,
coupled with the creation and refinement of an electrical model for an in-depth study of the
underlying phenomena, and how to best tailor the structures towards them with the intent of
maximizing the solar cell’s performance. Along side the design optimization, the fabrication ef-
forts successfully fabricated substrates with the desired rear passivation and optical enhancing
structures, with characterization steps occurring throughout the fabrication process. On com-
pletion, the resulting samples were shipped to the Ångström Solar Center, where the remainder
of the CIGS fabrication process took place. The J-V and EQE analysis revealed lackluster results,
with results below the expectation set from the design phase. However, TEM analysis revealed
flaws in the fabrication process, namely, the oxidation of the rear reflector layer and deficiencies
during the etching steps, resulting in unopened electrical contacts and leftover resist residue.
Despite said shortcomings, the encapsulated solar cell revealed performance on par with the
reference, hinting at the efficacy of the passivation structure, once unrestrained.

The work here displayed is far from what can be achieved by the CIGS technology. In the
design phase, the light enhancing structure architecture can be further optimized by the im-
plementation of inverted design routines. In other words, computational tools that allow for
the development of the geometry of the rear reflector by inputting the final design figures of
merit first, and then determining the design through the desired output performance, instead
of the traditional methodology. The electrical model has the potential to be further refined by
the implementation of the elemental distribution effects, and the set of results can be further
expanded by continuing the development of the data extraction workflow. Furthermore, the
accuracy of the electrical model can be improved through the development of the CIGS thermal
model, thus including the thermodynamic influence in the charge transport mechanics. In the
fabrication stage, with the process flaws that crippled the performance of the fabricated solar
cells determined, the respective solutions are already being developed with the intention of
reaching the initial goal. The performance of this architecture can be expanded even further
through the deployment of additional light trapping schemes, such as nanoparticles. If coupled
with industry friendly lithography processes, such as nanoimprint lithography, the architec-
ture here developed can help push ever further the CIGS technology, into solving the energy
problems of today and tomorrow.
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A FDTD Simulations Supplementary Data

In Figure 3.8, the dependence between the height of the CIGS and the current generation was
shown. However, said plot does not provide any information about the relationship between
the frequency of the incident radiation and the height at where the current generation occurs.
Thusly, in Figure A.1 the charge carrier generation dependence on the wavelength of the inci-
dent light and on the height in the CIGS absorber layer can be seen:
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(b) Encapsulated solar cell.

Figure A.1: Generation rate per wavelength and depending on the height of the CIGS, with 0
of the CIGS height at the Mo rear contact.

Comparing the results of the reference cell in Figure A.1a, and the encapsulated cell in
Figure A.1b, it can be concluded that the optical gains in the encapsulated design occur mainly
at the longer wavelengths, between 0.7 µm and 1.0 µm, and that a shift occurs of the carrier
generation locations, being it moved closer to the highly recombinative rear interface. Future
developments of the rear passivation and light trapping schemes should have the 0.7 µm to 1.0
µm wavelength interval into account.

It was previously mentioned that the rear reflector and passivation layers can be coupled
with other light trapping schemes, in order to further boost the photocurrent generation in a
ultrathin CIGS solar cell. Therefore, further backing up said claim, simulations were ran in
designs containing nanoparticles in the rear interface and with anti-reflection structures in
the Al:ZnO frontal contact. The differentiating factor was the existence, or lack thereof, of
the Al back reflector layer. The simulated EQE, substrate parasitic absorption (including the
absorption by the nanoparticles) and total solar cell reflectance can be found in Figure A.2:

When the nanoparticles and anti-reflection layers are coupled with the rear reflector, the JSC
reaches 33.45 mA/cm2, an 1.16 mA/cm2 increase compared to a similar architecture without
the rear reflector. When compared to the reference, the combination of all three light trapping
schemes increase the JSC by 4,65 mA/cm2, a 16 % increase. While the parasitic absorption in
Figure A.2b, did not show very significant changes, since the nanoparticles have an inherent
parasitic absorption, the reflection spectra in Figure A.2c shows the efficacy of the light trapping
structures. The only significant reflection pertains to the wavelengths near or below the 1.15
eV CIGS bandgap, where the CIGS cannot absorb.

From the STEM-EDS analysis it was discovered that the 10 nm Al back reflector layer was
oxidized, forming Al2O3. As a consequence, the optical reflectivity of the back reflector was
severely affected. This is due to the fact that Al2O3 at those reduced thicknesses is mostly
transparent, as can be seen in the data plotted in Figure A.3:
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(a) Simulated CIGS absorption spectra and JSC
for each architecture.
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(b) Simulated parasitic optical absorption
spectra of the rear passivation and contact

layers.
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(c) Simulated total solar cell reflection spectra.

Figure A.2: Optical performance of the several iterations of rear contact passivation and opti-
cally enhancing layers.
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Figure A.3: Simulated reflection of 10 nm Al and Al2O3 films.
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Data

As mentioned in the electrical simulations subchapter, there was the need to create an electrical
model for CIGS for the simulation software Lumerical CHARGE. However, even though several
models are available in the literature [75, 121–123], a vast majority of them are based in the
optical and electrical 1D simulator “Solar Cell Capacitance Simulator” (SCAPS) software which
in turn, requires a set of variables that slightly differs from the ones requested by CHARGE.
Thus, some parameters used in the CHARGE model were calculated from the SCAPS models
available. Said calculations will be demonstrated below.

CIGS is a highly complex semiconductor material that displays some properties that are
not found in more traditional semiconductors, such as self-doping[124] or the ability to tune
the material bandgap[47]. This inherent complexity, coupled with the fact that CHARGE was
designed with more common semiconductors in mind, such as Si or Ge, means that if the goal
was to develop a model that accurately modeled the CIGS complex behaviour, the time budget
required would mean that the other goals of this thesis would have to suffer a reduction in scope.
Therefore instead, the aim was to create a model that while modest, was still able to provide
an acceptable representation of the phenomena relevant to this thesis, such as the effects of
rear contact passivation layers, while simultaneously having the possibility of being further
developed at a later date.

CHARGE treats the doping of the semiconductor as a parameter detached from the funda-
mental material properties, as it occurs in semiconductors that can be found in an intrinsic
form, such as Si. Thus, when creating a new material model, such as it was done for CIGS, the
software requires the input of the work function (φ) of the intrinsic base material. This is a
predicament for CIGS considering that this material is self-doping[124], thus, it is not possible
to determine the properties of this material in an intrinsic state. As a consequence, all available
models report the material electron affinity (χ) instead. Nevertheless, if the value of the elec-
tron affinity, the bandgap (EG) and the effective density of states in conduction band(NC) and
valence band(NV ) are known, an approximation of the work function can be made through the
equation B.1 [125]:

χs = φs,i −
EG
2

+
kBT

2
ln
NC
NV

(B.1)

The electrical solver takes into account various effects that might influence the mobility of
the charge carriers inside the semiconductors, such as e.g: lattice scattering, impurity scattering
and free carrier scattering. Thus, the effective mass of electrons and holes needs to be provided
to the model. Since the value of the effective density of states for each band is known, the elec-
tron effective mass (m∗e) and hole effective mass (m∗

h
) can be calculated through the equations

[125]:

NC = 2 ·
(

2πm∗ekBT
h2

)3/2

(B.2)

NV = 2 ·
(

2πm∗hkBT

h2

)3/2

(B.3)

The last parameters that needed to be calculated in order to satisfy CHARGE model require-
ments were the carrier lifetime for electrons (τe) and the carrier lifetime for holes (τh). For such,
knowing the capture cross-section for electrons (σe), the capture cross-section for holes (σh) and
the bulk-trap concentration (Nt) the lifetimes of each of the charge carriers can be calculated
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through the equation B.4 [125]:

τe,h =

σe,hNt
√

3kBT
m∗e,h


−1

(B.4)

The model makes some concessions once again, in the bandgap profile of the CIGS absorber
layer. Most high efficiency CIGS solar cells will vary the Ga contents throughout the height of
the absorber, in order to spatially vary the CIGS bandgap. Such feature can be implemented in
CHARGE but it requires the modeling of CuInSe2 and CuGaSe2 independently. Furthermore,
the bowing parameters for the alloying need to be provided. Since no reputable source for said
parameter was found, instead an ungraded model was adopted, where the bandgap was set as
constant throughout the CIGS absorber layer.

In order to keep the present model at a modest scale, and prevent the challenges that a more
complex model faces during validation testing, certain electronic events were disregarded due
to either the difficulty in their implementation, or the minute repercussions that they might
have in the solar cell performance, such as the electronic activity that occurs at the CIGS grain
boundaries[126].

All the necessary parameters employed in the constructed model can be found in Table B.1:
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Table B.1: Model parameters used in the CIGS electrical model.

Material Properties
Mo SiO2 MoSe2 CIGS CdS i:ZnO Al:ZnO

φ (eV) 4.55a - 4.45b 5.04c 5.53c 6.20c 6.15c

εr (DC) - 3.9d 4.8b 13.6e 8.73f 8.75f -
Conduction Band Valley - - Γ Γ Γ Γ -
m∗e (1/me) - - 0.5g 0.09e 0.14e 0.24e -
m∗
h
(1/me) - - 0.5g 0.71e 0.51e 0.78e -

EG (eV) - - 1.66g 1.15e 2.40e 3.30e -
µe (cm2/V · s) - - 25h 100e 72e 100c -
µh (cm2/V · s) - - 150h 12.5e 20e 31c -
τe (s) - - - 2.6 · 10−9e 6.4 · 10−10e 4.2 · 10−9e -
τh (s) - - - 7.1 · 10−9e 2.4 · 10−12e 1.5 · 10−11e -
SRH Trap Offset (eV) - - - - 1.2i - -
Cn (cm6/s) - - - - 1 · 10−31d - -
Cp (cm6/s) - - - - 1 · 10−31d - -
Rr (cm3/s) - - - 2 · 10−15j 1 · 10−20d - -

Doping
Dopant Type - - p p n n -
Concentration (cm3) - - 5 · 1019k 3 · 1016l 5 · 1017e 1 · 1018l -

Interface Properties
Mo SiO2/CIGS MoSe2/CIGS CIGS/CdS Al:ZnO

Force Ohmic Yes - - - Yes
Surf. Charge Concent. (C/cm2) - −9 · 10−7m - - -
SRVn (cm/s) - 1 · 104n 1 · 107n 9.3 · 105o -
SRVp (cm/s) - 1 · 104n 1 · 107n 4.8 · 105o -
Apply to Maj. Carriers - Yes Yes Yes -
Trap Offset (eV) - 0 0 0 -

aValue attained from [127]
bValue attained from [128]
cValue attained from [122]
dValue attained from [100]
eValue attained from [121]
fValue attained from [129]
gValue attained from [130]
hValue attained from [131]
iValue attained from [132]
jValue attained from [133]

kValue attained from [134]
lValue attained from [108]

mValue attained from [109]
nValue attained from [50]
oValue attained from [75]
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One of the ways that the SiOx layer passivates the CIGS/Mo interface is through the field
effect passivation. In short, the fixed negative charges in the insulator layer create an electric
field that repels the electron minority carriers from the highly recombinative rear contact
interface and the dieletric surface. This effect was accounted for during the creation of the
CIGS electric model, and thus it is possible to visualize it in action. In Figure B.1 the reader
finds the spacial distribution of the electron current density at a linear scale, for passivation
layers with and without fixed charges in the dielectric layer:

(a) Passivation layer without field effect
passivation.

(b) Passivation layer with field effect passivation.

Figure B.1: Simulated electron current density distribution in a passivated ultrathin CIGS
solar cell.

By comparing the results between the passivation layer without fixed charges in Figure B.1a,
and with fixed charges in Figure B.1b, it is visible that in the case where no fixed charges are
present, the electron current is the densest at the surface of the dielectric. However, when fixed
charges are present in the SiOx layer, the current at the surface of the dielectric is completely
repressed and driven away from the recombinative interface.
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C Python Tools

Throughout the duration of this thesis, several hundreds of optical and electrical simulations
runs were performed. With each single simulation run possessing multiple datasets, and with
each dataset requiring a different workflow, automated tools had to be developed, in order to
automate these highly repetitive tasks. For that end, several Python scripts were developed.
For the FDTD optical simulations, the scripts were capable of accurately extracting the optical
absorption of complex 3D structures, the parasitic absorption of certain layers, the solar cell
reflection and the 3D distribution of the charge carriers generation, accounting for the 3D
shape of the CIGS absorber layer. In addition, the developed program had the capabilities of
automatically setting up, running and processing the electrical simulations for each respective
optical simulation.

Figure C.1: Screen capture of the graphical user interface developed for the automation scripts.

In addition, the Lumerical data processing scripts were modified and optimized, in order
to both reduce the processing time and RAM requirements. Thus allowing for either a faster
workflow, or more accurate simulations due to the more efficient use of the computational re-
sources available. In total, over two thousands lines of code were either newly written, modified
or optimized throughout the duration of this thesis. At a later date, the developed tools will
become available in an open-source licensing scheme, as part of a scientific publication.
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