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Abstract

Cu(In,Ga)Se2 (CIGS) solar cells are amongst the best performing thin-film technologies
mainly due to post-deposition treatment (PDT) improvement of the last years. However, the
electrical simulation baseline models did not quite follow the experimental results. Moreover,
there is no baseline model for recent CIGS solar cells until the time of writing of this thesis,
whereas a scientific paper is already being written to be submitted, to provide with an updated
model.

This study provided with an updated experimentally-based baseline model for electrical
simulations in SCAPS-1D with the incorporation of the PDT effects and high-efficient device
characteristics. This baseline model produces comparable results with high-efficient 22.6 %
record cell from ZSW. In order to be even more cost and environmental competitive with the
widely used silicon photovoltaic technology, it is important the implementation of ultra-thin
devices. However, electrical and optical limitations prevent the widespread of these devices,
such as rear recombination and insufficient light absorption. The baseline model is applied to
ultra-thin absorbers, whereas an increased bulk CIGS defect density is necessary to model the
experimental data. Furthermore, simulations results reveal that by addressing these limitations
would be possible to achieve an ultra-thin solar cell with at least 19.0 % power conversion
efficiency, with open circuit voltage values even higher compared to the ZSW record cell.

On the other hand, it is shown the feasibility of the fabrication of a metal/dielectric structure
at the rear contact with industrial-friendly processes. The innovative rear contact has the
potential to tackle the rear recombination with the passivating dielectric and improving light
absorption with the high reflecting metal layer in ultra-thin devices. Such structure effectively
with both benefits has not been reported yet.

Keywords: SCAPS-1D, electrical simulations, baseline model, CIGS solar cells, ultra-thin, rear
contact
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Resumo

A tecnologia fotovoltaica Cu(In,Ga)Se2 (CIGS) apresenta das maiores eficiências de conver-
são, considerando as tecnologias de filme-fino, devido principalmente aos avanços no processo
de tratamento pós-deposição (do inglês PDT) nos últimos anos. No entanto, os modelos base
para simulações elétricas não acompanharam esta evolução experimental. Além do mais, não
existe um modelo base adaptado às células CIGS mais recentes até ao momento, pelo que um
artigo científico já está a ser escrito e preparado para submissão.

Este estudo desenvolve um modelo base para simulações elétricas, em SCAPS-1D, atualizado
e realista onde se incorpora os efeitos associados ao PDT e outras características de células de
alta eficiência. O modelo produz resultados comparáveis com a célula recorde da ZSW de 22.6 %
de eficiência. De forma a aumentar a competitividade ambiental e em custos de fabrico, em
comparação com a tecnologia dominante no mercado, o silício, é importante a implementação
de dispositivos ultra-finos. No entanto, existem limitações elétricas e óticas que impedem a sua
utilização massiva, tais como recombinação de portadores no contacto posterior e insuficiente
absorção da luz solar. O modelo base é aplicado em células ultra-finas, no qual foi necessário
aumentar a densidade de defeitos no interior do CIGS de forma a ajustar os resultados aos
dados experimentais. Além disto, resultados das simulações revelam que ultrapassando estas
limitações será possível alcançar células solares ultra-finas com eficiência de pelo menos 19 %,
sendo mesmo os valores de tensão em circuito aberto superiores aos da célula recorde da ZSW.

Adicionalmente, mostrou-se a viabilidade do fabrico experimental de uma estrutura metal/-
dielétrico no contacto posterior da célula através de processos compatíveis com a indústria. Esta
inovação tem o potencial de combinar a passivação com o aumento da reflexão em dispositivos
ultra-finos. Tal estrutura com efetivamente ambos o benefícios não foi reportado ainda.

Palavras-chave: SCAPS-1D, simulações elétricas, modelo base, células solares CIGS, ultrafino,
contacto posterior
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ε Dielectric permittivity F ·m−1

εr Relative dielectric permittivity F ·m−1

Pinc Incident power on a solar cell W ·m−2

q Electronic charge C

R Carriers recombination rate
Rp Parallel, or shunt, resistance Ω
Rs Series resistance Ω

SRV Surface recombination velocity cm · s−1

T Temperature K

V Voltage V
VCu Cu vacancy defect
VIn In vacancy defect
Vmp Voltage at the solar cell’s maximum power working point V
Voc Open-circuit voltage V
VSe Se vacancy defect
vh

th Hole thermal velocity m · s−1

ve
th Electron thermal velocity m · s−1
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Motivation and Objectives

Over the past years there has been an increasing awareness on the problem of climate change
as well as on limited resources of the planet [1, 2]. It is well known that the consumption of
fossil fuels has a huge negative impact on the planet ecosystem.

On the other side there are the less pollutant renewable energy resources. Here, the energy
arising from the sun stands in the pole position. As an example of sun energy potential, in
the small country of Portugal, in a region with an area of 31 711 km2 and assuming a solar
irradiance of 1 kW/m2 on a clear sunny day, the sun energy reaching this region surface during
7 months would give the energy we need to supply the world total energy consumption in a
year, which is about 160 000 TWh in 2019 [3, 4].

So, to overcome the world demand for electrical energy, devices that harvest solar energy
and convert it into usable electrical energy are of utmost importance. This is precisely what pho-
tovoltaic (PV) devices are capable of doing. The PV systems rapid growth and cost effectiveness
can heavily contribute to the de-carbonization towards a sustainable future [4–6]. According
to [1] a global solar PV energy generation will have a share of about 69 % of the total electricity
generated in 2050, which is a good indicator for the photovoltaics importance in the future.

Several technologies already claim their position in the market. Furthermore, thin-film solar
cells are already cost [7, 8] and environmental [9] competitive compared with silicon that dom-
inates the industry. Cu(In,Ga)Se2 (CIGS) thin-film technology has unique characteristics and
numerous advantages over mono- and multi-crystalline silicon solar cells, some include: pos-
sibility of flexible and low-weight substrates [10, 11]; high performance under low-irradiance
conditions, ideal for building integrated photovoltaics [12]; superior performance with high
cell record of power conversion efficiency of 23.35 % [13]; and great sustainability indicators
over the competition [9].

To further lower the fabrication costs and increase the manufacture throughput of CIGS
devices researchers worldwide are taking efforts in ultra-thin absorbers solar cells. The ultra-
thin solar cells employ absorber thicknesses below 1µm with the environmental advantage of
lower In and Ga consumption, which are considered as scarce elements on Earth [14].

The further comprehension on CIGS properties will enable even further developments in
the correspondent solar devices. Electrical simulations may take part in this path to understand
the mechanisms limiting the performance of such devices. The best practice of simulation
includes the change of a few parameters, to clearly discriminate the corresponding effects. So,
an important requirement is to set a baseline, i.e. a base model that describes the performance
and results of the current high-efficiency solar cells. The last updated and realistic baseline,
with various parameters verified experimentally, was established in 2011 by Pettersson et al. [15].
Following the even older and widely used baseline from Gloeckler et al. in 2003 [16].

Since 2011, many advances occurred in CIGS thin-film technology that boosted the perfor-
mance of solar cells. The power conversion efficiency was enhanced from 20.3 % [17] to the
current world record laboratory cell of 23.35 % [13]. This improvement in the solar cell per-
formance is mainly due to the recent development of a post-deposition treatment (PDT) with
heavy alkali fluorides and to other minor improvements in the materials properties of the solar
cell layers. Furthermore, the effects of PDT that benefits the performance of the solar cells are
not included in the Pettersson’s baseline model, which is the last relevant and experimentally
verified baseline and whom power conversion efficiency is 17 %.

The main objective of this work is to develop an updated and realistic electrical baseline
model that tackle the recent PDT developments in CIGS technology and include high-efficiency
CIGS features, to be reported in the literature. Furthermore, the baseline model for high-
efficiency solar cells is tested for ultra-thin devices. The results obtained provide a baseline set
for ultra-thin CIGS solar cells as well and indicate at some extent better performances than the
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thicker counterparts.
The experimental study aims to provide an industrial-friendly process through lift-off to

fabricate a metal/dielectric innovative rear structure that address some limitations in ultra-thin
CIGS solar cells.
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1 Introduction

This chapter gives an introductory overview of the important concepts to understand this work.
It ranges from the basic solar cell functioning to the CIGS technology and its state of the art.

1.1 Solar Cells

A solar cell is a p-n junction based device that converts the sunlight energy into electrical
energy through the photovoltaic effect. To achieve a p-n junction one simply needs to join two
semiconductor materials, p- and n-type. Such structure is the basis of a diode, so an easy way
to model the solar cell behaviour is by using the Shockley one-diode model [18, 19] through
the following equation 1.1.

J = J0

(
exp

(
qV

AkBT

)
− 1

)
(1.1)

Where J is current density that passes across the diode, J0 is the saturation current density,
q is the electronic charge, V is the voltage applied to the diode, A is the diode ideality factor, kB
is the Boltzmann constant and T is the temperature.

It is possible to describe a solar cell as an illuminated diode. The photons with energy higher
than the bandgap excite the electrons in the absorber semiconductor and generate electron-hole
pairs. These additional minority charge carriers are separated due to the built-in electric field
of the space charge region (SCR) in the junction. Whereas the charge carriers generated at a
distance within its diffusion length of the SCR, and also the ones in the SCR, can be collected
[20]. Consequently, the solar cell outputs a photogenerated current Jph, which promotes a
vertical shift in the characteristic diode current-voltage I-V curve [21], Figure 1.1. The term Jph
is added and presented in equation 1.2.

However, this description of the solar cell’s behaviour is rather ideal. To account for some
realistic losses [21, 22], it is introduced the series resistance Rs and parallel, or shunt, resistance
Rp, equation 1.2 [23]. So, it is considered the effects from electrodes and other ohmic losses and
leakage currents [19, 20, 22].

J = J0

(
exp

(
qV − qJRs

AkBT

)
− 1

)
+
V − JRs

Rp
− Jph (1.2)

Solar cells are easily characterised with characteristic current density - voltage (J-V) curves,
Figure 1.1. Furthermore, to reliably compare different devices there is some Figures of Merit
that allow to assess the performance of solar cells.

Figure 1.1: J-V curves characteristic of solar cells, adapted from [24]
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CHAPTER 1. INTRODUCTION

J-V curves provide most of the following performance parameters: short-circuit current den-
sity Jsc, which is the current for 0 V applied voltage; open-circuit voltage Voc, which represents
the voltage for no current passing through the solar cell; fill factor FF, which indicates how
close, in percentage, the solar cell is from its maximum potential power considering the Voc
and Jsc, see equation 1.3; and light to power conversion efficiency η, which relates to the solar
cell conversion efficiency. Additionally, it is possible to extract from J-V curves the current and
voltage of the solar cell working in its maximum power point, Jmp and Vmp respectively, as well
as the Rs and Rp resistances. Equations 1.3 and 1.4 describe the relation of the FF with current
and voltage parameters and the expression to obtain η, respectively.

FF =
JmpVmp

JscVoc
(1.3)

η =
JmpVmp

Pinc
=
JscVocFF
Pinc

(1.4)

Whereas Pinc refers to the incident power of light per area on the solar cell.
Other possible characterisation can be performed through external quantum efficiency

(EQE) curves. External quantum efficiency describes the ratio of the number of collected charge
carriers to the number of incoming photons for different wavelength values. Therefore, it is ob-
tained the efficiency of the solar cell in converting photons into charge carriers at the respective
absorption wavelength range of the device, which provides an additional information about
possible absorption losses.

1.2 CIGS Technology

CIGS thin-film solar cells are amongst the most efficiency PV devices in thin-film technol-
ogy [25], with a power conversion efficiency of 23.35 % [13], being comparable with the non-
crystalline Si solar cells

The beginning of the CIGS technology history dates to the decade of 1970’s and took place
at the Bell Laboratories. Wagner et al. were fabricating photo-detectors when they found the po-
tential of CuInSe2/CdS p-n junction to be applied in solar cell devices [26]. From this discovery
they focused on solar cell characteristics and were able to produce solar cell with 12 % power
conversion efficiency [27]. Since the devices fabricated by Wagner et al. several improvements
in CIGS-based device properties enhanced its power conversion efficiency [28] to the current
23.35 %. They include the Ga doping in the original CuInSe2 chalcopyrite material [29–31],
which enabled the increase and tuning of the bandgap between ≈ 1.0 eV to ≈ 1.7 eV [32], and
improved deposition techniques for both CIGS and CdS layers, such as the co-evaporation in
one- or three-stage process [33, 34] and the chemical bath deposition (CBD) [35], respectively.
Furthermore, doping with alkali elements, which started with the diffusion of Na from the sub-
strate [36], to the most recent post-deposition treatment (PDT) with heavier alkalies [13, 37–40],
further improved the CIGS properties. The alkali PDT process consists in the evaporation of
an alkali-fluoride, such as KF, RbF or CsF, after the CIGS deposition in a Se atmosphere, with
consequent alkali diffusion into the CIGS [37, 38].

A recent strategy to lower the fabrication costs and increase the manufacture throughput of
CIGS devices is the transfer from thin to ultra-thin absorbers solar cells. The ultra-thin solar
cells employ absorber thicknesses below 1µm with the advantage of lower bulk recombination
compared to the thicker counterparts [41], together with the environmental advantage of lower
In and Ga scarce elements consumption. However, the recombination occurring at interfaces
increase its impact on device performance due to the increase of the generated charge carriers
near the rear interface. Moreover, the thinner absorber lead to an insufficient light absorp-
tion. Strategies to mitigate the referred ultra-thin solar cell limitations are discussed below in
section 1.3.
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1.2. CIGS TECHNOLOGY

1.2.1 Standard CIGS Solar Cell Layers

Typically, the conventional CIGS solar cells are composed by the layers present in Figure 1.2.
The soda-lime glass (SLG) is as the common substrate to be used in the industry and at the
laboratory scale. During the CIGS growth, Na diffuses into the CIGS absorber improving its
structural and electrical properties [36, 42], as already mentioned. Additional advantages of
SLG is its low cost, accessibility and the expansion coefficient being near the CIGS coefficient
value [28].

Figure 1.2: Standard layer structure of CIGS solar cells, layers not at scale.

The Mo layer is the rear contact and the positive electrode. The choice for this metal lies on
the production of an ohmic-type contact with the absorber, good adhesion to the SLG substrate,
low sheet resistivity, and thermal and Se atmosphere resistance during the CIGS deposition,
most of these properties are mainly due to the production of a thin layer of the mechanically
stable MoSe2 at the Mo/CIGS [43, 44]. However, the lack of higher optical reflectivity values
at the Mo rear contact forces researchers worldwide to implement strategies to overcame this
limitation in ultra-thin CIGS solar cells, as will be referred in section 1.3. Furthermore, Mo is
permeable to Na allowing for a sufficient Na diffusion from the SLG into the CIGS [45, 46].

Regarding the CIGS absorber, in standard devices it has thickness values about 2 − 3µm.
CIGS is a chalcopyrite-type I-III-VI2 compound with a tetragonal structure, Figure 1.3 a). The
III element consists of a ration between In and Ga, [Ga]/([Ga] + [In]) (GGI), from CuInSe2 to
CuGaSe2, repectively. The GGI is known to influence the CIGS conduction band minimum
(CBM) [29] and therefore vary the bandgap, allowing to adjust the light absorption to the
solar spectrum. Furthermore, recent high-efficient solar cells deposit the CIGS layer by co-
evaporation with a three-stage process [39, 47], that typically vary the GGI composition in-
depth, specifically with a high concentration of Ga at the rear contact, decreasing to a minimum
value and followed by a small increase of the Ga concentration at the CIGS/CdS interface [34].
The Ga concentration grading towards the Mo rear contact creates a quasi-electric field that
repeals the minority charge carriers (electrons) towards the p-n junction interface, improving
the charge carriers collection [48]. Another property of CIGS is its direct bandgap transition
and very high optical absorption (≈ 105 cm−1) that allows for the low absorber thickness values
mentioned above [49].

The p-type nature of the CIGS material is governed by its the defect nature, specifically
defined by the Cu vacancies (VCu) due the very shallow level of 30 meV above the valence
band and low formation energy [50]. Thus, the normal designation of a self-doped material.
Another native defect-type affecting the solar cell performance are the antisite defects, i.e. in
AB the atom A is on the site of atom B in the AB compound [51]. Otherwise, the CIGS surface
is reported to be Cu-poor with a wider bandgap than the bulk [31, 52, 53]. An example of a
Cu-poor phase at the surface is presented in Figure 1.3 with the CuIn5Se8 compound and is
normally referred to as ordered vacancy compound (OVC) or ordered defect compound (ODC).
Further properties and impact in the solar cell performance will be discussed in Results and
Discussion chapter.
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CHAPTER 1. INTRODUCTION

Figure 1.3: Crystal structure of the CIGS absorber (a) and chalcopyrite polytype of CuIn5Se8
ordered vacancy compound (b). Adapted from [54].

The n-type CdS buffer layer, typically deposited by CBD, completes the p-n junction and
creates the necessary built-in electric field. CdS is a semiconductor with a bandgap of 2.4 eV
which promote a suitable band alignment at the CIGS/CdS interface and lattice match with
CIGS [27, 55]. The window layer is composed by a zinc oxide bi-layer. Near the CdS is deposited
an intrinsic ZnO (i:ZnO) to prevent possible shunts, that degrade the cell performance by
providing alternative paths to charge current, due to its high resistivity. Towards the front
contact this zinc oxide layer is typically doped with aluminium, ZnO:Al (AZO), due to its high
conductivity coupled with high transparency allowing for an effective charge collection [55].
Finally, it is normally deposited a Ni/Al/Ni grid layer as a front contact and connection to the
external circuit. The presence of Ni is justified by the encapsulation of Al to prevent it to react
with both the AZO window layer and the atmosphere [56].

1.3 Ultra-Thin CIGS Solar Cells

A research trend of the recent years is the fabrication of ultra-thin CIGS absorber solar cells. The
fabrication costs, environmental and performance advantages were already mentioned early in
section 1.2. Nonetheless, some performance limitations hinder the full potential of ultra-thin
devices. It was referred also the importance of rear interface recombination and the necessity
to enhance the light absorption. The first may be addressed with passivation techniques, while
the latter may be tackled with modifications both at the rear and front contacts.

1.3.1 Losses Mitigation Strategies

The passivation strategy of interfaces was pioneered by Green et al. and first implemented in
silicon solar cells [57, 58]. Latter this technology was transferred to thin-film devices, namely
Cu2ZnSnS4 [59], CdTe [60], GaAs [61], and CIGS [62–64].

CIGS rear interface passivation consists in the deposition of a dielectric layer between the
Mo rear contact and the CIGS absorber. It has essentially 3 benefits, namely i) field-effect
passivation; ii) chemical passivation; and iii) enhanced rear reflection. The field-effect benefit is
related to the fixed negative charges at the dielectric which creates an electric-field repelling the
electrons from the recombinative rear contact towards the p-n junction [65–68]. The chemical
benefit refers to the low defect density at the dielectric/CIGS interface [65, 67]. Finally, most
dielectrics have higher optical reflection values compared with the Mo and therefore increase
the the optical reflection at the rear contact for wavelength values in the visible−near infra-red
(IR) range [69, 70].

Several rear passivation designs were reported in the literature, which include as an ex-
ample the patterning with nanoparticles [69], electron-beam lithography to produce point
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1.4. MODELLING

contact structures [64, 71] and optical direct write laser (DWL) lithography to produce rear line
contacts [72, 73].

Regarding the light absorption losses in ultra-thin CIGS solar cell devices, the research
community reported developments in light trapping schemes with nanoparticles at the rear
contact [74, 75], rear contact reflectors [76, 77], and, recently, the incorporation of metal layers
between the Mo rear contact and the passivating dielectric [73, 78] to further enhance the rear
reflection of standard Mo rear contacts.

The experimental work performed within this thesis, reduced to a small section due to the
pandemic situation restrictions at the time of thesis work, focus on the last referred metal/di-
electric stack at the rear contact fabricated with optical DWL lithography, to mitigate some
limitations of ultra-thin devices, which are supported by the performed electrical simulations.
The metal/dielectric stack benefits from high optical reflection values provided by the metallic
layer and from the passivating properties of the dielectric layer. Therefore, this experimental
study aims to provide an industrial-friendly process through lift-off to fabricate the desired
rear structure.

1.4 Modelling

Electrical device simulation of complete solar cells always helped in the comprehension of
the mechanisms limiting the performance of such devices. Several studies entirely based on
numerical simulations [79–81] or at least including complementary simulations [10, 82–84]
were published. The simplest tools for electrical simulation include 1D software. Solar Cell
Capacitor Simulator 1D simulation (SCAPS-1D) software [85] is widely used for thin-film solar
cells and it was originally designed for CIGS and CdTe thin-film technologies.

The best practice of simulation includes the change of a few parameters, to clearly discrim-
inate the corresponding effects. So, an important requirement is to set a baseline, i.e. a base
model that describes the performance and results of the current high-efficiency solar cells. The
last updated and realistic baseline, with various parameters verified experimentally, was estab-
lished in 2011 by Pettersson et al. [15]. Following the even older and widely used baseline from
Gloeckler et al. in 2003 [16].

Since 2011, many advances occurred in CIGS thin-film technology that boosted the perfor-
mance of solar cells. The power conversion efficiency enhanced from 20.3 % [17] to the current
world record laboratory cell of 23.35 % [13]. This improvement in the solar cell performance
is mainly due to the recent development of a PDT with heavy alkali fluorides, such as KF [37],
RbF [39] and CsF [40]. Furthermore, the effects of PDT that benefits the performance of the
solar cells are not included in the Pettersson’s baseline model, which is the last relevant and
experimentally verified baseline and whom power conversion efficiency is 17 %. Some authors
study several parameters of CIGS solar cells with rather idealistic models [86, 87]. On the other
hand, recent studies still base their simulations and conclusions with old baseline models [79,
88].

The main objective of this work is to develop an updated and realistic electrical baseline
model that tackle the recent PDT developments in CIGS technology. This model builds upon
data from the literature and own experimental results and measurements. Additionally to the
beneficial effects of PDT, it includes other experimental-based CIGS features and contributions
from an optical simulation software, 3D Finite-Difference Time-Domain (FDTD) within the
Lumerical package [89], to take into account with the optical component present in SCAPS-1D,
namely rear and front contact reflection.

Furthermore, the baseline model for high-efficiency solar cells is tested for ultra-thin devices.
The results obtained provide a baseline set for ultra-thin CIGS solar cells as well. Moreover, a
comparison with experimental results proves its reliability.
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2 Materials and Methods

This study is mainly divided into electrical simulations with SCAPS-1D and a smaller exper-
imental section with the implementation of solutions to mitigate some ultra-thin solar cells
limitations. So, the methodology used will be described together with the fabrication and
characterisation techniques.

2.1 Electrical Simulations SCAPS-1D

The one-dimensional Solar cell Capacitance Simulator (SCAPS-1D) software developed at ELIS,
University of Gent, is used to carry out the electrical simulations of CIGS thin-film solar
cells [85]. SCAPS-1D was originally designed for CdTe and CIGS polycrystalline thin-film
technologies and it is widely used in the PV community for thin-film devices. This numerical
simulation software obtain the cell behaviour by solving the following semiconductors equa-
tions: the one-dimensional Poisson equation which relates the charge with the electrostatic
potential Φ , electrons and holes continuity equations which assures the charge conservation,
and drift-diffusion equations responsible for the driven forces of the electrical current [85, 90,
91]. The Poisson is presented as follows, in equation 2.1.

d2

dx2 Φ =
q

ε

(
n− p+N−A −N

+
D

)
(2.1)

Where q is electronic charge, ε is the dielectric permittivity of the semiconductor, n and p
are electrons and holes concentration, respectively, and N−A and N+

D are the ionised acceptor
and donor defects, respectively. Equation 2.2 presents the electrons/holes continuity equations,
respectively.

d
dx
Jn/p = ±q

∂(n/p)
∂t

± q (G −R) (2.2)

Whereas Jn/Jp stand for the electron and hole current density, respectively, G is the gener-
ation rate, and R is recombination rate. Finally, the drift-diffusion equation 2.3 for electrons/-
holes are presented below.

Jn/p = −q(n/p)µe/h
d
dx

Φ ± qDe/h
d
dx

(n/p) (2.3)

Whereas µe/µh represent the mobility of electrons and holes, respectively, and De/Dh are
the diffusion coefficient for electrons and holes, respectively.

In the first results section of this study, the baseline model for high-efficiency devices is
set. One of the major objectives of this study is to update the older baseline models with
the recent advances in the CIGS technology, namely the PDT technique. Additionally, other
experimentally-based material and high-efficiency solar cell characteristics are implemented,
as it will be demonstrated in the following chapter 3.

To obtain a set of baseline parameters that model high-efficiency devices, the previous
well-debated baseline model from Pettersson et al [15] is used as a starting point, followed by
electrical and optical optimisations based on the literature and experimental results. The final
model is compared with the 22.6 % record cell from Center for Solar Energy and Hydrogen
Research Baden-Württemberg (ZSW) [39]. Note that the baseline model is not compared with
the most recent record cells as they have additional steps of sulfurisation [13, 40] and their
properties are not as well characterised as in the record solar cells from ZSW.

It is important to refer how some bulk parameters of all layers in the simulation were
obtained, in table A.1 in annex with all the parameters of the first initial model and in equa-
tions 2.4 to 2.6, also present in [15]. The remaining parameters are discussed throughout the
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CHAPTER 2. MATERIALS AND METHODS

next chapter 3. So, the density of states at the conduction band minimum (Nc) and at valence
band maximum (Nv) are present in equation 2.4 [15, 20] and are dependent of the effective
electron (m∗e) and hole (m∗h) effective masses in the respective layers [20, 92, 93].

Nc/v = 2
(

2πm∗e/hkBT

h2

) 3
2

(2.4)

Whereas kB is Boltzmann constant, T the temperature and h stands for the Planck constant.
Additionally, the electron (ve

th) and hole (vh
th) thermal velocities also are dependent of the

respective effective masses, as shown and calculated from equation 2.5.

ve/h
th =

√
kBT
m∗e/h

(2.5)

Finally, µe and µh are defined with relation of the effectives masses in equation 2.6, whereas
in the CIGS layer it would provide an electron diffusion length of ≈ 1µm [15].

µh

µe
≈ m

∗
e

m∗h
(2.6)

The next step includes the application of the baseline achieved for high-efficiency devices to
ultra-thin solar cells. The modelling of ultra-thin devices is performed also with experimental
results and measurements from reported devices within the group [94]. So, it is modelled 4
devices with all combinations of PDT treatment and/or rear interface passivation and compared
with the respective experimental results.

Finally, some limitations of ultra-thin solar cells are studied. It was carried out simulations
to address the impact of rear and front contact optical reflection. The rear optical reflection is
increased to simulate a rear reflector, while the front optical reflection is studied on the cell
model with and without the anti-reflective coating (ARC) layer. Additionally, the impact on the
cell performance of the rear contact recombination velocity and bulk defect density are assessed
through the variation of the respective values.

2.2 Experimental Rear Passivation Structure

This section provides an overview on fabrication steps required to achieve the final rear nanos-
tructure and the associated characterisation techniques. The objective is to obtain a rear struc-
ture as in the final step at Figure 2.2 below. By achieving this structure, the subsequent solar
cell would benefit from the passivation effect [65, 71, 72] and simultaneously benefit from the
higher rear reflection from the metal layer compared with the standard Mo rear contact [73,
78, 95]. Note that a more extensive study on the electrical and optical properties of a similar
structure is performed elsewhere [95]. Instead, this study aims to provide a simpler industrial-
friendly process to achieve that similar rear structure and assess the respective feasibility, with
just one lithography step compared to the three steps necessary in the referred study. The single
lithography step to obtain the desired rear contact requires a calibration on the photoresist (PR)
exposure conditions and subsequent development step, in order to have the proper structures
dimension [95, 96].

2.2.1 Calibration

This study proposes a solution to obtain the final rear structure, see Figure 2.2, that requires a
lift-off process. Furthermore, it was used a bi-layer of two different photoresists: LOR 5B, based
on polydimethylglutarimide [97]; and AZ1505 [98]. It will be now specifically described the
steps necessary for the calibration process, possible to verify at steps i), a), and b) in Figure 2.2.
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2.2. EXPERIMENTAL REAR PASSIVATION STRUCTURE

The calibration procedure begins with a direct current sputtered 350 nm of Mo coated SLG sub-
strates received from our partner Uppsala University. Then, the substrates are cleaned in a set
of 3 different ultra-sound baths: 10 minutes in acetone, followed by another 10 minutes in iso-
propanol, 5 minutes in water, and blown with nitrogen to dry the substrate. At this moment, the
calibration process itself starts with the dehydration of the substrate in the Vapor Prime Oven
YES-310TA at 150 ºC for 15 minutes (LOR 5B do not require HMDS - hexamethyldisilizane
to improve adhesion [97]). The LOR 5B was deposited on the dehydrated substrate by spin
coating in the Suss Microtec Gamma automated Cluster equipment with in-house International
Iberian Nanotechnology Laboratory (INL) recipe to obtain 500 nm of thickness [97]. Rapidly,
the subsequent deposition by spin coating of the PR AZ1505 is performed in other equal Suss
Microtec Gamma Cluster equipment optimised for 600 nm thickness. Finally, the samples are
prepared for the lithography step, which is achieved with the 405 nm laser exposure in the
Heidelberg DWL2000 equipment. The designed mask in Figure 2.1 is exposed on the upper PR
AZ1505, for different laser Focus (F) and Intensity (I) values as described in the next paragraph.
This mask encompasses a features pitch, i.e. distance between two consecutive points, of 2.8µm
and an exposed line width of 1.2, 1.4, and 1.6µm, however only the 1.6µm line width results
will be presented as explained below. The development of the exposed samples are performed
again in the Suss Microtec Gamma Cluster with the AK 400K developer 1:4 with deionised
water, which is a KOH-based developer. The development times were also varied. Note that
this developer acts on both photoresists, having the bottom PR LOR 5B a higher dissolution
rate compared with the upper PR AZ1505, thus producing the desired undercut.

Figure 2.1: Mask used in the calibration process. Pitch of 2.8µm and exposure line width of
1.2, 1.4, and 1.6µm. Note that in the results chapter it is only presented the 1.6µm line width
results.

The aim of this calibration is to achieve a proper undercut below the upper resist, to allow
the lift-off of the dielectric, together with a final contact line width of about 500 to 700 nm [95],
i.e. the width of the remaining bottom resist. So, It was varied the DWL exposure conditions, F
and I : −20, −40; and 40 %, 50 %, 60 %, respectively. Moreover, the development time after DWL
exposure was varied between 40 s, 45 s, and 50 s. The exposure conditions values were defined
according to the standard calibrated values (F −20 and I 50 %) by the equipment responsible,
while the development time is based on previous experience and results [99]. Note that in
this calibration, it was also varied the width of the exposed lines: 1.2; 1.4; 1.6µm, whose CAD
design was personalised and is present in Figure 2.1. It was observed (not shown here) and is
reported that the undercut increases with the line width [99]. However, it is only presented the
results for 1.6µm exposed line width, as the rear reflection benefit increases with the coverage
area of the metal layer which is associated with this line width.

The developed samples from this calibration process were briefly analysed on the Nikon
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Eclipse L200N optical microscope. The experience gained in several repetitions of the calibra-
tion steps allowed to roughly discriminate whether a set of conditions produced the desired
undercut based on the optical microscope images. The conditions which provide the potential
best results were analysed through cross-section scanning electron microscopy (SEM) images
in the NovaNanoSEM 650 equipment, with further details below in sub-section 2.2.2.

2.2.2 Fabrication and Characterisation

The fabrication steps of this study, whose results are shown in section 3.4, use a lift-off process
that were adjusted to a posterior incorporation in solar cells employing a reflective back contact
(RBC) [77]. The rear contact of RBC solar cells are composed by the AZO/Ag/AZO/In2O3:Sn
(ITO) stack deposited on a SLG substrate, where the metal layer is already present. However,
this study tests the suggested rear structure on Mo coated SLG substrates used in conventional
CIGS solar cells, so this work would start with the deposition of the 2nd Mo on ITO of real RBC
cells, Figure 2.2. An alternative procedure to be used directly in the conventional substrate is
also presented in Figure 2.2 that was already used in the preliminarily test of the lift-off of the
alumina deposited by atomic layer deposition (ALD) referred in sub-section 3.4.2 of chapter 3
and in Figure B.8 in annex B. The advantage of this alternative procedure, which benefits
from the different deposition conformabilities, is the even simpler processes without the Mo
deposition and respective etching, however due to the not working DWL equipment at that
time, a successful complete alternative rear structure was not yet achieved.

It will be now described the experimental process steps of this study, also present in Fig-
ure 2.2. The rear contact substrate fabrication begins at our partner Uppsala University with the
350 nm Mo coated SLG substrates, as already referred in the previous sub-section 2.2.1. Further-
more, the steps i), 2) and 3) of Figure 2.2 were also described in the previous sub-section 2.2.1.
However, the rear fabrication includes the consecutive deposition of sputtered 10 nm of Alu-
minium on the Kenosistec - UHV confocal sputtering equipment and a second sputtered 30 nm
of Mo in a home made sputtering tool before the lithography step and PR deposition. With the
desired PR profile in Figure 2.2 step 3), the Mo is etched through reactive-ion etching (RIE) in
the SPTS ICP system. This etching step is important due to high Mo parasitic light absorption
of the incoming light that would be reflected by the high reflective Al. The Figure 2.2 step 5)
refers to the Al2O3 layer deposition by sputtering at the Timaris FTM equipment with 18 nm of
thickness. The mentioned dielectric passivates the rear contact and, simultaneously, encapsu-
lates the metal layers, preventing the inter-diffusion of elements between CIGS and the metal
during the harsh CIGS growth conditions (selenium atmosphere at ≈ 550 ºC) [78]. The final step
consists on the lift-off of the Al2O3 dielectric. So, it was placed the samples in ultra-sound bath,
to improve lift-off efficiency, heated to 60 ºC with the mr-500 REM remover during 30 minutes.
To avoid water from contact with the remover the glass container were covered with parafilm
or a plastic cover. The remover bath was followed by an ultra-sound bath in isopropanol for
5 minutes, water rinse and dried with a nitrogen blown.

The samples were characterised in the NovaNanoSEM 650 SEM equipment, through cross-
section images at 5 kV and top-view images at 10 kV. The respective cross-section images were
taken after the Nikon Eclipse L200N optical microscope sample observation in calibration
process and on selected conditions to verify to produced PR undercut and uniformity. Fur-
thermore, cross-section and top-view images were obtained after the etching step and after the
lift-off process to characterise the substrate and assess the effectiveness of the etch and lift-off,
respectively. Note the importance of the optical microscope analysis which provides a tech-
nique where the information is rapidly obtained, specially in the calibration repetitions with
several parameter conditions. The referred microscope analysis allows to save time in other
more time-consuming techniques, such as the SEM analysis, by the appropriate selection of the
conditions to be analysed in the calibration process.
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2.2. EXPERIMENTAL REAR PASSIVATION STRUCTURE

Figure 2.2: Fabrication steps to obtain the desired rear structure: adjusted to an RBC solar
cell [77], which already has the metal layer; and the alternative on the conventional Mo coated
SLG. Layers thicknesses: Al - 10 nm; 2nd Mo - 30 nm; LOR 5B - 500 nm; AZ1505 - 600 nm;
Al2O3 - 18 nm. Not at scale. Note the more directional Al deposition and more conformal
Al2O3 deposition in the alternative path.

The Bruker Icon atomic force microscopy (AFM) equipment was used to provide additional
information on the substrate, on tapping mode at 1 Hz scanning rate. Since the AFM analysis
has a high precision on z-axis, it was possible to confirm the encapsulation of the metal layer
by the dielectric with the respective approximate thickness value.
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3 Results and Discussion

In this chapter, it is presented and discussed the results obtained for electrical simulations and
experimental rear nanostructure fabrication.

Section 3.1 focuses on the development of an updated and realistic baseline model for high-
efficiency devices, with experimental-based CIGS characteristics and the recent advances with
PDT in the CIGS technology. Additionally, this baseline is applied to ultra-thin CIGS solar cells
in section 3.2, which paves the way for an ultra-thin solar cell baseline model. Furthermore,
section 3.3 refers to some limitations regarding ultra-thin devices.

Finally, it is fabricated a rear nanostructure with industrial-friendly processes that simulta-
neously increase light absorption and reduces rear contact recombination, section 3.4.

3.1 Baseline Model: to High-Efficiency Devices

The recent improvements in the CIGS solar cells performance due to the PDT process did not
reflect a significant and realistic advance in the older baseline models for electrical simulation
with SCAPS-1D. Furthermore, the previous well debated and experimentally-based baseline is
the model from Pettersson et al. [15] from 2011. So, the initial step in the path to achieving an
updated and experimentally-based baseline model of high-efficiency devices is to replicate his
model and results, together with a comprehensive analysis of this initial model.

3.1.1 Baseline Initial Set

To replicate the Pettersson’s model, the CIGS solar cell is composed of 5 layers, Figure 3.1: CIGS;
surface defect layer (SDL); CdS; i:ZnO; and AZO.

Some simulation studies do not present the SDL (also referred to as OVC or ODC) layer
[10, 82] or only present one ZnO layer [16, 88]. Otherwise, many other studies employ these
layers [100–103]. However, both situations with SDL and a ZnO bi-layer are more related to
experimental evidence and real devices, respectively. The SDL is often associated with a Cu-
poor region at the surface of CIGS based solar cells, with the corresponding widening of the
bandgap [31, 52, 79, 103–105]. Moreover, to assess the impact in the solar cell performance
it is compared, below, the results with and without the SDL layer. Whereas the intrinsic and
doped ZnO have different doping levels and light absorption properties, thus the importance
of discriminating between these two layers.

Figure 3.1: Scheme of the layers used in the SCAPS-1D model, thicknesses not at scale. Initial
layers thickness: CIGS 1.8 µm; SDL 15 nm; CdS 50 nm; i:ZnO 100 nm; AZO 300 nm.

The results of this initial model are presented in table 3.1. The initial model has the parame-
ter values as in the Pettersson model, except for some optical properties, namely front reflection
and the absorption coefficients of all layers that are taken from [32, 106].
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One concludes that there is a good agreement between both results, Pettersson’s model and
CIGS initial model, presented in table 3.1. The discrepancies in the Jsc value can be attributed
to the different optical properties. So, this work updated the optical constants for each layer:
CIGS is based on [32], according to its GGI composition, and the CdS, i:ZnO and AZO layers
are based on [106]. It is important to note that the absorption coefficient takes into account
the infrared light absorption due to free carriers in the AZO layer. Additionally, the front
reflection was set to 0 %, which is an ideal situation, whereas the Pettersson model used its own
experimental data. Moreover, the FF value was adjusted with a Rs of 0.4 Ω ·cm2, characteristic
of solar cells with good performance [17, 47, 107]. Pettersson’s model in [15] refers to the Rs
fitting from measured J-V curves. The efficiency numbers in Table 3.1 are typical of non-anti
reflection and non-PDT devices [46, 108] considering that the common ARC normally increases
the absolute cell efficiency by 1.0− 1.2 % [109].

Table 3.1: Comparison of the simulation results obtained with Pettersson’s model (which has
the SDL layer) and the initial model of this study. Pettersson’s model η was calculated from the
respective figures of merit. Additional SDL test with the result for the initial model without
the SDL layer

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

Pettersson’s model [15] 645 34.5 76.4 17.0
1a - CIGS initial model 646 34.0 76.7 16.9
1b - CIGS initial model (without SDL) 593 34.4 76.9 15.7

It is important to mention the role of the SDL layer. Within the simulation, this layer has
most of the CIGS properties, except for the electron/hole mobility and bandgap [15]. Later,
a few parameters will be adjusted according to the CIGS surface values due to their grading
nature.

To discriminate the SDL layer effect on the solar cell performance, the results also in table 3.1
compare the respective performance with and without this SDL layer. It is possible to observe
that there is a significant improvement in the Voc with the SDL. The explanation may be
attributed to the reduction of the CIGS/CdS interface recombination. Figure B.1 confirms that,
with SDL, the interface recombination is lower than bulk recombination, also in [15]. Otherwise,
without SDL the interface recombination is higher than bulk recombination. Additionally, the
valence band offset (VBO) intrinsic of this layer acts as a hole barrier, decreasing the hole density
at the interface, consequently decreasing interface recombination probability [31, 110–112].

This comparison indicates a good starting point of the initial model in agreement with the
previous most relevant baseline model.

3.1.2 Electrical Parameters Optimisation

The initial model obtained previously will be optimised and some model parameters will be
successively added and/or changed. So, the respective impact on the performance will be
addressed. This sub-section optimises the electrical parameters and introduces the PDT effects.

Deep bulk defects

The first optimisation deals with deep bulk CIGS defects. Typically, old baseline models define
one deep bulk defect that acts as a recombination centre [15, 16].

In this study, deep bulk CIGS defects are addressed with theoretically and experimentally
found defects. Furthermore, the heavily cited study [50] calculated several native point defects
in CuInSe2 chalcopyrite semiconductor and compared the respective defect transition levels
with available experimental data. The defects having a higher probability of occurrence due
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to its formation energy are Cu vacancies (VCu), In on Cu (InCu) antisites, and Cu on In (CuIn)
antisites, excluding In vacancies (VIn). VIn is a triple acceptor defect, i.e. it has 3 acceptor
transition levels with 3 different defect ionization states [51]. So, to keep the model as simple
as possible, it contains only double defects. InCu antisite is a double donor defect with 2 donor
levels at 0.25 eV and 0.34 eV below the energy level at conduction band minimum (Ec) and the
CuIn antisite is a double acceptor with 2 acceptor levels at 0.29 eV and 0.58 eV above the energy
level at valence band maximum (Ev) [50, 113, 114]. Additionally, VCu is a shallow acceptor
defect, which is addressed directly by SCAPS-1D with a parameter with the same name. This
defect affects the net free carrier concentration as it is the most shallow defect (Ev + 0.03 eV).

Considering the defect density, the literature [50, 115, 116] refers to experimentally found
density values around 1013 cm−3, both for the double donor and double acceptor defects.

Moreover, there are not many reported experimental values for electron/hole cross-section
(σe/σh) and, when available, they are rather small, about 10−24 − 10−22 cm2 [117] and 10−18 −
10−17 cm2 [115]. So, the σe/σh values of the respective bulk defects follow the work from
Pettersson et al. [15] and consider the equation of the attractive capture cross-sections that
associate electron/hole charge carriers with donor/acceptor defects, respectively [16].

Due to a few experimental information in defects capture cross-section, Figure B.2 in an-
nexes demonstrate the impact of the σe and σh values variation for the double donor and double
acceptor defects in the solar cell performance. This test is performed in the cell model with all
the updated features in this section, so it is possible to address the respective impact on the base-
line model for high-efficiency devices. One concludes that the electron capture cross-section
heavily affects the J-V curve and respective Figures of Merit. The lower performance occurs for
higher σe values due to the increased recombination probability into that defect. Otherwise, the
hole capture cross-section value induces almost no change in the J-V curve. The explanation
for the different behaviour between electrons and holes may be attributed to the recombination
of the generated electrons minority carriers in the CIGS bulk, preventing its charge collection.

The solar cell model uses the deep double defects referred above. Additionally, Table 3.2
shows the effect of replacing the previous single donor defect by these double donor and double
acceptor defects, referred to as native defects. However, the reported defects by Zhang et
al. [50] refer to a single crystal material. So, due to the polycrystalline nature of CIGS in
thin-film solar cells, it is important to take into account the grain boundary (GB) effect on
solar cell performance [118, 119]. Several experimental studies in the literature report a band
bending at grain boundaries that lower the solar cell performance [120–122] with barrier heights
of about 100 meV. To encompass with the reported GB barrier height, GB interface defect
densities of 2×1012 cm−2 [79, 118] within a defect level at 0.27 eV above Ev are required [118].
Therefore, considering a grain size of 2 µm, these GB defects are included in the SCAPS-1D
model as a CIGS deep bulk defect, according to the interface/bulk defects relation in [118].
This relation is obtained by the ratio of the interface defect density (2×1012 cm−2) to the grain
size, resulting in the transposition of the GB interface defect to CIGS bulk GB defect (1×1016

cm−3). So, in addition to the native defects, it is included GB defects at Ev + 0.27 eV, density
of 1×1016 cm−3 and σe/σh of 10−15 cm2, half acceptors and half donors [118]. Hence, there is a
decoupling between native point defects from the grain interior and GB defects. Where in such
1D simulation, the effect of GB defects can be considered as being distributed along the CIGS
bulk material. The effect of the addition of this GB defect on solar cell performance is present
in table 3.2.

It is possible to see in table 3.2 that, by comparing the simulation results with the previous
initial model and the native + GB defects, the Voc is significantly lower in the latter case. The
high Voc of the initial model, representing the previous baseline model, indicates a low bulk
recombination rate in this previous baseline, due to the low deep bulk defect density [15, 16].
Suggesting that with the native + GB defects, based on experimental evidence, the Voc is limited
by bulk recombination. Nonetheless, a good passivation of GB would lead to a significant gain
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in solar cell performance, mainly in Voc and FF.

Table 3.2: Adoption of native defects and addition of GB defect to the bulk CIGS and comparison
with the simulation results for the initial model. *Rs here is set to 0Ω.

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

1a 645 34.1 78.5 17.3*
2a - Native defects 687 34.6 81.3 19.3
2b - Native + GB defects 597 34.1 78.6 16.0

Bandgap grading

Another characteristic of high-efficiency devices is the CIGS bandgap grading due to the varia-
tion of GGI in depth from the Mo to the CdS buffer layer. The GGI is known to influence the
CIGS CBM [29]. Until this point, the model tested had a linear grading, a high concentration
of Ga at the back and a lower concentration at the superficial region of the CIGS, presented in
Figure 3.2. However, bandgap double grading towards both Mo and CdS interfaces has been
used in CIGS technology even before PDT [123], being associated with the 3-stage process for
CIGS grown films, i.e. a high concentration of Ga at the back surface, that decreases until a
minimum value (the notch), followed by a small increase of the Ga concentration at the front
surface [34]. Generally, the advantages over linear grading include improved current density
due to absorption in the notch, i.e. region with lower bandgap value, and high voltage as a
result of larger bandgap in the SCR [124]. Moreover, Frisk et al. [124] report improvements in
solar cells performance with double grading over linear grading. So, it will be incorporated
a double grading scheme in the model, according to experimental high-efficiency solar cell
devices from ZSW [82, 83] and to literature studies [31, 105, 124]. Figure 3.2 compares the
linear grading of the initial model with the implemented bandgap double grading.

Figure 3.2: Bandgap gradings of the initial model (1a) and the incorporated double grading.
The initial model has a CIGS layer thickness of 1.8 µm, while for the double grading model this
absorber thickness is 2.5 µm separated into two Ga gradients.

It is important to note that with the incorporation of the double grading scheme, the CIGS
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layer thickness increased from 1.8 µm of the initial model (representing the last relevant base-
line model) to 2.5 µm, according to the last record solar cell from ZSW [39]. Consequently,
the CIGS layer is separated into two layers, with the only difference being the bandgap and
respective electro-affinity grading. The latter grading is to ensure a bandgap grading due to a
variation in the CBM [29].

Additionally, the effect of the double grading on solar cell performance is presented in
Table 3.3. The improvements observed in this Table 3.3 are in good agreement with results
from literature [124, 125]. Mainly the Voc is enhanced, which can be attributed to an overall
higher bandgap and widening of the bandgap to the SCR in the double grading scheme. The Voc
is reported to increase with the bandgap in the SCR [30, 105]. Furthermore, this grading scheme
will induce a quasi-electric field that will superimpose on the random movement of the carriers.
Consequently, the electrons will be drifted to the p-n interface, pushing the electrons away
from the highly recombinative back interface, allowing for a decrease in the recombination
probability. The slight increase in Jsc is attributed to the increased CIGS thickness, as depicted
from the respective EQE curves (not shown here).

Table 3.3: Comparison of results between the model with the incorporated bandgap double
grading and the previous model with linear grading. The respective bandgap gradings are
present in Figure 3.2

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

2b 597 34.1 78.6 16.0
3 - Double grading 623 34.4 79.3 17.0

Shallow acceptors

It was already referred above that VCu is a shallow acceptor defect. These defects heavily affect
the net free carrier concentration and, in SCAPS-1D, define the respective doping of the layers.

Typically, the old baseline models define a constant shallow acceptor density [15, 16]. This
study addresses this question with a more experimental-based approach. So, according to ca-
pacitance - voltage (C-V) measurements in the literature, the CIGS net free carrier concentration
in solar cell devices varies with the distance from the CIGS/CdS interface [84, 107]. Moreover,
the PDT process was shown to increase hole concentration [82, 84, 126] in the CIGS bulk. Ad-
ditionally, it is added into the model compensating shallow donor defects with density of the
same order of magnitude as the shallow acceptor defects, see Figure 3.3. These compensating
defects may have origin in Se vacancies (VSe) [50, 51].

Several PDT effects on CIGS devices are still highly debatable [127]. One of its effects con-
cerns the n-type inversion at the CIGS surface due to the Cu-depletion and consequent diffusion
of Cd during CdS deposition, that would occupy the VCu and form CdCu antisite shallow donor
defects [38, 53, 54, 84]. Hence, this model incorporates the PDT effect of increased net free
carrier concentration [82, 84, 126] compared with the initial model. On the other hand, the
two situations with and without n-type inversion at the CIGS surface are analysed. Therefore,
the shallow acceptor density decreases from 5×1016 cm−3 at the Mo interface to 1.1×1016 cm−3

and 1×1014 cm−3 at the CdS interface, without and with n-type inversion, respectively. While
the shallow donors’ density is kept constant, 1×1016 cm−3, through the CIGS layer. The grad-
ing of the shallow acceptor defects together with the compensating shallow donors are better
visualised in Figure 3.3.

The results in Table 3.4 show that the increase in the net free carrier concentration led to
the increase of the Voc and FF, in both cases with and without n-type inversion. One concludes
the CIGS doping could be limiting the solar cell performance, which is dominated by bulk
recombination as referred above about the results in Table 3.2. The Jsc value remains unaltered
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with the increased doping, which would reduce the SCR. However, the collection length com-
prises the SCR and also the diffusion length of the minority carriers (SCR + diffusion length).
The explanation for the unchanged Jsc value may be attributed to the higher diffusion length
(> 1 µm) compared the SCR (< 0.3 µm), so, variations in the SCR do not significantly affect the
minority carriers collection probability, thus the Jsc value.

Figure 3.3: Shallow acceptors grading profile and indication of the shallow donor defect density
incorporated in the CIGS layer. It is compared the cases with and without n-type inversion.

Table 3.4: Comparison of the results with and without n-type inversion at the CIGS surface,
incorporated in the model 3. The respective shallow acceptor grading profiles are present in
Figure 3.3. The shallow acceptor density values were increased, compared to the initial model,
due to PDT

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

3 623 34.4 79.3 17.0
4a - Shallow acceptors update
with type inversion

633 34.4 80.8 17.6

4b - Shallow acceptors update
without type inversion

638 34.4 80.6 17.7

Another conclusion is that the debated n-type inversion at the CIGS surface due to PDT
does not introduce significant improvements or differences in these simulation results. These
differences will be even less substantial after the implementation of other PDT effects of this
study. So, for the next steps to achieve a baseline model for high-efficiency devices, this study
will keep the shallow acceptors grading profile without n-type inversion at the CIGS surface.

PDT - GB passivation

This study introduces some PDT effects that will update the old electrical baseline models with
SCAPS-1D. The PDT is responsible for the latest developments and improvement in the power
conversion efficiency in CIGS solar cell technology.

The PDT effects are generally divided in bulk and surface effects, according to modifica-
tions in the CIGS bulk or surface, respectively [127–129]. Firstly, the model developed in this
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study will focus on bulk effects. So, experimental evidence of heavy alkali PDT points to GB
passivation through alkali secondary phases reducing the density of charged defects and band
bending at GB [128, 130], which is detrimental for the solar cell performance.

This model already includes the effect of GB band bending in the solar cell performance, as
discussed above within deep bulk defects. Therefore, the GB passivation is achieved with the
reduction of the GB defect density to 1×1014 cm−3 in SCAPS-1D, corresponding to an interface
defect density of 2×1010 cm−2. This GB defect density represents a reduction in two orders of
magnitude than the initial experimentally-based density of 2×1012 cm−2 for solar cells without
PDT, in Table 3.2. Moreover, the referred defect density reduction is within the range of values
studied in [118].

Considering the results in Table 3.5, it is possible to see that the Voc is heavily enhanced,
followed by some improvements in Jsc and FF. The improved performance mainly due to the Voc
is expected and follows the experimental results elsewhere [84, 126, 128, 130] in PDT treated
solar cells. The GB passivation leads to a strong reduction of bulk recombination described by
the Shockley-Read-Hall (SRH) model, which limited the solar cell performance. Furthermore,
this PDT passivating effect represents an improvement in the power conversion efficiency of
about 3 %, which is in agreement with the improvement observed from experimental record
solar cells without PDT, ≈ 20 % [17], to PDT treated solar devices, ≈ 23 % [13]. Considering
the Jsc value, the observed increase allows the conclusion that the minority carrier’s diffusion
length increased due to the reduction in bulk recombination, and the consequent increase of its
collection probability. This conclusion is justified by the overall enhancement in the EQE curve
for λ > 600 nm (not shown here) with GB passivation.

Table 3.5: Solar cell results with the incorporation of GB passivation due to PDT and comparison
with previous results (4b). The GB passivation was obtained through the reduction in the GB
defect density. The results correspond to the case without n-type inversion

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

4b 638 34.4 80.6 17.7
5 - GB passivation 735 35.4 81.0 21.1

PDT - interface effects

This section refers to the interface effects of PDT. So, the Solar Frontier study in [131] considers
PDT mainly as a surface treatment. They reported reduced interface and SCR recombination
with the PDT treatment. Moreover, within their simulations, it is introduced a defect density
grading from the Mo contact to CdS, with lower density at CIGS/CdS interface. Therefore, this
model incorporates a similar defect density variation through the GB defects, represented in
Figure 3.4. This study already discussed another interface effect of PDT with the analysis of the
n-type inversion at the CIGS surface, in the shallow acceptors’ section.

The results in Table 3.6 show an increase in Voc and a decrease in FF, which combined with
the unchanged Jsc led to an improvement of only 0.1 % in power conversion efficiency. The
performance improvement stems from a slight reduction of the recombination within and near
the SCR .

Although there is almost no difference in efficiency in Table 3.6, the results with the GB
grading profile lead to a model with Figures of Merit close to the high-efficiency record cell
fabricated by ZSW. Therefore, the Voc and FF values are similar to the results achieved by [39].
One concludes through the results with the bulk and interface PDT effects that the bulk effects
had a much higher impact in the solar cell performance than the interface effects. Note that the
analysis with the n-type inversion at the CIGS surface and increased net free carrier concen-
tration, in the respective section, was considered as PDT interface and bulk effect, respectively.
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The conclusion of the higher impact for the bulk PDT effects is in agreement with a recent study
in [128].

Figure 3.4: GB defect grading profile due to the effects of PDT at the CIGS/CdS interface. It is
compared with the previous case without grading.

Table 3.6: Solar cell results with the incorporation of GB defect grading due to the effects of
PDT at the interface and comparison with previous results of GB passivation at model 5. The
grading profile is present in Figure 3.4

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

5 735 35.4 81.0 21.1
6 - Interface effect 744 35.4 80.3 21.2

Further optimisation

The study of the PDT effects was performed until the previous sub-section. So, the last electrical
optimisations are related mainly with the band alignment and band bending at the CdS layer.
Thus, it is first studied the influence of the Fermi level (EF) pinning at the CIGS/CdS interface.
The EF pinning at the CIGS/CdS consists on the EF fixed at a specific position or with a discrete
number of possible positions at this interface due to the respective pinning at the interface
defects level [132], Figure B.3 exemplifies this process.

The model of this study follows the initial model based on Pettersson et al. [15] to implement
the EF pinning. So, the CIGS/CdS interface has a donor-like type of defects with low capture
cross-section values placed near the CBM energy level (Ec) to pin EF, beyond the additional
neutral interface defect, i.e. an idealised uncharged defect possible to implement in SCAPS-1D
software that, in this case, accounts for the recombination at the interface.

Table 3.7 compares the previous model 6 with and without EF pinning, i.e. with and without
the donor-like interface defect, respectively. It is not possible to see any modification in the
Figures of Merit, nor modifications in the solar cell band diagram. Another approach of achiev-
ing the same effect on the band diagram than the previous EF pinning is through an n-type
surface [133], which already was analysed previously. Both approaches did not produce any
significant impact. So, considering that, this is a much-debated property [15, 133], this model
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will continue without the donor-like interface defect. On the other hand, there is great variabil-
ity in the CdS doping and compensating defect density [15, 16, 79, 82, 131, 133]. So, to obtain
a smoother band bending at the CdS layer and following other simulation studies which have
a high density of compensating CdS defects [16, 82, 131, 133], it will be increased the defect
density at the CdS layer. The defect density value varied from 5×1016 cm−3 to 3×1017 cm−3.

The CdS bulk trap density (Nt) increase results presented in Table 3.7 do not show a relevant
impact in solar cell performance. Furthermore, the CdS band bending follows the trend in [80].
Finally, this model proceeds with increased CdS Nt.

The last electrical optimisation corresponds to the conduction band offset (CBO) at the
CIGS/CdS and CdS/i:ZnO interfaces. The CBO is the difference between the respective Ec, by
the same order, which in SCAPS-1D can be described as the difference between the respective
electro-affinities (χa), e.g. the CBO at CIGS/CdS interface corresponds to χa CIGS −χa CdS.

As the initial model, in Table 3.1, the CIGS/CdS CBO of the current model is 0 eV, whereas
the CdS/i:ZnO is -0.2 eV. However, several studies report a CBO between CIGS and CdS
about 0.2 eV [80, 81, 134], which is among the values yielding higher efficiencies [80, 135].
Considering the CdS/i:ZnO CBO, an exhaustive simulation study in [80] identifies a CBO equal
or higher than −0.1 eV attributed to high-efficiency devices. Therefore, this model will set the
CBO at CIGS/CdS and CdS/i:ZnO interfaces as 0.2 eV and −0.1 eV, respectively. The band
diagram near these interfaces is possible to see in Figure 3.5, before and after the last three
modifications in this section.

Figure 3.5: Band diagrams obtained for the solar cell model simulation: before changes in
Further optimisation sub section (left); after CBO update (right).

Table 3.7: Results for the solar cell model with the sequential modification of the EF pinning,
CdS Nt increase and CBO update, compared with the previous result of the PDT interface effect
at model 6

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

6 744 35.4 80.3 21.2
7a - EF pinning 744 35.4 80.3 21.2
7b - CdS Nt increase 742 35.4 80.4 21.1
7c - CBO update 745 35.4 80.4 21.2

The solar cell performance with the CBO update, in Table 3.7, presents a slight increase in
the Voc and Jsc. The positive CBO at the CIGS/CdS interface is likely reducing the interface
recombination [15], and the same is suggested for CdS/i:ZnO CBO ≥ −0.1 eV [80]. However, the
reduced interface recombination effect is attenuated due to other characteristics of this model
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with a similar impact: the presence of the SDL layer; and a reduced GB defect density near the
CIGS/CdS interface. The Voc and FF, in Table 3.7, are similar to the high-efficiency record solar
cell by ZSW [39]. However, the Jsc still present lower values, explained with non-optimised
solar cell layer thicknesses as well as rear and front reflection.

3.1.3 Optical Parameters Optimisation

This section optimises the optical parameters, namely the thickness of the different layers, rear
and front reflection. Therefore, the objective is to obtain a solar cell efficiency and Figures of
Merit values similar to the high-efficiency record device by ZSW [39].

It is important to refer that the absorption coefficient of all layers in the solar cell stack was
updated in section 3.1.1. Hence, the CIGS optical constant is based on [32], according to its
GGI composition, and the CdS, i:ZnO and AZO layers are based on [106].

Layers thickness

The final model of the previous section 3.1.2 achieved a Jsc of 35.4 mA · cm−2. However, the
ZSW devices reported different CdS, i:ZnO and AZO thickness compared with this model.
Furthermore, the high-resistive ZnO layer is doped with Mg, thus referred to as Zn1−xMgxO
(ZMO), reaching higher bandgap values.

The CdS layer thickness was adjusted according to the reported range thickness values [39]
and EQE response in the 400 – 550 nm wavelength range. So, the CdS thickness is reduced
from 50 to 21 nm. The impact in solar cell performance mainly refers to Jsc, as it is possible
to observe in resume Table B.1 in annexes. Additionally, Figure 3.6 shows the evolution of the
EQE curve with every step in the layers thickness optimisation.

Considering the ZnO window layers, they also have their thickness reduced. The high-
resistive ZnO layer thickness decreased from 100 to 50 nm. While the AZO layer reduced its
thickness from 300 to 150 nm. The values used in the model corresponds to the bottom of the
range of values reported in [39], even for the CIGS layer thickness. Furthermore, the simulation
of the ZMO layer is attained by adapting the bandgap to the Mg content [136]. Hence, the ZMO
bandgap is set to 3.8 eV, considering a Mg content of 25 % (x = 0.25) [83, 136].

Figure 3.6: EQE response curve for the sequential modifications in the solar cell layers. Inset,
it is presented the Jsc increase with each modification. It is noted that the ZMO thickness
reduction does not affect the solar cell performance.
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The Jsc improvement of 1 mA · cm−2 with the CdS thickness reduction, as already mentioned,
is entirely associated with the solar cell light absorption in the 400 – 550 nm wavelength range,
Figure 3.6. So, the light with shorter wavelength values that was absorbed in the thicker CdS,
now reaches the CIGS absorber layer, contributing to the collected current. Furthermore, the
CdS thickness reduction is considered as a PDT effect due to a more homogeneous CBD CdS
growth at initial stages [13, 38, 40, 82]. Consequently, it is possible to benefit from the CdS
thickness reduction without the often associated electrical losses [84]. Moreover, ZMO layer
led to higher light absorption at the 300 – 400 nm wavelength range, possible to verify by the
respective EQE curve in Figure 3.6. The respective enhancement observed in Jsc of 0.2 mA · cm−2

follows the higher bandgap compared with the intrinsic ZnO, which allow shorter wavelength
values to pass through the window and buffer layers. Furthermore, the thickness reduction of
the ZMO did not alter the EQE response and respective Jsc.

Finally, the AZO thickness reduction produces an overall improvement in the EQE curve,
correspondent to the Jsc increase of 0.7 mA · cm−2. Mainly, the light absorption is enhanced in
the ultra-violet region due to the same reason mentioned for the CdS thickness reduction. Ad-
ditionally, there is an improvement for wavelength values > 600 nm due to lower IR absorption
by the free carriers present in the AZO material.

Rear and front reflection

Both rear and front reflection were set to 0 % from the initial model. The commercial software
Lumerical [89], employing the 3D FDTD numerical method, assists the electrical SCAPS-1D
simulations. So the Lumerical 3D optical simulations will provide the necessary optical reflec-
tion values.

It was simulated the reflection of the Mo substrate placed inside a medium with refractive
index (n) of 3. This value corresponds to the mean value of the CIGS material with the same GGI
composition at the rear contact in SCAPS-1D. The fixed refractive index is an approximation of
the reality due to the grading nature of this index with wavelength (index variation of 2.8 – 3.2).
However, simulating with this increased complexity would be time-consuming. Moreover, the
refractive index at wavelength values near the visible-IR region is ≈ 3.

The rear optical reflection used in the SCAPS-1D simulations is present in Figure 3.7, to-
gether with the impact in the EQE curve. One concludes that there is an improvement in the
light absorption for the IR region. The light in this region of the spectrum reaches the Mo rear
contact, followed by some percentage of reflection to CIGS. Consequently, it travels through
the CIGS absorber a second time, with a higher probability of being absorbed due to increased
light travelling inside CIGS.

Finally, it will be considered the front reflection. The first step was to define a constant
reflection value found in the literature [137], considering the reported reflection loss with a
standard ARC with 130 nm of MgF2. So, in Figure 3.7 is presented the EQE curve with 2.7 %
front reflection with the respective impact in Jsc, resumed in Table B.1 in annexes. It is possible
to observe a good fitting with the ZSW’s EQE curve for the 22.6 % champion cell. However, the
experimental curve presents some interference fringes due to the deposition of the buffer and
window thin-films.

Hence, the next step tests the MgF2 ARC layer and varies its thickness in the optical 3D sim-
ulations. The ARC thickness variation ranges from 80 to 150 nm, in Figure 3.8. It is important
to note that the optical simulation considered the same thickness values used in SCAPS-1D for
all layers. Additionally, it is considered the minimum bandgap with the respective minimum
GGI ratio.

It is possible to see the effect of the interference fringes by the window and buffer layers. The
shift that occurs in the interference peaks leads to different conclusions for the different ARC
layers, concerning the fit to the ZSW result. Therefore, higher ARC thickness values provide
a better fit at long wavelength values, while the opposite happens for lower thickness values
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Figure 3.7: Left - EQE response curves comparing the rear optical reflection of 0 % with the
presented Mo rear optical reflection (dashed line) obtained with the Lumerical 3D optical sim-
ulations. Right - EQE response varying the front reflection at fixed values and with optical
simulated Mo rear optical reflection.

where it better fits the experimental EQE curve at shorter wavelength values. Nevertheless, the
optimised ARC layer providing the highest Jsc value is represented in Figure 3.8, with 113 nm
of thickness.

The final step introduces roughness in the CIGS layer with the optimised ARC layer of
113 nm, to provide for a better fit with the experimental curve. The CIGS roughness is obtained
from an AFM measurement of a complete CIGS solar cell. Then, it is directly introduced in the
optical simulation software at the CIGS layer, which is translated to the upper layers until the
ARC. Figure 3.8 right compares the optimised ARC layer with and without the CIGS roughness.

Figure 3.8: Left - ARC thickness test from 80 nm to 150 nm in steps of 10 nm, with EQE response
curves and respective front reflection values. The optimised ARC thickness lead to a Jsc value
of 36.59 mA · cm−2. Note that the others Figures of Merit do not change significantly its values.
The Jsc values inset follow the same thickness colour code. Right - EQE response curve with
the optimised ARC and additional CIGS roughness, which is used in the baseline model for
high-efficiency devices.

The fitting of the simulated EQE curve with the CIGS roughness to the ZSW experimental
curve, in Figure 3.8, is optimised in the IR and ultra-violet (UV) region. However, the simulated
roughness introduced additional interference peaks that still do not quite fit the experimental
curve. Furthermore, there was an improvement of 0.4 mA · cm−2 in Jsc with this final step
compared to the optimised previous ARC layer, concluded from the results in Figure 3.8 left
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and Table 3.8.
The experimental roughness in high-efficient devices is rather variable and process-dependent,

so the final model incorporates the ARC layer with the CIGS roughness, which is in reasonable
agreement with the ZSW EQE curve.

Finally, it is important to correct the Jsc value to the grid shadow, considering that the Jsc
obtained with SCAPS-1D simulation does not take into account the respective current losses.
Moreover, this study compares the model results with record cell from ZSW, which lead to
1.7 % grid coverage [138]. So, 1.7 % of the current does not count for the Jsc in real devices.
Table 3.8 presents the corrected Jsc value.

The baseline model to high-efficiency devices updated the 10-years old most relevant elec-
trical baseline model with 17 % solar cell performance. It was optimised the electrical and
optical parameters and introduced some reported PDT effects, which enhanced significantly
the experimental CIGS solar cells performance in the last decade. Table 3.8 shows the Figures
of Merit achieved with the baseline model of this study compared with experimental results
from the ZSW record cell. Figure B.4 in annex B provides a visual comparison with J-V curves.

Table 3.8: Simulation results for the final updated model, i.e. baseline model to high-efficiency
devices. The value in brackets represent the Jsc value considering the 1.7 % grid coverage in
real devices. Additional comparison with the experimental data of the record cell from ZSW

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

Final Baseline model 747 37.0 (36.4) 80.3 22.2
ZSW [39] / difference (rel.) 741 / −0.8% 37.8 / +2% 80.6 / +0.4% 22.6 / +2%

3.2 Baseline Model: to Ultra-Thin Devices

This section follows the previous baseline model to high-efficiency devices by its application to
ultra-thin CIGS solar cells. It will be modelled the in-house experimental ultra-thin solar cell
devices to be reported in the literature [94]. Additionally, it is updated some model features
compared to the model used in this referred study.

First, it is discussed the optical properties regarding mainly the rear and front reflection.
And, second, the ultra-thin model adjusts the electrical parameters to better fit the experimen-
tal results. Finally, the model results are compared with the experimental Figures of Merit.
Ultimately, this section provides a path to an ultra-thin solar cell baseline model .

3.2.1 Modelling

The 3D optical simulation software Lumerical [89] was again used to obtain the front reflection
for the device layer structure, i.e. ultra-thin CIGS (∼ 500 nm)/CdS 50 nm/i:ZnO 150 nm/AZO
400 nm, without ARC. The front reflection is present in section 3.3 below, Figure 3.11, where it
is discussed solar cells with and without the ARC layer. Moreover, the optical constants for all
layers are the same as the constants used for the baseline model to high-efficiency devices.

Lopes et al. report 3 ultra-thin solar cells: with KF-PDT; with rear passivation; and simulta-
neously with KF-PDT and rear passivation [94]. Therefore, the various combinations between
KF-PDT and rear passivation will be modelled. So, to discriminate the passivated cell with
the non-passivated cell regarding the optical rear reflection, the values were set to 30 % and
50 %, respectively based on [69, 70]. These referred rear optical reflection values correspond
to the 900 – 1000 nm light wavelength range, with a higher probability of reaching the rear
contact. Additionally, the shunt conductance and series resistance were extracted from J-V
measurements and applied in the final ultra-thin model in Table 3.9.

25



CHAPTER 3. RESULTS AND DISCUSSION

Regarding the rear passivation, and since ultra-thin devices have high rear interface re-
combination, it is introduced a rear surface recombination velocity (SRV ) of 107 cm · s−1 for
the non-passivated models, in opposition to the 102 cm · s−1 for the passivated models [69, 71].
Hence, the SRV variation models the rear passivation effect of the alumina layer.

The PDT modelled devices incorporate the PDT features introduced in the electrical param-
eters optimisation in section 3.1. However, some experimental characteristics were introduced,
such as the net carrier concentration value experimentally obtained through C-V measurements,
although with maintained higher concentration values characteristic of PDT in this modelling.
Consequently, the donor compensation in the CIGS layer for the high-efficiency model was re-
moved. It is worth to mention that it is suggested in the experimental work an increased donor
defect concentration at the CIGS surface [94], so the ultra-thin model simulations present this
feature with the n-type inversion at the SDL layer, recall to Figure 3.1.

Additionally, together with thickness reduction to the ultra-thin absorber, the bandgap was
defined according to the GGI profile measured by glow-discharge optical emission spectroscopy
and considered to be equal across all devices, as the CIGS deposition occurred in the same
batch [94], with the respective electro-affinity variation.

Furthermore, it was set two different poles regarding bulk defect density, named as low and
high defects. Additionally, the simpler single bulk defect from the initial model in section 3.1 is
tested together with the more experimental double defects present in the final baseline model
to high-efficiency devices, Figure 3.9. The objective is to achieve the best fit to experimental
results, considering the different combinations of KF-PDT and passivation.

The low defect models correspond to the defect density used in the previous models, while
in the high defect models the CIGS defect density is increased, together with the CdS defects. It
is noted that for the double defects the higher defect density is applied only to the GB defects.
The results are present in the scheme of Figure 3.9, which can be compared with experimental
results inside brackets in Table 3.9.

Figure 3.9: Scheme with the Figures of Merit results of the different combinations test: dou-
ble/single defects and low/high defect. The double defects refers to double acceptors/donors
already mentioned in this study, while the single defects replaces the double defects and
uses the CIGS bulk defect used in the initial model, Table A.2 and Table A.1 respectively.
The High defect represent an overall increase in the CIGS bulk defects: GB defect density
increases from 5.0×1015 cm−3 wo PDT and the grading 5.0×1013 - 2.0×1013 cm−3 PDT to
1.5×1016/7.5×1015 cm−3 (double/single defects) wo PDT and 5.0×1015 - 2.0×1015/5.0×1014

- 2.0×1014 cm−3 (double/single defects) PDT. Additionally, only for single defects, GB defect
density increase for high defects is coupled with the CIGS single bulk defect density increase
from 1.0×1014 to 2.6×1015 cm−3. Please see Table 3.9 for experimental results.
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3.2.2 Modelling Validation with Experimental Data

The results present in Figure 3.9 allow to conclude that both results with low defects, left
and right respectively, reproduce Figures of Merit values much higher than the experimental
ultra-thin solar cells data in [94], with more impact on Voc and FF.

Therefore, the high defect models fit better the increased defect density in ultra-thin so-
lar cells, possibly due to a non-optimised absorber deposition compared to the thicker high-
efficiency counterparts. Moreover, the single defect model High defect does not quite reproduce
the experimental findings, as the passivation does not influence the Voc and FF values in the
models with and without PDT, where in the experimental results there is a clear positive effect
of the rear passivation. It suggests that rear passivation only gains importance and greatly ben-
efit the solar cells’ performance if manufacturers firstly address such CIGS high bulk defects,
that could dominate the device performance.

Nonetheless, comparing the simulation results for the low and high defect models, one
observes that the variation in the figures of merit is even higher for the low defect model. So,
the simulation suggests that if one tackle the high CIGS bulk defect density, the effects of PDT
and rear passivation improve even further the ultra-thin solar cells performance.

Finally, the high defect model with double defects provides the best fit considering the
different combinations. Although the Voc in general and the FF for the PDT devices are higher
in simulation than the experimental results, the trend in the simulation results is the same as
the experimental ultra-thin solar cells, which indicates good modelling of the KF-PDT and rear
passivation effects. This model was used to discuss the experimental work performed within
the group and reported in [94]. Furthermore, the model and experimental results are present
in Table 3.9.

Table 3.9: Simulated and experimental (in brackets with averages and standard deviation values)
results for the 3 devices in [94]. The simulated results follow the combination of double defects
+ high defects from Figure 3.9. In this simulation, it was introduced the experimental series
and shunt resistances for each device [94]

Device Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

KF-PDT 631 (519 ± 45) 24.1 (23.2 ± 1.5) 66.5 (49.0 ± 4.9) 10.1 (5.7 ± 1.6)
Rear passivation 612 (426 ± 16) 25.1 (25.4 ± 0.3) 54.4 (51.4 ± 2.6) 8.4 (5.6 ± 0.5)
Rear pass. + KF-PDT 675 (604 ± 20) 25.8 (25.5 ± 0.7) 66.9 (51.3 ± 2.4) 11.7 (7.9 ± 0.7)

The higher simulated Voc in the model that was used to discuss experimental work, high
defect model with double defects in Figure 3.10 and Table 3.9, could be a result of recombination
losses due to a higher number of defects that we could not simulate. The high recombination
losses were evidenced by the J-V measurements and time-resolved photoluminescence (TRPL)
decay times performed on the devices [94].

The high FF simulated values for the PDT devices, greater than 10 % absolute compared
with the experimental data, may be attributed to the existence of an electron barrier limiting
charge collection, resultant of the PDT process and not included in the model. Recent stud-
ies [88, 128, 139] report the formation of an Alkali-In-Se2 layer at the CIGS surface due to
the heavy alkali PDT process, which forms an electron barrier and lowers the FF. Figure 3.10
shows the effect of introducing the KInSe2 layer between the CIGS absorber and the CdS buffer,
focusing on this layer thickness. Since the experimental devices with KF-PDT show collection
losses, and even a roll-over in the J-V curve for the device with additional rear passivation [94],
the simulated KInSe2 thickness variation indicates that these devices may have this layer at
some extent, lowering the FF. So, after experimental validation that such layer is present, it
could easily be implemented in the ultra-thin model.
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Furthermore, all devices show an excellent fitting with the experimental Jsc values, which
indicates a good fitting of the optical properties in the models.

Figure 3.10: Left - Comparison between the simulated (filled squares with dashed connecting
lines) and measured (filled stars) solar cells figures of merit. The solid lines represent the
uncertainty associated with each device measurement, also present in Table 3.9. Right - J-V
curves for different KInSe2 thickness from 0 to 50 nm, that was incorporated into the model
(without passivation) between the SDL and CdS layers. The same trend is observed for the
model with passivation (not shown here).

In short, the simulation results for the ultra-thin solar cell devices follow the same trend
as the experimental results and suggest that combining PDT with rear interface passivation
enhances the solar cell performance even further compared to the application of only one of
these processes. Moreover, it is important to address the CIGS bulk recombination to achieve
the full potential of rear passivation and to have an effective impact in the ultra-thin solar cells
performance.

Furthermore, the model used to discuss the experimental ultra-thin devices paves the way
for a baseline model of ultra-thin CIGS solar cells.

3.3 Limitations of Ultra-Thin Solar Cells

This section highlights some of the possible limiting factors that hinder the performance of
ultra-thin solar cells, based on the simulations work performed in the previous sections.

So, it will be briefly discussed how some improvements in the optical properties, namely rear
and front reflection, affect the performance of the ultra-thin devices. Furthermore, electrical
characteristics, i.e. rear and bulk recombination, will be varied to assess the respective impact
in the cell’s performance.

3.3.1 Optical Limitations

In sub-section 3.1.3, the electrical model adopted the rear Mo optical reflection from optical
simulations. Additionally, it was tuned the front reflection according to an experimental high-
efficiency device.

It is demonstrated in Figure 3.11 that the incorporation of a reflector at the rear contact has
the potential to further increase the Jsc from 25.9 mA · cm−2 to 27.7 mA · cm−2. Note that this
rear reflector is applied to the electrical model with PDT and passivation while maintaining all
the parameters and conditions as in section 3.2. The impact of the rear reflector is amplified in
the ultra-thin solar cells compared to the thicker counterparts due to the lower probability of
light absorption in its first passage through the ultra-thin absorber [73, 77]. To model such rear
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reflector, the optical rear reflection value was increased to 92 % at the rear contact in SCAPS-
1D, instead of the 50 % value for the passivated model, whose effect is present in Figure 3.11.
This reflection value follows the minimum simulated value that is reported elsewhere for a
metal/dielectric stack at the rear contact [70].

On the other hand, the deposition of the ARC layer, without the above mentioned rear re-
flector, significantly enhances the Jsc value from 25.9 mA · cm−2 to 27.9 mA · cm−2, Figure 3.11.
Additionally, improvements on the anti-reflection properties, e.g. with a nanostructured trans-
parent conductive oxide (TCO) window layer, may reduce even further the front reflection
losses. The optical simulation of the front reflection with the nanostructured TCO show the
elimination of most of the previous interference fringes, which further enhanced the Jsc perfor-
mance as presented in Figure 3.11 to 28.1 mA · cm−2. The performance impact of this optimised
nanostructured TCO is even higher for thicker thin-film solar cells due to lower front reflection
in the IR region (not shown here). The ARC layer is modelled with input on the front reflection
from the Lumerical 3D optical simulations.

Figure 3.11: EQE curves for the optical optimisation at both the rear and front contact (left) and
only at the front contact (right), with the model including PDT and passivation. Jsc improve-
ments are presented inset. The thin CdS and ZnO layers at the left light blue curve refers to the
thickness used in baseline model for high-efficiency devices.

Thus, optical improvements both at the rear and at the front contact may be introduced in
the solar cells to address the light absorption losses due to the thickness reduction of the ultra-
thin absorbers. The combined effect of both high rear optical reflection and reduced front re-
flection would lead to a Jsc improvement, respective efficiency in brackets, from 25.9 mA · cm−2

(13.8 % eff.) to 29.9 mA · cm−2 (16.0 % eff.). Note that further optimisation in the reduction of
the buffer and window layers thickness may lead to an increased Jsc of 31.8 mA · cm−2 (17.3 %
eff.), here with the CdS and ZnO layers thickness as in section 3.1.

3.3.2 Recombination Losses Limitations

This sub-section tests the solar cell parameters above mentioned and modelled in section 3.2.
The ultra-thin devices are more sensitive to recombination losses at the rear contact due

to the proximity of the heterojunction interface and generation of minority carriers near the
rear contact. So, Figure 3.12 shows the Figures of Merit results for different SRV values to
demonstrate the impact on the performance of the solar cells. Note that this SRV variation does
not include the increased rear optical reflection that might come from passivation structures.

We observe from Figure 3.12 that the rear interface heavily affects the performance of ultra-
thin solar cells. However, below the rear SRV of 104 cm · s−1 only small changes in the Figures
of Merit are detected. Typically, the passivated devices present recombination velocity values
lower than 104 cm · s−1, and even an optimum passivation with SRV = 102 cm · s−1 [64, 69]. So,
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it is feasible the fabrication of passivated ultra-thin solar cells that takes advantage of low rear
recombination probability, with a high potential to have a significant impact on the respective
performance.

Figure 3.12: Figures of Merit values for different recombination velocity values at the rear
contact. It was used the model with PDT without passivation and without Rs and Rp.

Regarding the bulk recombination together with passivation, Figure 3.13 presents the J-V
curves and some Figures of Merit results for different values of bulk GB defect density. One con-
cludes that there is an increase in the performance of these ultra-thin solar cells both for devices
with and without passivation, i.e. with SRV of 102 and 107 cm · s−1 respectively. Moreover, the
results indicate that the passivation clearly potentiates the performance of the solar cell with
the reduction of the bulk defect density, i.e. bulk recombination probability. The improvement
of the CIGS bulk properties may be achieved with an optimised PDT, as already mentioned.
Furthermore, the conclusions about the impact of the rear SRV and CIGS bulk recombination
follow the results with the baseline model to ultra-thins devices, demonstrating the importance
of passivation and PDT in ultra-thin CIGS solar cells.

Figure 3.13: Impact of the GB defect density on the ultra-thin solar cell performance for the
model with PDT without passivation (left) and with passivation (right). Note that with rear
passivation, the defect density decrease lead to a Voc value higher compared with the high-
efficiency record cell from ZSW.

Interestingly, de Wild et al. reported a saturation in the Voc value in their devices with KF-
PDT, but without passivation, to about 640 mV [140], which is in great agreement with the
value obtained with this work without passivation, demonstrating again that the model that is
being created is in agreement with experimental data.
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This study focused on the update of old baseline models with experimentally-based features,
that include the recent advances in the CIGS technology, namely the PDT effects. Furthermore,
the baseline model to high-efficiency devices was applied to ultra-thin solar cells. So, the
limitations of the ultra-thin devices is highlighted in this section and it would result in a
significantly improved performance towards the high-efficiency thicker counterparts. It was
suggested performance optimisations in the optical parameters with the ARC layer and rear
reflector, together with the electrical optimisations with interface passivation and bulk defects.

Finally, if we apply all the mentioned optical and electrical optimisations, ultra-thin solar
cells may achieve an efficiency of 19.0 % (Voc 750 mV; Jsc 31.8 mA · cm−2; FF 79.5 %) which
is + 11.6 % abs. compared with the model used to describe the experimental data in sub-
section 3.2.2 without passivation and without PDT (7.4 % eff.). We note that the simulated
Voc values are above the ones of the world record cell. This happens mostly because with thin-
ner layers, less bulk recombination takes place [41], and even if the defect level is still high,
there is already a positive effect. Such detail means that if the CIGS quality of ultra-thin layers
can reach the conventional ones, the ultra-thin devices could ultimately overtake conventional
devices in terms of performance. On the other hand, the tremendous performance enhance-
ment demonstrate that the optimised PDT and passivation together with optimised optical rear
and front reflection may have a real impact in ultra-thin devices and, at last, in its future wide
commercialisation.

3.4 Experimental Rear Passivation Structure

This final section optimises a lift-off procedure aiming to create a nanostructured Mo rear
contact with an additional metal and dielectric layers. The objective is to benefit from the
dielectric passivation effect and the increased rear optical reflection with the highly reflective
metal layer, mitigating some limitations of ultra-thin CIGS solar cells.

A previous study report the deposition of the two mentioned layers followed by an etch
procedure [78]. However, it often led to inter-diffusion between the metal layer and the CIGS
absorber due to the harsh conditions in the absorber growth, deteriorating the solar cell per-
formance. So, this study focuses on the encapsulation of the metallic layer by the passivating
dielectric with industrial-friendly processes and optimised nanostructures dimension. Please
see Figure 2.2 in Materials and Methods to remember the desired final structure. The dimension
optimisation requires a calibration step in the photolithographic exposure conditions.

3.4.1 Calibration

It was varied two parameters in the exposure conditions (F and I) at the lithography step and
the development time of the bi-layer PR (40 s, 45 s, and 50 s). So, to chose between the different
parameters, it was observed the samples after the development step in the optical microscope,
some images in Figure B.5 in annexes. One verifies that the laser Intensity has more impact on
the undercut than the laser Focus. So, for 45 and 50 s development time, I ≥ 50 % leads to the
peel-off of the lines due to full development of the bottom resist. Furthermore, the repeated
experience on several calibration steps and from optical microscope images allow to conclude
that for laser Intensity of 40 %, the samples are underdeveloped or produces low undercut
values (< 50 nm). The latter would lead to low passivation coverage areas and high rear contact
line width, reducing the passivation benefit. The combination of 40 s and 50 % also produced
lower undercut values compared with the chosen combination. Note that the line pattern in
Figure B.5 is created due to the slight variation of the beam intensity through the movement of
the laser when the laser head remains fixed (≈ 160µm). Therefore, the combination Intensity
of 60 %, development time of 40 s and both Focus were analysed through SEM images.
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Although there are no major differences between Focus −20 and −40, it was chosen the
F −40, present in Figure 3.14, due to slightly higher uniformity than F −20. The SEM cross-
section analysis in Figure 3.14 allowed to assess the suitability of the resists profile. It was
obtained a bottom resist width value of ≈ 550 − 600 nm, i.e. rear Mo contact width value, a
passivation line width ≈ 2.2 µm and the defined 1.6 µm line width for the area that benefits
from the highly reflective metal.

Figure 3.14: SEM cross-section image of the resists profile with the chosen combination of
parameters I 60 %, F -40 and development time 40 s.

3.4.2 Lift-off

The parameters chosen above were applied to the fabrication of the whole rear nanostructure,
as mentioned in chapter 2.

Figure 3.15 a) shows the SEM cross-section image of the sample after the Mo etch step. The
etch of Mo introduced some roughness or dirt in the exposed area as seen in Figure 3.15 a)
in-between the resist sections. Posterior energy-dispersive X-ray spectroscopy (EDX) analysis
revealed the presence of Cu in the sample lines (not shown here), which was attributed to a
contamination during the Al sputtering deposition. Consequently, during the etch process and
after the Mo over-etch, the Cu metal redeposited on the substrate, as the RIE equipment and
the recipe used do not allow the etch of some metals, namely Au, Ag, and Cu, due to the gas
chemistry used. Additionally, one observes some lateral etching of the bottom resist, increasing
slightly the undercut, comparing Figure 3.14 and Figure 3.15 a).

The effectiveness of the lift-off is shown by the top and cross-section images in Figure 3.15
b) and c). Furthermore, the conformability of the dielectric deposition is visible by the SEM
images. It was obtained a rear contact line width of about 550 nm and a dielectric/metal stack
line width of about 1.8 um, with a pitch of 2.8 um, representing a passivation area of 80 % and a
metal stack coverage area 64 %. Other studies within the group report the rear optical reflection
benefits [78, 95, 99] and the optimised passivation area around the 80 % coverage[141].

In Figure B.6, the AFM analysis confirms the presence of the dielectric underneath the resist
undercut due to the step between the rear Mo contact and the dielectric layer of ≈ 18 nm, in
agreement with the respective dielectric deposition value.

Finally, the uniformity of the nanostructures dimension through the substrate was con-
firmed by the observation of different SEM top images at different locations of the substrate.
One example top image is present in Figure B.7 in annexes.

With industrial-friendly processes, the rear passivation was implemented together with a
highly reflective rear contact strategy, which comprises a double layer of metal encapsulated by
the dielectric. However, one limitation is the lift-off of the dielectric that limits the dielectric
deposition temperature. Nonetheless, it was tested the lift-off of an alumina layer deposited by
low-temperature (≈ 100 ºC) ALD, at the beginning of this study, which would be considered
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Figure 3.15: SEM cross-section image before (a) and after (c) the lift-off, and top image (b) after
the lift-off. The dimensions presented within the images correspond to 10 different measure-
ments at different locations and images with the same scale.

to be difficult due to its high conformability, SEM top view in Figure B.8 in annexes. The
lift-off of the ALD alumina was successful even with the non-optimised nanostructures, which,
although with non-uniform rear contact lines and no encapsulation, the lift-off was possible.
The ALD alumina lift-off success makes the rear contact optimisation techniques used in this
study compatible with high-quality dielectric passivating layers. So, as this structure allows
for rear electrical passivation and high optical rear reflection, the door to achieve the ultra-thin
high performance that the model predicts is now open.
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4 Conclusion and Future Perspectives

The work performed with this thesis provided with an update of the older baseline electrical
models with SCAPS-1D and compared with high-efficiency solar cells. With the old baseline
from Pettersson et al., it was update the CIGS bulk defects based on experimental and theo-
retical results from literature. The experimental-based bulk defects allowed for a decoupling
between native points defects from the grain interior and the grain boundary defects of such
polycrystalline CIGS absorbers used in high-efficiency devices. Therefore the electrical model
was capable of introducing the reported PDT effect of GB passivation. Several other electri-
cal and optical characteristics were optimised together with the study of some PDT effects on
CIGS solar cells. Furthermore, the Lumerical FDTD software provided with the rear and front
reflection values, through 3D optical simulations.

It was observed that the PDT bulk effects led to a greater impact in the solar cell performance
than the PDT interface effects, in agreement with recent studies, mainly due to GB passivation
and strong reduction of bulk recombination, affecting mostly Voc and FF. Furthermore, the
performance improvement with the incorporation of PDT was about 3 %, also in agreement
with the experimental record cells results. Additionally, it was modelled the record cell from
ZSW with 22.6 % with comparable results. There is now a working tool that the community can
use to understand where to concentrate their efforts. The identification that the PDT effect on
front interface recombination leads to minimal impact in device performance is of the utmost
importance as it indicates that there is a vast potential to improve there with for instance front
passivation layers [142].

The baseline for high-efficiency devices was applied to ultra-thin solar cells and tested
different combinations regarding CIGS bulk defects. It was demonstrated that the increased
defect density in ultra-thin experimental devices were better fitted with the high defect model,
possibly due to a non-optimised absorber deposition compared to the thicker high-efficiency
counterparts. Such fact is already an indication that efforts should be made into increasing the
bulk quality of ultra-thin layers. Examples of such improvement can be increasing deposition
time, increasing deposition temperature or to improve the control over the introduction of Na.
Furthermore, the simulation results follow the same trend as the experimental results and sug-
gests that combining PDT with rear interface passivation enhances the solar cell performance
even further compared to the application of only one of these processes. This model paves the
way for a baseline model of ultra-thin CIGS solar cells.

Together with the electrical optimisations referred above, the optical limitations may be
addressed with improvements at rear contact with incorporation of a rear reflector and at the
front contact with optimisation of the anti-reflection properties. If one incorporates all the
optical and electrical optimisations at an architecture level, it was demonstrated an improved
ultra-thin cell performance of 19 % compared to only 7.4 % conversion efficiency for the model
without PDT and without rear passivation, with even higherVoc values compared to the ZSW
record cell. Nonetheless, this high-performed ultra-thin device lacks of an optimised bandgap
grading. Moreover, a higher bandgap buffer layer would enhance even further the Jsc value and
respective performance. The aforementioned CIGS quality improvements could also lead the
ultra-thin devices to performance values close, or even higher, than traditional devices as it was
demonstrated by the very high simulated Voc value even with a high defect quality.

Future tests with the baseline model may be performed to further guarantee its reliability,
such as admittance simulations. Furthermore, additional tests regarding the CIGS solar cell
properties will contribute to the understanding of the respective effects, namely compensating
defects and absorber-buffer-window layers band alignment as an example.

The experimental results revealed the feasibility of a rear structure that simultaneously
provides a higher reflection and benefit from passivation, with an industrially-friend lift-off
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process, paving the way for the high-performing ultra-thin devices that were modelled previ-
ously. A rear architecture that comprises of both electrical passivation and the incorporation
of a highly reflective layer had never been manufactured before this thesis. It was successfully
fabricated a metal layer encapsulated with a dielectric at the rear surface with optimised rear
contact dimensions. Additionally, it was proven the possibility of an effective lift-off of an
alumina deposited by low temperature ALD, which allow high-quality passivating layers to be
processed with the techniques used in this study. The fully development of a process suitable to
be adapted in the industry will be further achieved with exposure techniques compatible with
high throughput, such as the nano-imprint lithography which would allow a better control on
the features dimension. The obtained rear structure has the potential of contributing to the
future of high-efficiency ultra-thin CIGS solar cells.

It is noted that from the work performed within this thesis resulted in direct contribution on
the simulation of ultra-thin solar cells for a scientific paper as a co-author already submitted to
ACS Applied Materials and Interfaces [94]. Additionally, another scientific paper, as main author,
is already being written to be submitted, aiming to report the updated baseline model adapted
to recent CIGS solar cells and that has not been reported at the time of writing of this thesis.
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A SCAPS-1D Parameters

Table A.1: Parameters used in SCAP-1D for the initial model. All defects are mid-gap defects,
except for the EF pinning interface defect which are placed 0.2 eV below Ec. See Symbols
chapter for all parameters meaning. "A" stands for acceptor, "D" for donor, and "N" for neutral.
This initial model represents the previous baseline from Pettersson et al. [15].

Layer properties CIGS SDL CdS i:ZnO AZO

Thickness (µm) 1.8 0.015 0.05 0.1 0.3

Eg (eV)
1.34 -1.08
(graded)

1.3 2.4 3.3 3.3

χa (eV)
4.20 - 4.46
(graded)

4.46 4.46 4.66 4.66

εr 13.6 13.6 5.4 9 9
Nc (cm−3) 6.8×1017 6.8×1017 1.3×1018 3.0×1018 3.0×1018

Nv (cm−3) 1.5×1019 1.5×1019 9.1×1018 1.7×1019 1.7×1019

ve
th (cm · s−1) 3.9×107 3.9×107 3.1×107 2.4×107 2.4×107

vh
th (cm · s−1) 1.4×107 1.4×107 1.6×107 1.3×107 1.3×107

µe (cm2 ·V−1s−1) 100 100 72 100 100
µh (cm2 ·V−1s−1) 12.5 12.5 20 31 31
ND (cm−3) − − 5.0×1017 1.0×1017 1.0×1020

NA (cm−3) 1.0×1016 1.0×1016 − − −
Abs. coeff. (cm−1) [32] [32] [106] [106] [106]

Bulk defects

Type Single (D) Single (D) Single (A) Single (A) Single (A)
σe (cm2) 1.0×10−13 1.0×10−13 1.0×10−15 1.0×10−15 1.0×10−15

σh (cm2) 1.0×10−15 1.0×10−15 5.0×10−13 5.0×10−13 5.0×10−13

Nt (cm−3) 1.0×1014 1.0×1014 5.0×1016 1.0×1016 1.0×1016

Interface defects SDL/CdS
CIGS/SDL Recomb. Pinning

Type Single (N) Single (N) Single (D)
σe (cm2) 1.0×10−15 1.0×10−15 1.0×10−18

σh (cm2) 1.0×10−15 1.0×10−15 1.0×10−18

Nit (cm−2) 1.0×1011 3.0×1013 3.0×1013

Contacts Rear Front

Electrons SRV (cm · s−1) 1.0×107 1.0×107

Holes SRV (cm · s−1) 1.0×107 1.0×107

Reflection (%) 0 0
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Table A.2: Parameters used in SCAP-1D for the baseline model for high-efficiency devices
obtained with this study. The interface defects are the same as in Table A.1, except the removal
of the EF pinning defect. Furthermore, the optical reflection simulations are presented and
discussed in chapter 3. See Symbols chapter for all parameters meaning. "A" stands for acceptor,
and "D" for donor.

Layer properties CIGS SDL CdS ZMO AZO

Thickness (µm) 2.5 0.015 0.021 0.05 0.15

Eg (eV)
1.31 - 1.11 - 1.27
double graded

1.42 2.4 3.8 3.3

χa (eV)
4.22 - 4.43 - 4.31
double graded

4.31 4.11 4.21 4.21

εr 13.6 13.6 5.4 9 9
Nc (cm−3) 6.8×1017 6.8×1017 1.3×1018 3.0×1018 3.0×1018

Nv (cm−3) 1.5×1019 1.5×1019 9.1×1018 1.7×1019 1.7×1019

ve
th (cm · s−1) 3.9×107 3.9×107 3.1×107 2.4×107 2.4×107

vh
th (cm · s−1) 1.4×107 1.4×107 1.6×107 1.3×107 1.3×107

µe (cm2 ·V−1s−1) 100 100 72 100 100
µh (cm2 ·V−1s−1) 12.5 12.5 20 31 31
ND (cm−3) 1.0×1016 1.0×1016 5.0×1017 1.0×1017 1.0×1020

NA (cm−3)

5.0×1016 - 1.1×1016

wo type-inv.
5.0×1016 - 1.0×1014

type-inv.

1.1×1016

wo type-inv.
1.0×1014

type-inv.

− − −

Abs. coeff. (cm−1) [32] [32] [106] [136] [106]

Bulk defects

1 - Type Double (D) Double (D) Single (A) Single (A) Single (A)
1 - σe (cm2) 1.0×10−13 1.0×10−13 1.0×10−15 1.0×10−15 1.0×10−15

1 - σh (cm2) 1.0×10−15 1.0×10−15 5.0×10−13 5.0×10−13 5.0×10−13

1 - Et (eV)
Ec − 0.25 /
Ec − 0.34

Ec − 0.25 /
Ec − 0.34

mid-gap mid-gap mid-gap

1 - Nt (cm−3) 1.0×1013 1.0×1013 5.0×1016 1.0×1016 1.0×1016

2 - Type Double (A) Double (A)
2 - σe (cm2) 1.0×10−15 1.0×10−15

2 - σh (cm2) 1.0×10−13 1.0×10−13

2 - Et (eV)
Ev + 0.29 /
Ev + 0.58

Ev + 0.29 /
Ev + 0.58

2 - Nt (cm−3) 1.0×1013 1.0×1013

3 - Type (GB) Single (A/D) Single (A/D)
3 - σe (cm2) 1.0×10−15 1.0×10−15

3 - σh (cm2) 1.0×10−15 1.0×10−15

3 - Et (eV) Ev + 0.27 Ev + 0.27
3 - Nt (cm−3) 5.0×1013 - 5.0×1012 5.0×1012

Contacts Rear Front

El. SRV (cm · s−1) 1.0×107 1.0×107

Hole SRV (cm · s−1) 1.0×107 1.0×107

Reflection (%) optical sim. optical sim.
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Table A.3: Parameters used in SCAP-1D for the baseline model for ultra-thin devices. The
interface defects are the same as in Table A.1, except the removal of the EF pinning defect.
Furthermore, the optical reflection simulation is presented and discussed in chapter 3. See
Symbols chapter for all parameters meaning. "A" stands for acceptor, and "D" for donor.

Layer properties CIGS bulk SDL CdS i:ZnO AZO

Thickness (nm) 425 15 50 100 400
Eg (eV) [94] 1.42 2.4 3.3 3.3
χa (eV) [94] 4.31 4.11 4.31 4.31
εr 13.6 13.6 5.4 9 9
Nc (cm−3) 6.8×1017 6.8×1017 1.3×1018 3.0×1018 3.0×1018

Nv (cm−3) 1.5×1019 1.5×1019 9.1×1018 1.7×1019 1.7×1019

ve
th (cm · s−1) 3.9×107 3.9×107 3.1×107 2.4×107 2.4×107

vh
th (cm · s−1) 1.4×107 1.4×107 1.6×107 1.3×107 1.3×107

µe (cm2 ·V−1s−1) 100 100 72 100 100
µh (cm2 ·V−1s−1) 12.5 12.5 20 31 31
ND (cm−3) − 1.0×1016 5.0×1017 1.0×1017 1.0×1020

NA (cm−3)

6.05×1015

(PDT)
4.05×1015

(wo PDT)

1.0×1014 − − −

Abs. coeff. (cm−2) [32] [32] [106] [106] [106]

Bulk defects

Defects 1 & 2
Double (D & A)

Table A.2 Table A.2 − − −

3 - Type (GB) Single (A/D) Single (A/D) Single (A) Single (A) Single (A)
3 - σe (cm2) 1.0×10−13 1.0×10−13 1.0×10−15 1.0×10−15 1.0×10−15

3 - σh (cm2) 1.0×10−15 1.0×10−15 5.0×10−13 5.0×10−13 5.0×10−13

3 - Et (eV) Ev + 0.27 Ev + 0.27 mid-gap mid-gap mid-gap

3 - Nt (cm−3)

5.0×1015 - 2.0×1015

(PDT)
1.5×1016

(wo PDT)

2.0×1015

(PDT)
1.5×1016

(wo PDT)

4.7×1017 1.0×1016 1.0×1016

Contacts Rear Front

El. SRV (cm · s−1)

1.0×102

(pass)
1.0×107

(wo pass)

1.0×107

Hole SRV (cm · s−1) 1.0×107 1.0×107

Reflection (%)

50
(pass)
30
(wo pass)

optical sim.
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B Supplementary Figures and Tables

Figure B.1: Bulk and interface recombination currents with (left) and without (right) the SDL
layer.

Figure B.2: Cross-section test with the variation of electrons (bottom) and holes (top) capture
cross-section, in the double donors (left) and double acceptors (right) defects.
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Figure B.3: Band diagram adapted from [132] illustrating the Fermi level (EF) pinning process.
Here EF is pinned at energy E4, with other possible three defect levels at the interface. The EF
pinning at E4 provides the highest Voc in opposition with the pinning at E1.

Figure B.4: J-V curve comparison between the baseline model obtained with this study and the
experimental result of the high-efficiency record cell from ZSW.
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Table B.1: Resume of the simulation results for the optical optimisation steps of the baseline
model to high-efficiency devices, without considering the ARC optimisations.

CIGS model Voc (mV) Jsc (mA · cm−2) FF (%) η (%)

CBO update (previous) 745 35.4 80.4 21.2
CdS thickness reduction 746 36.4 80.3 21.8
i:ZnO to ZMO 747 36.6 80.3 21.9
ZMO thickness reduction 747 36.6 80.3 21.9
AZO thickness reduction 748 37.3 80.3 22.4
Rear reflection update 749 38.2 80.2 22.9
Fixed front reflection (2.7 %) 747 37.2 80.3 22.3

Figure B.5: Optical microscope images for the calibration of the DWL laser Focus and Intensity
conditions together with the development time. All the exposed lines presented here have
1.6µm width and 2.8µm pitch. Note the different scale unit at different images.
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Figure B.6: AFM analysis of the substrate after the lift-off, the correspondent SEM image is
shown in Figure 3.15 b) and c). It is demonstrated the dielectric thickness with the linear profile
(right) through 10 measurements at different locations, and as an example it is presented the
referred linear profile on the gray line at AFM image (left).

Figure B.7: SEM top image pf the substrate after the lift-off. This SEM image is an example of
the uniformity of the lines dimension obtained with this study.
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Figure B.8: SEM image of the successful lift-off of the ALD alumina deposited at ≈ 100 ºC.
However, this lift-off was done before the DWL exposure calibration to assess the viability of
the ALD high-quality dielectric lift-off and does not have the proper line dimensions, as it is
possible to see by the areas without lines where the resist peeled-off.
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I Program to Retrieve Figures of Merit in
SCAPS-1D

Throughout the first simulations results it became clear that I should automate the process of
retrieving the Figures of Merit values from a series or a batch of simulation results. Initially, I
had to write one-by-one all the values from .txt files with the simulations results. So, I create
a Visual Basic for Applications (VBA) program in Excel that stores the Figures of Merit values,
based on the .txt file provided by the SCAPS-1D J-V simulations, into an Excel table to be
further used. Therefore, the process of obtaining the respective Figures of Merit is simplified
compared to the initial copy and paste time-consuming approach.

Figure I.1 presents the output Excel sheet, whereas the input .txt file path, batch and I-V
parameters are inserted. The click on Calculate Figures of Merit button place the results in the
respective grey cells.

Figure I.1: Example of an output Excel sheet of the VBA program to retrieve the Figures of
Merit from the .txt file obtained with the SCAPS-1D simulation results.

It also shown an example of how the SCAPS-1D software outputs the Figures of Merit values
in the text files, Figure I.2, whereas the difficulty of obtaining several groups of these values, as
an example with batch simulations, is visible.

Figure I.2: Example of an output .txt file obtained with SCAPS-1D I-V simulations with the
Figures of Merit values.
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