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Abstract

Chalcopyrite-based solar cells have achieved remarkable power conversion efficiencies of up
to 23.6% for absorbers with a band gap near 1.1 eV. However, this efficiency is still around 10
percentage points below the Shockley-Queisser (SQ) theoretical limit. One of the main reasons
for this efficiency gap is deficit in the open circuit voltage Voc relative to the SQ-Voc limit.

The SQ predictions are entirely based on an idealized solar cell model that makes several
important assumptions. One assumption is that the absorptance A(E) and external quantum
efficiency QE(E) is unity for energies higher than band gap and zero in the sub-band gap
energy range, meaning that A(E)/QE(E) is a step function. This implies that only photons
with energies higher than the band gap are completely absorbed, contributing to the generation
of electron-hole pairs, and all photogenerated electron-hole pairs are fully extracted through
the contacts. Another key assumption is that charge recombination occurs exclusively through
band-to-band radiative recombination mechanism, with non-radiative recombination pathways
entirely absent in the device.

However, in practice, the behavior of actual devices deviates significantly from this idealized
SQ assumptions. First, instead of exhibiting a sharp step-like transition at the band gap energy,
the A(E) and QE (E) spectra of real devices show a gradual increase near the absorption edge,
leading to spectral broadening. This broadening causes radiative Voc losses. Second, real solar
cells often suffer from incomplete light absorption and charge collection inefficiencies, which
further contribute to Voc losses. Finally, unlike the SQ model, along with the radiative band-
to-band transition, undesirable non-radiative recombination also occurs within the actual
devices, both in the bulk and at interfaces, resulting in detrimental non-radiative Voc losses.

In this thesis, simulations were conducted to evaluate the effects of band gap inhomogeneities,
Urbach tails and absorber thickness on the absorption edge broadening and radiative losses.
Notably, it was found that band gap distribution along with the reduced absorber thickness
have significant contribution to the broadening and radiative losses, while Urbach tails only
show a minor effect within the typical range of Urbach energy values observed for CIGSe
absorbers.

Moreover, comprehensive experimental analyses are performed to quantitatively evaluate the
Voc losses caused by all non-idealities in Cu(In,Ga)Se2 CIGSe solar cell. Two distinct
approaches are employed for this purpose. The first method relies on purely optical analysis,
where A(E) and photoluminescence (PL) spectra are used to evaluate quasi Fermi level
splitting (Au) (analogious to Voc) losses of CIGSe absorbers relative to SQ limit. The second
method relies on optoelectronic analysis, where Voc losses are extracted through a combination
of electroluminescence (EL) and direct QF (E) measurements.
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The primary focus of this work is to study the influence of the band gap gradient on the
radiative losses in CIGSe solar cells. Experimental findings indicate that absorbers with a
graded band gap exhibit stronger broadening at the absorption onset and suffer from 5 -16 meV
additional radiative losses compared to the ungraded absorbers. These findings are further
supported by a meta-analysis and a review of published data, which consistently show that the
presence of a band gap gradient contributes significantly to absorption edge broadening.

This thesis also investigates the impact of alkali ions incorporation on the sub-bandgap Urbach
tails and grain boundaries in CIGSe absorbers. PL measurements are used to evaluate the extent
of Urbach tails, while Kelvin probe force microscopy (KPFM) is employed to extract the band
bending across the grain boundaries. The main objective of these measurements is to determine
whether there is any relationship between the reduction in Urbach tails and changes in band
bending at grain boundaries. Consistent with previously published results, the PL results show
that alkali incorporation reduces the extent of tail states. However, KPFM measurements
indicate that decrease in the tail states is not correlated with the changes in the grain boundary
band bending. Instead, excitation-dependent PL measurements suggest that the reduction in
the Urbach tails is primarily due to the flattening of the electrostatic potential fluctuations
within the material.
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1 Introduction

Global electricity consumption is dramatically increasing each year. In 2024 the total electricity
demand was around 29,000 TWh [1]. Predictions are expecting an increase of approximately
3,500 TWh in electricity consumption from 2024 to 2027 [1]. This amount of increase

corresponds to annual growth rate of around 4% over this period [1].

This substantial growth in electricity consumption is primarily caused by several key factors,
including expanding industrial activities, advancements in the electrification technology,
growing energy requirements for data centers, and the rising demand for air conditioning and
cooling systems [1]. It is predicted that photovoltaic technology would cover about 50% of this
expected increase in electricity consumption [1]. Therefore, a collective global effort is
underway to develop more efficient solar cells. Numerous companies, research institutions and
universities continue to announce record-breaking device efficiencies each year. This ongoing
research and competition among academic and industrial leaders reflects the importance of the

photovoltaic technology for future of the electricity generation.

According to the most recent reports, wafer based silicon (Si) technology has dominant share
in the photovoltaic market, accounting for approximately 98% of global supply [2]. The
remaining 2% share is covered by thin-film photovoltaic technologies [2]. The Cu(In,Ga)Se2
CIGSe solar cells belong to the thin-film category.

CIGSe is a p-type, direct band gap semiconductor. This semiconductor shows favorable
optoelectronic characteristics for solar cell applications. Notably, it has a high absorption
coefficient (>10* cm™) [3], allowing for efficient light absorption in a thin-film with few
micrometer thickness. The band gap of CIGSe absorbers can be tuned by adjusting the Ga
concentration within the material. The band gap of this material increases from approximately
1.0 eV in pure CulnSe: (CISe) to about 1.7 eV in pure CuGaSe. (CGSe) material [4, 5]. This
band gap tunability is a key advantage and has recently gained significant attention for
applications in tandem devices [5-8]. Moreover, CIGSe solar cells have been proven to be

stable against environmental influences [9].

Over the past five decades, the power conversion efficiency of the CIGSe devices has increased

significantly from 5.7% to 23.6% [ 10, 11]. In CIGSe solar cells, two key strategies have played

15



a crucial role in improving efficiencies: (i) the introduction of a graded band gap profile and

(i1) the incorporation of alkali elements into the absorber layer.

The band gap gradient uses the tunable band gap properties of CIGSe absorbers by
intentionally increasing the band gap near the back and front surfaces [12, 13]. Such a gradient
architecture drives minority carriers (here electrons) away from the interfaces, thereby
decreasing interface non-radiative recombination losses, improving the open circuit voltage

Voc and overall efficiency of devices [13].

Alkali ions also have a significant role in enhancing the efficiency of CIGSe devices. Since the
1990s, sodium (Na) addition has been used in CIGSe solar cells to improve the device
performance [14-16]. Later, heavier alkali ions such as potassium (K) [17], rubidium (Rb) [11,
18, 19], and cesium (Cs) [20] have also been introduced into the CIGSe absorbers, resulting
the power conversion efficiencies to surpass 20% [11, 17, 19]. The primary effects of these
alkalis are increase in net p-type doping concentration [21-23] and a reduction in detrimental
non-radiative recombination losses (i.e., lifetime improvement) [24, 25], which directly leads

to enhancements in Voc and overall device efficiency.

Despite significant achievements in CIGSe technology, the efficiency of the CIGSe solar cells
remains considerably lower than the theoretical maximum predicted Shockley—Queisser (SQ)
efficiency limit [26]. For a material with a band gap of around 1.1 eV, the SQ model predicts
an efficiency of approximately 33% for a single-junction solar cell under one sun illumination
[26, 27]. Currently, the efficiency of CIGSe devices with a similar band gap is about 10

percentage points lower than this theoretical prediction [11].

One primary reason for this loss in the efficiency of CIGSe solar cells is a deficit in the Voc
with respect to the SQ limit. Therefore, improving the Voc is an essential step for pushing the

performance of these devices closer to their theoretical efficiency limit.

Further improving the CIGSe device performance requires advanced characterization
techniques to identify performance limitations and underlying losses in efficiency. In this
thesis, luminescence-based characterization techniques are employed to investigate the Voc

limitations in Cu(In,Ga)Se2 (CIGSe) devices.
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Moreover, this work also studies the influence of alkali elements on the sub-band gap tail states

and grain boundaries in CIGSe absorbers.

This thesis contains 6 main chapters, in the following, a brief overview of each chapter is

provided.

Chapter 2 of this thesis presents literature review and discusses the fundamental principles
and equations related to semiconductors and solar cells. Additionally, it also introduces the
CIGSe absorber, discussing its crystal structure, tail states, defect properties, and the beneficial

effects of alkali incorporation.

Chapter 3 provides a detailed overview of the sample deposition and characterization technics.
All CIGSe absorbers in this thesis were prepared using multistage co-evaporation deposition
method. The details of deposition process are discussed extensively in this chapter. Moreover,
key characterization techniques, including electroluminescence (EL) and photoluminescence
(PL) measurements, are also introduced. In particular, the calibration procedures and
experimental setups for both EL and PL analyses are presented in this chapter. Furthermore,
other experimental methods, such as current—voltage (J-V) measurements, quantum efficiency

(QE) analysis, and UV-Vis photospectrometry measurements, are also covered in Chapter 3.

Chapter 4 of this thesis provides a theoretical framework which allows us to understand the

limitations in the Voc of photovoltaic devices.

The ideal SQ model assumes that a solar cell has step-function-like A(E) and QE (E) spectra
[26]. This assumption means that only photons with energies higher than the material's band
gap are absorbed, while those with lower energies are not absorbed in the material. Moreover,
this model neglects charge collection losses and considers that all photogenerated carries are
completely extracted out of the device [26]. Additionally, SQ model also assumes that the
charge recombination mechanism is entirely through radiative recombination and it does not

consider the contribution of unfavorable non-radiative recombination effect [26].

However, real world devices exhibit completely different behavior. Real solar cells suffer from
radiative Voc losses due to absorption edge broadening [28], generation and short circuit [28]

Voc losses due to incomplete light absorption and charge collection losses, and most
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importantly, most photovoltaic technologies show significant Voc losses due to non-radiative

recombination effect [28, 29] .

In this chapter, using theoretical calculations, effect of all these non-ideal behaviors on the Voc

will discussed.

These theoretical calculations are based on two different approaches: (i) based on optoelectrical
analysis, which employs EL and QE (E) spectra to evaluate losses in the Voc. (i1) The purely
optical measurements, which use PL and A(E) spectra to assess losses in the quasi-Fermi level
splitting (Aw). While the optoelectrical method is well-studied and widely employed in the

literature [28, 30-32], the optical method has not received much attention to date.

It is important to note that these two approaches are conceptually similar, and the (Ax) and its
associated losses are analogous to the Voc and its losses. However, for optoelectrical model
completed devices are required to perform analysis, whereas optical measurements can be

carried out on absorber materials alone, without need to have a full device structure.

It is important to mention that these methods are not exclusive to CIGSe technology and can
be effectively applied to other photovoltaic technologies as well. CIGSe devices represent a

model system in this work for performing a comprehensive analysis of Voc losses.

In Chapter 4, simulations are also performed to investigate the influence of band gap
inhomogeneities, sub-band gap tail states (i.e., Urbach tails), and absorber thickness on the
shape of the absorptance spectrum A(E). Furthermore, contribution of each effect to the

radiative losses will be quantified using theoretical equations.

In Chapter 5, with the use of theoretical framework of Chapter 4, the Ay and Voc values
along with their associated losses are experimentally quantified for CIGSe samples.
Specifically, Au losses are extracted using experimentally measured A(E) and absolute PL
spectra. It will be shown that individual loss components can be summed up to determine the
final Au value. Similarly, Voc losses in complete solar cells are analyzed through a combination

of quantum efficiency (QE) measurements and absolute EL measurements.

This chapter primarily studies the impact of the band gap gradient on the radiative losses.

Notably, experimental results of this chapter reveal that samples with a band gap gradient
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exhibit more pronounced absorption edge broadening and increased radiative losses compared
to samples without band gap gradient. A meta-analysis of published data further supports this
observation, indicating that band gap gradients can lead to additional radiative losses in CIGSe

absorbers.

Furthermore, Chapter 6 investigates the influence of alkali ions on the Voc and sub-band gap

Urbach tails of CIGSe samples.

Previous studies have shown that alkali ions can reduce the extent of Urbach tails, i.e., decrease
the Urbach energy [33, 34]. This chapter first confirms these findings by demonstrating that
alkali incorporation leads to a measurable reduction in Urbach energies. Subsequently, the

origins of this decrease are investigated.

In this chapter, the potential contribution of electrostatic potential fluctuations and grain

boundaries to the formation of tail states are investigated.

Band bending at grain boundaries is measured for absorbers containing different alkali
elements to examine whether alkali incorporation changes the band bending. The aim of this
chapter is to investigate whether changes in the GB band bending are correlated with the

reduction in Urbach tails.

Additionally, the strength of electrostatic potential fluctuations within the material is evaluated

by intensity dependent PL measurements.

All grain boundary analyses were performed using Kelvin Probe Force Microscopy (KPFM).
These measurements were conducted by my colleague, Muhammad Uzair Farooq, under the

supervision of Prof. Alex Redinger.

The measurements of Chapter 6 shows that grain boundaries do not have contribution to the
tail states, and decrease in the tail states with alkali addition is due to flattening of electrostatic

potential fluctuations.

Finally, Chapter 7 provides an overview of the key findings and summarizes main results

throughout this thesis.
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2 Background and literature review

This chapter provides an introduction to the fundamental concepts of semiconductors and solar
cells, along with an overview of the properties of Cu(In,Ga)Se2 (CIGSe) absorber materials.

This chapter is divided into five main sections:

In Section 2.1 the basic principles of semiconductors, including light absorption, electron-hole
pair generation, and charge carrier recombination processes are discussed. Subsequently, In
Section 2.2, the working principle of solar cells are covered. This section includes discussions
about the current-voltage characteristics, introduction of key parameters for characterizing
solar cells, and a brief overview of the Shockley-Queisser model [26], which predicts the
maximum efficiency of a single-junction solar cells. All the fundamental concepts in these
sections are well-documented in standard semiconductor textbooks, and in this thesis, they are

explained with reference to sources [3, 35-39].

Section 2.3 introduces tail states in semiconductors, a topic that is discussed extensively in

Chapter 6 of this thesis, focusing particularly on CIGSe absorbers.

Section 2.4 presents the equations and formulas related to photoluminescence (PL) and
electroluminescence (EL) measurements. Both EL and PL measurements are the primary
characterization tools used in this thesis. These measurements are essential methods for the

detailed quantification of Voc losses in photovoltaic devices.

Finally, Section 2.5 discusses the properties of CIGSe absorbers and devices. This section
covers the crystal structure, defects, device structure, and the beneficial impact of alkali

elements on the absorbers.

It is important to note that frequently appeared constants, symbols, and abbreviations are

summarized at the beginning of this thesis.
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2.1 Basic semiconductor knowledge

2.1.1 Fundamentals of semiconductors

In a semiconductor material with a defined band gap (Ej), the hole (p,) and electron

concentration (n,) are given by the following equations:

E.—E

ny = N, exp (— CkBT F) (Eq2.1)
Er —E

po = Ny exp (— FkBT ") (Eq2.2)

Here, kg is Boltzmann constant, 7" denotes the temperature, Er the Femi level energy, E,
represents the conduction band edge, E,, the valence band edge, and N, and N,, represent the
effective density of states (DOS) for electrons in the conduction band (CB) and holes in the

valence band (VB), respectively.

The N, and N, can be expressed as:

3 3
2

2mm,kgT 2mmy,kgT\2
N, =2 (T) and N, =2 (T) (Eq2.3)

Where h is Planck’s constant, and m,, and m,, are effective masses of electron and holes,

respectively.

Depending on the semiconductor type — p type, n type or intrinsic semiconductor — the Fermi
level energy position can be located close to the valence band, near to the conduction band or
in the middle of the band gap energy. Fig 2. 1 schematically illustrate the Fermi level position

in the p-type, n-type and intrinsic semiconductors.

It is often helpful to define the intrinsic carrier concentration n; according to the following

formula:

E

NoPo = N-Ny exp <— kB_gT> =n? (Eq2.4)
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Therefore,

E
n; = NCNVexp<—2kZT> (Eq2.5)
a) Po > Ny b) Po < Ng c) Po = Ng =N;
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Fig 2. 1 Schematic diagram showing Fermi level position, acceptor and donor states in a) p-type b) n-
type and c) intrinsic semiconductors. In the intrinsic semiconductor material the Fermi level position
is in the middle of the band gap (Ej).

It is important to highlight that, for optoelectronic applications, semiconductor materials are
often doped by introducing acceptor or donor states. This allows to manipulate the Fermi
energy level position, either by moving it close to the valence band (VB) by introducing the

acceptor states or moving it near to the conduction band (CB) by adding donor states.

By introducing acceptor levels near the valence band (Fig 2. 1a), the electrons from VB can
jump into the acceptor states and leave behind holes in the VB (i.e, increase the hole
concentration in VB). Therefore, the Fermi level gets closer to the VB. On the other hand, by
introducing donor states close to the CB, the donors can release electrons into the CB and

increase the electron concentration in the CB. In this case the Fermi level gets closer to the CB.

The donors and acceptors concentration in a semiconductor materials are denoted by N and

Ny, respectively.

For a p-type semiconductor if Ny, > n,, it can be written:

2
n;

NApoandn(,:N—A

(Eq2.6)
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Similarly, for n-type semiconductor if Np >> n;:

n?

- (Eq2.7)

Np znoandpozN—
D

In a semiconductor material, these acceptor and donor states can be introduced extrinsically
through addition of impurity atoms in the material, or can arise intrinsically through formation
of defect states. In the case of CIGSe, these states are primarily formed in the material by
intrinsic defects. A detailed discussion on acceptor and donor states, defects, and doping

concentration in CIGSe will be provided in Section 2.5.1.
2.1.2 Photons absorption and electron-hole pair generation

When a semiconductor is exposed to an external excitation source—such as solar radiation,
laser light, electron beam, or an applied bias voltage—excess charge carriers are generated
within the material. In solar cells, these excess carriers are generated by solar irradiance, which
spans from the infrared (IR) to the ultraviolet (UV) energy range. The spectral photon flux
density of standard solar radiation (®g,,,,) is given by the AM 1.5 g spectrum [40], and it is
shown in Fig 2. 2.
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Fig 2. 2 Spectral photon flux density for Sun emission under AM 1.5 g standard emission condition.
This spectrum is extracted from NREL website [40].
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Light consists of particles called photons, each carrying a certain energy (Ep,) determined by
photon wave frequency (f), i.e, E,,, = hf. When a semiconductor is exposed to an external
light source, such as Sun or a laser radiation, the incident photons can be absorbed in the
material. These absorbed photons generate electron-hole pairs by exciting electrons from the

VB to the CB. This process results in the excess electrons in the CB and excess holes in the

VB.

However, it is important to highlight that not all incident photons across the entire energy range
are absorbed in the semiconductor material. Part of the photons might get absorbed within the

material and part of them can get reflected from surface and interfaces.

To further discuss the light absorption, let's consider a semiconductor under incident Sun light.
The ®g,,,, spectrum in Fig 2. 2 is incident spectral photon flux density, which gives the number

of incident photons per unit time, per unit energy, per unit area (i.e, has unit of cm2eV-s™).

When photons reach to the surface of a semiconductor, a portion is reflected. The reflected

spectral photon flux density @ (E) can be written as:
Pr(E) = Osyn(E) - R(E) (Eq 2.8)

Here, R(E) is the reflectance spectrum. The R(E) depends on the energy of the incident
photons, and it is simply defined as the ratio of the number of reflected photons over the
number of incident photons. This R(E) spectrum can be determined experimentally using a

photospectrometry measurements (see Section 3.6).

Furthermore, the remaining photons penetrate and get absorbed at different depths within the
semiconductor. The spectral photon flux density at a depth of x inside the material, denoted as

®, (x, E), can be expressed using Beer-Lambert’s law:
D, (x,E) = Ogypy(E) - (1 — R(E)) - e~ *EX (Eq2.9)
Here, a(E) is the absorption coefficient.

Using this equation, the transmitted photon flux density @, (E) from a material of thickness d
is given by:
Q7 (E) = Pgyn(E) - (1 — R(E)) - e~a(B)d (Eq 2.10)
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The remaining photons that are neither reflected nor transmitted are absorbed within the

material. Thus, the absorbed photon flux density ®,(E) is given by:
D4(E) = Pgyn(E) — Pr(E) — Pr(E) (Eq 2.11)
By combining Eq 2.10, Eq 2.8 and Eq 2.11, the ®,(E) can be expressed as:
D4 (E) = Psun (B) - (1 = R(E)) - (1 — e¢®) (Eq2.12)

The ratio of the absorbed photons over the incident photons at each energy in a semiconductor
material is described by the absorptance spectrum, A(E). Therefore, according to Eq 2.12, the
A(E) can be defined as:

#absorbed photons  ®,(E)

A(E) = =
(E) #incident photons @, (E)

=(1-R(E)) - (1—e*®4)  (Eq2.13)

Furthermore, returning to Eq 2.9, the @, (x, E) indicate that how many photons are available
at the depth x within the semiconductor. By differentiating this equation with respect to x, the
rate at which photons are lost as they penetrate deep into the material can be determined. This

photon loss rate, corresponds to the local absorption rate R; (x, E), with unit of cm>s'eV-!, and

can be expressed as:

0D, (x,E)

R](X,E) = — Ox

= a(E) - Pgyn(E) - (1 = R(E)) - e~*E)x (Eq2.14)

Considering that each absorbed photon generates one electron—hole pair, the carrier generation
rate must equal to the absorption rate of the photons. In this case, the generation rate of
electron-hole pairs G,_j, (x, E), at a specific photon energy interval and at the depth x, is given

by:
Gen(x,E) = R;j(x,E) = a(E) - @5y (E) - (1 — R(E)) - =% (Eq 2.15)
Or simply, by defining the generation function g(x, E) as:
90, E) =a(E) - (1 —R(E)) - e~ ®®X> (Eq 2.16)
The Eq 2.15 can be simplified into:
Ge—pn(x, E) = @syn(E) - g(x, E) (Eq 2.17)
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Furthermore, it is very useful to calculate the total generation flux density FSY", which

corresponds to the total number of electron hole pairs generated per unit area per unit time
(with unit of cm™s™), this can be obtained by integrating the G,_j(x, E) over the material

F Sun

thickness and entire photon energy interval. Thus using Eq 2.15, the F3;;' can be written as:

oo d
FSun = j jGe_h(x,E) dxdE =f P (E) - (1= R(E)) - (1 — e~ ¥B))dE (Eq2.18)
0
00

Using definition of A(E) from Eq 2.13, the FZ%" can be further simplified into the following

form:
R = [ 4@ (B)aE (Eq2.19)
0
In the Chapter 4 and Chapter 5, the importance of this generation flux will be explored more

extensively.

In the presence of an external excitation source such as Sun or laser, a single Fermi level is not
sufficient to describe the excess electron and hole concentrations. Instead, quasi-Fermi levels

are introduced, allowing the excess electron and hole concentration to be expressed as:

E.—E
n=mny+6én=N.exp (— Ck—TFn> (Eq 2.20)
B
Epp —-E,
p=p0+6p=Nvexp<—kB—T) (Eq2.21)

Here, the Ef, and Ep, represent the quasi-Fermi levels of electrons and holes, respectively.
The 6n and 6p are excess electron and hole concentrations, respectively. Since, the electrons

and holes are generated in pairs, the 6n = dp.

Furthermore, The difference between them is called quasi-Fermi level splitting and in this

thesis it is denoted by Au:

A‘u == EFTl - EF (Eq 2.22)

p

In the schematic diagram shown in Fig 2. 3, the optical generation process in a semiconductor

is illustrated. When excess electron-hole pairs are generated within the material, the quasi-
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Fermi level for electrons, Ep,, , shifts closer to the conduction band edge (CB), indicating an
increase in the electron concentration. Similarly, the quasi-Fermi level for holes, Er, moves
closer to the valence band edge (VB), which means a higher hole concentration. The quasi-
Fermi level splitting Au strongly depends on the excitation intensity. With the increase in the
excitation intensity, more charge carriers are generated, leading to increased electron and hole

concentrations in the CB and VB, respectively. As a result, the Ay becomes larger.

In a p-type semiconductor material like CIGSe, under low excitation conditions (py > 6p =
6n), the hole Fermi level remains approximately at the same position as the equilibrium Fermi
level (i.e, Epp = Ef ), because the low excitation does not significantly change the hole carrier
concentration. Therefore, in the low excitation condition, the Ay is primarily effected by the

electron concentration and electron quasi-Fermi level Eg,,.

On the other hand, under high excitation condition, when the excess generated hole
concentration is comparable to net doping concentration (i.e., py ® dp = én), the hole Fermi

level also shifts downward (See Fig 2. 3).
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Fig 2. 3 Schematic diagram showing electron-hole generation process in a p-type semiconductor with
external excitation light. This figure illustrates optical generation under high excitation where both
quasi Fermi levels are shifted.

In this section, the discussion mainly focused on the optical excitation. However, excess charge

carriers can also be generated through other excitation sources, such as incident electrons.
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Regardless of the excitation method, the concentration of excess electrons and holes can be

described by their quasi-Fermi levels.

Later, in Section 2.2, it will be shown that the quasi-Fermi level splitting (Au) is a crucial

parameter for evaluating the performance of solar cells.

2.1.3 Charge carrier recombination

The opposite mechanism of the electron-hole pair generation is charge carrier recombination
process. This recombination can occur through either radiative or non-radiative pathways.
When the excess charge carriers are generated within the material, the excited electrons in the
CB and generated holes in the VB would not stay there forever. In an operational photovoltaic
devices, these photogenerated pairs are extracted and directed toward external load to perform
electrical work. However, in cases where a semiconductor alone is under excitation, or when
a solar cell is illuminated under open circuit condition (i.e., no external load connected), the
excess free electrons in the CB recombine with holes in the VB. These recombination can be

through both radiative and non-radiative mechanisms.

This section discusses both types of radiative and non-radiative recombination processes, along

with their relevant equations and formulas.
Radiative recombination:

A semiconductor material has an A(E) spectrum, and behaves like a gray body. Unlike a black
body, which absorbs and emits photons across all energy ranges, the gray body absorption and

emission are governed by its A(E’) spectrum.

Under thermal equilibrium without external excitation sources, a semiconductor absorbs gray-
body radiation from its environment (i.e, A(E)®gg (E)). This absorption leads to the generation
of electron—hole pairs, which subsequently recombine, resulting in the emission of gray-body
radiation from semiconductor. Since the system remains in equilibrium, the radiative
generation rate should be counterbalanced by the radiative recombination rates. Therefore, in
thermal equilibrium condition, with no external excitation source, for radiative generation rate

(G2, ) and radiative recombination rate (R%,,), it can be written [3]:
Gr(‘)ad = Rgad = BrqaNoPo (Eq 2.23)
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Here, B, .4 is called the radiative recombination coefficient, which has a unit of cm?®s™!, and it

can be calculated by knowing the absorption coefficient (E) of the material [41-43].

However, in steady state condition, when the material is under external excitation source such
as Sun or incident laser radiation, the Au within the material leads to increase in the carrier
concentration in both CB and VB. In this case, the net radiative recombination rate can be

expressed as:

RIEL = Brgq(np — ngpy) (Eq 2.24)

For a p-type material under low excitation condition, as I mentioned previously in Section

2.1.1, p = py = Ny. Therefore, the Eq 2.24 can be transformed into [44]:
R;lgcti ~ BradNA(n - no) = BradNA‘Sn (Eq 2. 25)
Here, the radiative recombination lifetime 7,,4 can be defined according to following formula:

1

(Eq 2.26)
radNA

Trad ~ B

It is clear that, the radiative lifetime is inversely proportional to the B,,4; and carrier
concentration N,. For CIGSe absorbers the carrier concentrations around 103 cm™ to 10'7 cm-
3 are reported [11, 22, 45, 46]. On the other hand, the B, is reported to be in the order of 10°
10 em3stor 101! em?®s™! [41, 47]. These values for B,.,4 and N, leads to 7,44 in the range of ps

for CIGSe absorbers [41, 47].
Non-radiative recombination:

Non-radiative recombination in a semiconductor can arise from defect assisted recombination
mechanism known as Shockley-Read-Hall (SRH) recombination [48, 49], or from Auger-

Meitner [50-52] recombination processes.

The Auger-Meitner recombination is normally considered for indirect semiconductors such as
Si [52], or for semiconductors with very high doping concentration [3, 47]. For direct CIGSe
semiconductor, this recombination mechanism has negligible contribution to the overall
recombination processes in the material [47]. Therefore, detailed mechanisms and formulas of

Auger-Meitner recombination are not discussed here.
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On the other hand, Shockley-Read-Hall (SRH) recombination plays a crucial role in the overall
recombination processes in the CIGSe absorbers. This type of recombination can occur both

within the bulk of the material and at its surfaces or interfaces.

In the bulk, when defect states are present within the band gap of the material, the net SRH

recombination rate can be expressed as [3, 48, 49]:

np —n
REgh = P ToPo (Eq2.27)

_(EV_Et) _(Et—EC)
Tn (p + Nye \ ksT ) + 1, (n + Nce * k8T )

Here, 7, and 7, are called SRH lifetime for electrons and holes, respectively. E; is the defects

energy level.

In the low excitation condition (i.e., Ny > 6n), for a p-type material the Eq 2.24 is

transformed into the following form:

RIgL ~ Nadn Eq2.28
SRH ~ _(EV_Et) (Eq 2.28)
Tp | Ny + Nye kT
In this case, the SRH lifetime (z5gy) would be same as the electron lifetime 7, :
! (Eq 2.29)
TsRH = Tn = A q <.

Here, 0, is capture cross section of electrons, v, is thermal velocity and N, represents the

defect density.

Furthermore, SRH recombination can also take place at surfaces and interfaces. The disruption
of the lattice symmetry at the surface regions can lead to higher defect concentration and
recombination centers at these regions, which can increase the non-radiative recombination

activities at the surfaces/interfaces.

For a surface recombination rate, the SRH equation (Eq 2.27) can be modified into the

following form [3]:
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SpSn(np — nopo)
R.Sr‘llglgl,surface = Ef—gt Et_EC)> (Eq 2.30)

Sn <p + NVe_( kpT )> +5, (n + NCe_( kpT

Here, the S» and S are electron and hole surface recombination velocities, respectively, with

units of cm.s™.

For a p-type semiconductor, under low excitation condition (i.e., Ny >> dp = 6n), this equation

can be simplified into the following form:

et S,Nyén

SRH,surface = <

(Eq 2.31)

NES
N, + Nye \ ksT >

Therefore, in a p-type semiconductor such as CIGSe, surface recombination is primarily

dominated by the electron surface recombination velocity (Sx).

These SRH non-radiative recombination processes are known to be harmful for photovoltaic
device performance. In Chapter 4 and Chapter 5, the impact of non-radiative recombination

activities on the Voc and device performance will be discussed extensively.

Furthermore, it is essential to employ effective passivation strategies for surfaces and interfaces
to mitigate surface recombination velocities. In Section 2.5.2, more details regarding the

surface passivation approaches for CIGSe absorbers are discussed.

2.2 p-n junction and of solar cells

In the previous sections, the fundamentals of semiconductors, photon absorption, charge
generation, and recombination processes were introduced. In this section, the photovoltaic
effect and the basic principles of solar cells will be presented. The following discussions are

based on references [3, 36, 38, 39].

The operation of a solar cell is based on the photovoltaic effect, where incident solar energy is
converted into the electrical energy. A solar cell device consists of an active absorber material
where light is absorbed, and excess charge carriers are generated. In the CIGSe solar cells, the

p-type CIGSe semiconductor serves as the absorber layer.
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However, carrier generation alone is not enough to produce electrical power. The
photogenerated charge carries needs to be separated and collected through the device to
generate current flow. In order to separate the excess electron-hole pairs, an internal asymmetry
within the photovoltaic device is required. In the CIGSe devices, this asymmetry is established
by a p—n junction, which enables effective charge carrier separation. Therefore, in this section

a brief overview of the p—n junction is provided.

2.2.1 Basic equations and essential parameters of solar cells

A p-n junction is formed when a p-type material and a n-type material are brought together
into contact. Such a junction can generally be classified into two configurations: (i)
Homojunction, where the two contacting semiconductors are from identical semiconductors.
(i) Heterojunction, where two dissimilar semiconductor materials are in contact. Notably,
CIGSe solar cells are based on heterojunction structure, where the p-type CIGSe material is in
contact with dissimilar n-type buffer and window layers. Therefore following discussions are

based on heterojunction configuration.

b) WSCR
a) Al
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c) d)
g — CB e E, CB
P n* — _p_ ______ N~
_______ EF EF
VB VB n*
v ———

Fig 2. 4 a) Separate p-type and n-type semiconductors, b) p-type and n-type materials after the p-n
junction formation, ¢) Band structure of separate p-type and n-type materials before junction
formation, and d) Band structure after the p-n hetero junction formation.
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Fig 2. 4 a and b illustrate a schematic representation of p-n heterojunction formation. In the
case of CIGSe devices, the n-type window layer is highly doped, with its donor concentration

(Np,) significantly higher than the acceptor concentration of p-type CIGSe material (N4 )
(i.e., Npy > Ngp). Therefore, here the p-n” configuration is presented, where n" denotes the

highly doped n-type material.

It is also important to mention that, this model is a simplified approach. Here the effect of
buffer layer is not considered. The original CIGSe device structure is more complicated and

will be discussed in section 2.5.2.

In the p-n junction, since the electron concentration is higher in the n-type region and lower in
the p-type region, electrons diffuse from the n-region to the p-region. Similarly, holes from the
p-type material diffuse toward the n-region. As a result of this diffusion process, positively
charged fixed donor states stay on the n-type side, and fixed negatively charged acceptor states
remain on the p-type side (Fig 2. 1b). These ionized donor and acceptor states are fixed and
immobile. As a result, this redistribution of charge carriers creates a region called space-

charge region (SCR) or depletion region, which is depleted of free charge carriers.

Additionally, within the SCR, an internal electric field is formed, this built-in electrical field
prevents further diffusion of charge carriers from each side. The electric potential associated
with this electrical field is called the built-in potential (V). The area outside the SCR, where

electrical field is not present, is referred as quasi-neutral region (QNR).

Furthermore, Fig 2. 4 ¢ illustrates the band diagram of p-type and n-type material separately,
before the formation of heterojunction. In this case, the n-type material has a higher band gap
than the p-type material. Once again I would like to mention that the p-type material here
represents the absorber layer, while the highly doped n-type material corresponds to the
window layer in a solar cell. The high band gap of n-type region allows photons to pass through

and reach the p-type absorber.

Fig 2. 4 d presents the band diagrams when two type of semiconductors are in contact. As
explained previously in Section 2.1.1, in the p-type material, the Fermi level is located near
the valence band edge (VB), while in the n-type material, this Fermi level is closer to the

conduction band edge (CB). After the junction formation, under equilibrium conditions, the
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Fermi level remains at a constant energy level throughout the entire p-n junction structure,

ensuring equilibrium condition with no net carrier flow.

The width of the space charge region (SCR) on each side of the junction inversely depend on
the square root of the doping concentration of that side. Since the n region is highly doped
here, the SCR predominantly extends into the p-side, while its width in the n-side becomes

very narrow and can be considered negligible.

In this case, the width of the space charge region (Ws.r) can be expressed with the following

equation:

(Eq 2.32)

Where & is the vacuum electrical primitivity, &, is the relative electrical permittivity of p side.

Ny, represent the acceptor concentration on the p-side, and Vi is the built-in potential.

The equivalent electrical circuit of this simple p-n junction solar cell is presented in Fig 2. S.

JscI ® r R, O
®
@ i O

Fig 2. 5 Equivalent electrical circuit of a solar cell device based on p-n junction structure. Under dark
condition Jsc vanishes. The external load is not included in electrical circuit.

In the absence of the incident light (i.e., under dark condition), this solar cell behaves like a
diode. Therefore, a diode equation can be used to describe the electrical behavior of a solar cell

under dark condition.

Under the dark condition, when the p-type side is connected to the positive terminal and the n-

type side to the negative terminal, the diode is in a forward bias condition. In this state, the
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width of the space charge region gets narrower, allowing mobile electrons from the n-region
to diffuse into the p-region, and similarly, holes from the p-region to diffuse into the n-region.

This carrier movement generates a current flow.

Under the dark conditions (i.e., with no incident light), the diode equation for a solar cell can

be expressed as:

q(V—]R5)>_1l+(V—]Rs) (Eq2.33)

nidkBT

JWV) =] lexl) <

RSH

Here, J(V) is the diode current density, V" applied bias voltage, n;; is called diode ideality

factors, Rs series resistance, Rsy shunt resistance, and J, is saturation current density.

Rsy s related to the parallel path for current flow, while Rg represents the series resistance
associated with the diode. The Rg and Rgy in the equivalent diode circuit are shown in Fig 2.

S.

The J, is closely related to both radiative and non-radiative recombination activities within the
device. Higher recombination rate would leads to higher ], values. As will be shown shortly,

increase in the J, can negatively impact the device performance.

n;q also depends on the recombination activities within the device. For an ideal diode, the
ideality factor is unity (i.e, n;; = 1). However, in the real cases, n;; has values between 1 to
2. The ideality factor n;4 indicates how the diode's J-V profile deviates from the ideal diode J-

V curve.
Now, let’s consider this simple solar cell under Sun radiation.

With the presence of illumination, the diode equation is shifted down by the photocurrent

density J,,. For a solar cell under Sun radiation, the illuminated diode equation can be

expressed as:

JO) =, leXp (q(V _]Rs)> _ 1] (V —JRs)

—_— %4 Eq2.34
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Under illumination, when the solar cell is under short circuit condition (i.e., V = 0), the current
flowing through the device is called short circuit current density Jsc. This Jsc is important

parameter for characterizing solar cells.

In the cases with negligible Rs and infinitely large Rs, if the J,, (V) is independent of applied
voltage, the J,, (V) in Eq 2.34 can be replaced with short circuit current density Jg¢. Therefore,
the light J-V curve would be same as dark one but shifted down with short-circuit current

density Jsc.

For /5., it can be written:
Jsc = [ QEEOgun(B)E (Eq2.35)
0

Here, the QE(E) is called the external quantum efficiency of solar cell, and it can be defined

as the ratio of the collected charge carriers over the number of incident photons.

E(E) = # collected e — h pairs (Eq 2.36)
¢ ~ #incident photons 94

Notably, the quantum efficiency QE (E) spectrum is closely interconnected to the A(E) with

the charge collection function.

The QE(E) can be expressed as:

d

QE(E) = j g(E, x)n(x)dx (Eq2.37)
0

Where the g(E, x) is the generation function defined in Eq 2.16, and n(x) is charge collection

function.

Under the short circuit condition, n(x) depends only on the depth x inside the material.

However, under applied bias, it can depend also on the voltage [3].

In an ideal scenario with complete charge collection conditions, where all optically generated
electron and hole pairs are extracted from junctions, the n(x) is unity. Therefore, the QE (E)

would transform into the following form.
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d
QE(E)=f g(E, x)dx (Eq 2.38)

d
=] a[1— R(E)]exp(—ax)dx
0

By performing this integral over the thickness d of the absorber, the QE (E) can be written as:
QE(E) = A(E) = [1 - R(E)] [1 — exp(—ad)] if n(x) =1 (Eq 2.39)

The right-hand side of this equation is the same Beer-Lambert’s law for A(E), as discussed
earlier in Eq 2.13. Therefore, it can be concluded that in the cases where the collection

efficiency is ideal (i.e., n(x) = 1), the A(E) and QE (E) would have identical spectral profile.

Another important parameter for a solar cell, is open-circuit voltage Voc parameter. This
voltage is measured when the device is in the open circuit condition and no net current is

flowing over it (i.e., J = 0).

In a simplified case, with assumptions n;; =1, Rgy = 00 and Rg = 1, the Voc can be

expressed into the following form.

kyT
Voo = ——1In (1 +]S—C) (Eq 2.40)
q Jo

Or,

kyT
Voo ~ %m (jjs—c) when Jgc > Jo (Eq 2.41)
0

As mentioned earlier /, depends on the radiative and non-radiative recombination rate within
the solar cell. With an increase in the non-radiative recombination rate, the J, also increases,
leading to a reduction in the Voc values. More detailed description regarding the effect of non-

radiative recombination on the Voc will be explained in the Chapter 4 and Chapter 5.

Notably, the measured Voc is the difference between the hole and electron quasi-Fermi levels
at the p-side and n-side metallic contacts, respectively. In the ideal cases, without the presence
of interface recombination activities, the open-circuit voltage Voc is related to Ay according

to the following formula:
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A
Voo = 7“ (Eq 2.42)

However, non-radiative recombination activities on the interface regions can reduce the charge
carrier concentration at the interfaces, thereby pushing down the quasi-Fermi level of minority
carriers (here Er,) at the interfaces below the corresponding bulk Ep,, values [29, 53-55]. As a

result, the measured Voc falls below the bulk Ay limit.

Fig 2. 6, illustrates the illuminated and dark J-V curve of a solar cell. Here, the illuminated
curve is same as the dark curve but shifted down by Jsc (see Eq 2.34 and its related

discussions). The Voc and Jsc position on the curve is shown in this figure.

—— J-V dark
- - - - J-Villuminated -
Generated power density

Current density J

Generadted power density

Fig 2. 6 Schematic diagram illustrating the dark and illuminated J-V curves of a solar cell, along with
the power density at each voltage point. Voc, Jscand MPP are indicated in this figure.

The generated power density by a solar cell is defined as the product of the current density and
voltage. At a certain point on the J-V profile, the device has its maximum power output. This
point is referred to as the maximum power point (MPP). The current density and voltage
associated with this point are denoted as Jypp and Vy,pp, respectively. These parameters are

used to define the fill factor (FF) parameter, which is:

_ Jupp X Vypp
Jsc X Voc

FF (Eq 2.43)

38



The efficiency of device, denoted as PCE, can be expressed as the maximum power density
divided by incident illuminated power (P;;). The illuminated power P, under AM 1.5 g

standard illumination condition is 1000 W/m?. Therefore, for PCE it can be written:

Jm X Vi =]sc X Voc X FF

PCE =
P, p;

(Eq 2.44)

Overall, the three key parameters for characterizing a solar cell are Jsc, Voc, and FF. With
these parameters, the power conversion efficiency (PCE) of the photovoltaic devices can be
determined, and decrease in the one of them leads to a reduction in the overall efficiency of a

solar cell.

2.2.2 Schockley-Queisser Voc limit

In the previous section, it was mentioned that the Voc is a crucial parameter for a solar cell.

The maximum achievable Voc for an ideal solar cell can be calculated using the detailed

balance model developed by Shockley and Queisser in 1961 (SQ model) [26].
This SQ model has three key assumptions for the ideal solar cell:

i- The QE (E) spectra of this solar cell is defined by Heaviside step function, which

has a transition point at the band gap energy (i.e., QE(E) =1 for E > E; and
QE(E) =0 for E < Ep).
This step function QE (E) means that all photons with energies above the band gap
are fully absorbed, generating electron hole pairs, and all photogenerated carriers
are collected from the device. In contrast, photons with energies below the band
gap are not absorbed and do not contribute to charge generation process.

i1- The only available recombination mechanism in the photovoltaic device is
spontaneous band to band radiative recombination, and non-radiative
recombination pathways such as SRH and Auger recombination are not present in
the device.

Based on these two assumptions, the Jsc for idealized SQ-solar cell can be
expressed as :

Jsé =q f Ogyn(E)dE (Eq 2.45)
E

g
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And Jo for SQ device is given by:

0’ =q f Oy (E)dE (Eq 2.46)

Eg
Subsequently, the Voc limit for SQ model can be extracted from following equation:

VOSCQ o kBT]n fgiq)Sun(E)dE
q ng Opp(E)dE

(Eq 2.47)

1ii- This model also assumes no ohmic and contact losses, in this case the Shockley-

Queisser Ay limit, denoted as Ay 59, would be same as qV? (i.e., qV,° = AuS9)

This model considers very simplified and idealized case for a photovoltaic device. Under real
conditions, the QE (E) spectra of solar cells do not behave like Heaviside step function, instead
they show gradual increase from energies lower than the band gap to energies above the band
gap (i.e QE (E) shows broadening). Furthermore, along with the radiative recombination, non-

radiative activities are also present in the device.

In Chapter 4 and Chapter 5 of this thesis, the effect of all non-idealities on the Voc of solar
cells will be covered extensively. These non-idealities involve the broadening of the absorption
edge, incomplete absorption, incomplete charge collection, and presence of non-radiative

recombination activities.

The SQ model also enables the calculation of maximum efficiency limit for single junction

solar cells.

By considering ]gg and VOSCQ with Eq 2.45 and Eq 2.47, and by using the following FF

equation' for an ideal diode (i.e. diode with n;; = 1, Rgy = o and Rg = 1) [3]:

5Q 5Q
sQ B B
FFSQ = po (Eq 2.48)
o +1

KT

' The Eq 2.48 is derived from Eq 2.202 of ref [3] R. Scheer and H.-W. Schock, Chalcogenide photovoltaics:
physics, technologies, and thin film devices. John Wiley & Sons, 2011..
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The efficiency of SQ-solar cell can be calculated using Eq 2.44.

By performing the calculations the maximum theoretical efficiency of a photovoltaic device
with an absorber material with band gap of 1.1eV at the temperature of 25 °C would

approximately be 33% under standard AM 1.5 g Sun illumination.

2.3 Urbach tails in a semiconductor

Urbach tails in a semiconductor material are referred to a joint density of states (DOS) that
exhibit exponential decay from the band edges into the band gap [56]. The decay constant of
this exponential tails is denoted as the Urbach energy (Ev). This Eu quantifies the extent of
the DOS within the band gap. Higher Ev values indicate that the DOS extends further deep
into the band gap.

In Fig 2. 7, schematic diagram for DOS in an ideal semiconductor with no tail states and a
semiconductor with Urbach tails are presented. In the ideal case, the DOS of the VB and CB
within the band gap is zero [35, 56]. However, when the Urbach tails are present, the DOS of
VB and CB shows exponential decay into the band gap [35, 56].

Log DOS

Energy

Fig 2. 7 Illustrates the density of states (DOS) for an ideal semiconductor compared to the DOS of
semiconductor exhibiting Urbach tails. Continues line show when the Urbach tails are not present and
DOS follows square root behavior, while dotted lines show the case when Urbach tails are present.
This figure is plotted according to Figure 2.11 of Dr. Omar Ramirez's PhD thesis /57].

These Urbach tails were first reported by Franz Urbach in 1953 for silver bromide (AgBr)
crystals [58], it was observed that these tail states are temperature-sensitive, and higher

temperatures can increase the extent of these Urbach tails (i.e., increase the Urbach energy).
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The absorption coefficient a(E) of a material is directly related to the density of states (DOS)
available for optical transition [56]. Therefore, to assess the extent of the Urbach decay (i.e,
Urbach energy), it is essential to quantify the absorption coefficient, a(E), in the energy ranges

deep within the band gap energy.

The a(E) follows the behavior of the joint DOS. Therefore, in an ideal semiconductor without
Urbach tails, the a(E) is zero within the band gap and follows a square-root dependence for
photon energies above the band gap [35, 56]. However, in a real semiconductors, due to
disorders and defects, a(E) does not sharply fall to zero below the band gap energy. Instead, it
exhibits an exponential decay profile and Urbach tailing behavior [35, 56, 59].

The o(E) behavior of a direct semiconductor with presence of tail states can be explained with

the following model proposed earlier by Kirchartz and Rau [30]:

)
E-E E
@y [— , E>Eg+—

a(E) =< (Eq 2.49)
E—E\ | E E
g U U
, E<E +2
\a"exp( E, ) 2ekT 9t

This equation clearly shows the square root behavior of a(E) for energies higher than band gap
and exponential decay dependence for energy ranges lower than the band gap. In this model
the a, is a constant that depends on the optical properties of material. For direct

1

semiconductors like CIGSe, a, values in the order of 10*cm™1 are reported [3].

Using Eq 2.49, in Fig 2. 8 the increase in the Urbach energy is simulated by considering E; =

1.1 eV and ay, = 10*cm™1. This instructive figure shows that as the E, increase, the low

energy slope of a(E) in the logarithmic scale becomes flatter.

These tail states can contribute to defect assisted SRH recombination mechanism and also can
contribute to the sub band gap radiative recombination processes [33]. In Section 2.2, I briefly
mentioned that increase in the non-radiative recombination activities decreases the Voc of the
photovoltaic devices and reduce their efficiency. Notably, later in Chapter 4, I will show that
sub band gap absorptions can also lead to broadening in the A(E) and QE (E') spectrum, which

in turn induces radiative losses in the Voc of solar cells.
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Fig 2. 8. a(E) for Ey values of 0.1 meV, 10meV, and 20 meV extracted from model described in
Eq 2.49.
The Urbach tails are partly caused by thermal disorders (i.e, lattice vibration), and as reported
for different materials, with an increase in the semiconductor's temperature, the Urbach energy
also increases [58-63]. Furthermore, static structural disorders and defects in the crystal
structure, such as vacancies and grain boundaries can have additional contribution to the
Urbach tails [59, 63-65]. Moreover, these defect states can get charged and interact with each
other through Coulombic interactions, this effect induces electrostatic potential fluctuations of
the band edges, which cause further distortion of the band edges and lead to increase in the
density of states within the forbidden band gap, ultimately causing an increase in the Urbach

energies [34, 65-67].

Chapter 6 of this thesis investigates the tail states in the CIGSe absorbers. Using PL
measurements, the absorption coefficient a(E) of CIGSe samples is quantified in the energy
ranges deep into the band gap, and the Urbach energies are determined from the exponential

decay of @(E) in the sub-band gap region.

More details regarding the experimental quantification of Urbach energy are explained in the

results chapters.
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2.4 Luminescence from semiconductor

Luminescence in semiconductors refers to the emission of light resulting from the radiative
recombination of excess electron-hole pairs. Photoluminescence (PL) emission occurs when
these excess carriers are generated optically, whereas electroluminescence (EL) emission arises

when the forward bias is applied and excess carriers are injected through the junction.

EL measurements are performed on fully processed solar cell devices, as they require a p-n
junction structure and metallic contacts to apply bias voltage. In contrast, PL measurements
can be conducted directly on the bare absorber layers, without the need for a complete device
structure. This makes PL a valuable and efficient technique for evaluating the absorbers quality

before the fabrication of full functional devices.

Chapter 5 of this thesis explores EL and PL measurements to analyze Voc losses in CIGSe
solar cells, while Chapter 6 focuses on PL measurements to investigate sub-bandgap

absorption properties and tail states in the CIGSe absorbers.

This section provides a brief discussion of the theoretical background of these measurement
techniques, highlighting their similarities and differences. Additionally, in Chapter 3, the
details of the EL and PL experimental setups, including the calibration procedures for absolute

measurements will be provided.
2.4.1 Photoluminescence

The PL emission spectrum @p; (E), represents the spectral photon flux density with the unit of

#photons

———, and it is described by Planck’s generalized law of radiation [68]:
cm=eVs

2m A(E) E?

h3c? E— AH) _1q

Pp(E) =
exp (T7

(Eq 2.50)

This law, establishes a direct connection between PL signal, A(E) and Apu.

This formulation was first introduced in Wiirfel's 1982 publication [68], where a detailed

derivation of Planck’s generalized law is provided.

44



By considering Boltzmann’s approximation, where E — Au > kgT, the Eq 2.50 can be

rearranged and simplified into the following form:

2T

E Au
ey E? exp (— kBT> exp( ) (Eq2.51)

Pp1,(E) = A(E) kT

Here, using the definition of the blackbody radiation spectrum ®gg(E), the Eq 2.51 can be
expressed as:

A
Do (E) ~ A(E)Pgg(E) exp (kB—“T) (Eq 2.52)

In this thesis, all PL measurements were performed under the conditions where the

Boltzmann’s approximation is valid.

The primary purpose of the PL. measurements in this thesis is to find the numerical value of Ay
for CIGSe material. Furthermore, with the use of PL spectra, ultra-low values of A(E) in the
sub-band gap energy ranges can be accurately determined. This A(E) spectrum can be

subsequently used for quantification of Urbach energies.

In this section, just the theory behind PL measurements is covered, while the detailed methods
for calibration of PL setup, including both spectral and laser intensity calibration, are
introduced in Chapter 2. Additionally, Ay and A(E) extraction methods are extensively
discussed in Chapter 4 and Chapter S of this thesis.

2.4.2 Electroluminescence

The EL emission spectrum, @g; (E), is linked to the internal voltage V;,, and QE (E) spectrum

of photovoltaic device via Rau's optoelectronic reciprocity relation [69]:

D51 (E) = QE(E)Pyp(E) [exp (:BT) -1 (Eq2.53)

Here, the V;,, is analogous to the Au. However, it is different from the applied voltage bias. In
the ideal scenario, with no charge transport losses, and negligible interface/surface
recombination, the V;;, would be same as the applied voltage. However, in reality, with presence
of interface recombination activities and transport losses, the V;;, would have lower values than

the applied bias voltage.
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In the cases where the V;,, > kgT, the Eq 2.53 can be rearranged into the simplified form:

Vv
D0.(E) ~ QE(E)Pun(E) exp (%) (Eq2.54)

Notably, this equation is analogous to Planck’s generalized law. If QE(E) is replaced by the

absorptance spectrum A(E) and V;,, by the Ay, the Planck’s generalized law can be recovered.

In Chapter 3, more details regarding the calibration procedure of EL setup will be discussed.
Furthermore, in Chapter 5, the EL theory and reciprocity relation is used to quantify the Voc

losses in CIGSe devices.

2.5 CIGSe absorbers

2.5.1 Crystal structure, defects and band gap

Cu(In,Ga)Se2 (CIGSe) is an inorganic compound semiconductor made of the elements from
groups I, III, and VI of the periodic table. This semiconductor contains copper (Cu) from group
I elements, indium (In) and gallium (Ga) both from group III, and selenium (Se) from group

VL

It is worth mentioning that alloys of this material with incorporating Ag, S and Te have also
been developed for the photovoltaic applications. Examples include (Ag,Cu)(In,Ga)Sez [11,
70, 71], Cu(In,Ga)S2 [72-74], Cu(In,Ga)(Se,S)2 [20] and Culn(Se,Te)2 [75]. However, in this
thesis only the Cu(In,Ga)Se2 CIGSe compounds are investigated. Therefore, only the

properties of CIGSe will be discussed in the following section.

CIGSe compound crystalizes in a special form of tetragonal crystal structure known as
chalcopyrite structure. The chalcopyrite crystal structure of the CIGSe compound is illustrated
in Fig 2. 9. In this crystal structure, each Cu atom is bonded to four Se atoms, and each Se

atom is bounded with two Cu atoms and two In or Ga atoms.

Fig 2. 9 also illustrates the lattice parameters of the CIGSe chalcopyrite structure. In the

tetragonal structure, the lattice parameters are expressed as a = b # ¢ [35].

In the CIGSe crystal, these lattice parameters are influenced by the concentrations of In and

Ga. For pure CulnSe2 (CISe), the calculated lattice parameters are approximately a = b =
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5.78 A and ¢ =~ 11.62 A [76]. The introduction of Ga into the compound typically reduces all
the lattice parameter values, with pure CuGaSe> (CGSe) having a = b = 5.61 A and ¢ =
11.00 A [76]. Therefore, for an alloy compound with both Ga and In atoms, the lattice

parameters will be expected to have values between those of CISe and CGSe compounds.

Fig 2. 9 Represents the chalcopyrite crystal structure of the CIGSe semiconductor. This figure with
some minor modifications is directly taken from the PhD thesis of Dr. Max Wolter /77].

Moreover, one of the advantages of CIGSe compounds is that their band gap can be
manipulated by changing the Ga concentration. For pure CISe semiconductor, a band gap of
around 1.04 eV has been reported, while for pure CGSe, the band gap energy was reported to
be around 1.68 ¢V [4, 78].

For the CIGSe semiconductor compounds, the band gap energy can be determined using the

following empirical equation [4, 78]:

E; = (1 — x)E§™¢ 4+ xES®S¢ — bx(x — 1) (Eq 2.55)
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GaG-l(-ZIn or GGl ratio, ES'5¢ and ES®5¢ are band gap values for pure CISe

Here, x represents the

and pure CGSe, with values of approximately 1.04 eV and 1.7 eV, respectively. The constant
b is the “‘optical bowing coefficient” according to ref [78], and has values around 0.11 to 0.24
for polycrystalline CIGSe semiconductors [78].

In a semiconductor material, the band gap can be increased either by lowering the valence band
(VB) position or by shifting up the conduction band (CB) energy position. In CIGSe, increasing
the Ga concentration primarily affects the CB energy level, shifting it to higher levels, while
the VB position remains relatively unchanged [79]. It has been reported that CB and VB energy
levels can be also manipulated by alloying CIGSe with sulfur (S) or silver (Ag) [80-82].
However, discussions related to the compounds with Ag and S are beyond the scope of this

thesis and are not covered here.

This ability to tune the band gap is a valuable characteristic of the CIGSe absorbers. As will
be demonstrated in the subsequent Section 2.5.2, this property can be used to engineer the
band gap energy across the thickness of the CIGSe absorbers, enabling the effective

surface/interface passivation.

Furthermore, it is important to mention that the complex quaternary CIGSe semiconductor
does not always exhibit a perfect chalcopyrite lattice structure. Crystallographic defects are
commonly present in CIGSe and can significantly influence its electrical, optical, and
structural characteristics. The important crystallographic defects the CIGSe absorbers can

summarized into the following categories;

Voids: In the CIGSe absorbers, empty spaces are commonly observed in the crystal structure
[83, 84]. These empty volumes, known as voids, occur when number of atoms are missing

from the lattice.

Dislocations: The dislocations or line defects are referred to the one dimensional misalignment
of crystal planes [35, 85]. In the CIGSe polycrystalline absorbers this dislocation

concentrations are reported to be around 10'° cm™ to 10''em™2[86, 87].

Grain boundaries (GBs): In most cases, CIGSe absorbers are grown as polycrystalline thin

films [11, 17, 81, 88-90]. Unlike single-crystalline materials, polycrystalline semiconductors
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consist of multiple grains, which have the same chalcopyrite crystal structure but different
crystal orientations. The interfaces between these grains are called grain boundaries (GBs),
which separate grains with distinct crystallographic orientations [85]. At these GBs, the
periodic symmetry of the crystal lattice is interrupted. This effect leads to the formation of trap
states on the GB regions [35, 91]. These states can trap free charge carriers and become charged
[92], leading to formation of band bending (i.e., electronic barriers) at the grain boundary
position [91-93]. Additionally, the defect states associated with the GBs can act as
recombination centers and enhance non-radiative SRH recombination rate [91], ultimately
reducing the overall efficiency of the solar cells. In Chapter 6 of this thesis, the electronic
barriers at the CIGSe GBs will be investigated using Kelvin-probe force microscopy (KPFM)
measurements. More details regarding the KPFM measurements will be provided in the

upcoming Chapter 3.

Point defects: These defects are localized imperfections where individual atoms are either
missing, displaced, or placed in inappropriate lattice positions within the crystal structure. The

important types of point defects in CIGSe include [94, 95]:

e Vacancies: Occur when atoms are missing from their regular lattice positions, creating

empty lattice sites. Vacancies in CIGSe are Vcu, Vin, VGa, and Vse.

o Antistites: Arise when atoms occupy incorrect lattice positions, such as Cu atoms

sitting on In sites (Cum) or vice versa (Incu). Similarly, Cuga , Gacu.

o Interstitials: These defects are referred to the cases where atoms occupy empty
position between the regular lattice sites. In the CIGSe absorbers these defects are Ini,

Cui, Gai, Sei.

e Defect complexes: This type of defects are formed when two or more point defects are
combined together, these point defects can have interaction with each other and create

new energy levels. Such as combination of Vse and Vcu (Vse-Vu).

Notably, the electronic properties of CIGSe absorbers are mainly influenced by point defects.
presence of these point defects have influence on the doping concentration of CIGSe absorbers.
For instance, Vcu, Cum and Cuca induces defect states close to the VB which act as a acceptor

states trapping electrons from VB and increasing the hole concentration of CIGSe absorbers
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[95]. On the other hand defects like Incu or Gacu introduce donor states near the CB which can

donate electrons to the CB [95].

For the photovoltaic applications, normally Cu-poor materials are prepared (mi% (CGD) <1)

[18, 19, 70, 96]. In contrast, Cu-rich phases often exhibit deep-level defects [95, 97] and high
surface recombination velocities [54, 96], which negatively impact their efficiency and overall

performance.

In the Cu poor CIGSe absorbers both donor states and acceptor states are available in high
concentrations [98, 99]. Therefore, the CIGSe absorbers are compensated semiconductors. In
the simplified case, by considering the defect exhaustion, the doping concentration can be

expressed as p = Ny — Np [36].

2.5.2 Device structure, band structure and band gap gradient

In Fig 2. 10a, the structure of CIGSe solar cells and their band structures are illustrated.

a) b)

Ni/Al Ni/Al

Energy

Distance

Fig 2. 10 a) CIGSe device architecture. b) band structures and band alignments in the CIGSe solar
cells (without metallic contacts). This band alignment figure is plotted according to the previous
published reports [55, 100, 101]. Here the solar cell is under Voc condition.

Traditionally, soda lime glass (SLG) is used as a substrate for CIGSe absorbers [13, 102],
although other substrates such as steel foils and polymers have also been employed [13, 101].

The SLG substrate contains sodium (Na), which can diffuse into the CIGSe layer during the
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growth process. The presence of Na has been shown to improve the solar cell efficiency by

increasing the Voc of devices. This effect will be further discussed in Section 2.5.3.

The CIGSe layer is deposited on the Mo metallic back contact. Various deposition techniques
have been employed for CIGSe growth, including co-evaporation [6, 11, 17, 19, 101, 102],
sputtering [88, 89], and solution-based printing methods [103, 104].

In this thesis, the co-evaporation method is used for deposition, and the thickness of CIGSe
samples investigated in this thesis is around 1.5 pm to 2 um. More details regarding the co-

evaporation process will be provided in Chapter 3.

Following the absorber layer, a buffer layer of with approximately 50 nm thickness is
deposited. The standard buffer in CIGSe devices is CdS, which is also used in this work.
However, alternative buffer layers such as Zn(O,S) have been successfully developed in other

studies [105].

The device is completed by final deposition of an intrinsic ZnO (i-ZnO) and aluminum-doped

ZnO (Al:ZnO) window layers, followed by Ni/Al metallic contacts coating.

Fig 2. 10 b presents the band alignment of CIGSe devices under Voc condition. Here, the Voc
is given by the difference between hole quasi fermi level on the p-side and electron quasi fermi
level on the n-side contacts. This figure presents the Au for the case with no interfacial
recombination. In the presence of interfacial recombination at CIGS/CdS interface, the electron
fermi level would bend down at interface, therefore the measured Voc would be smaller than

bulk Au in this case [55].

Further details on the deposition processes for CIGSe absorbers and other layers will be

provided in Chapter 3.

In the CIGSe solar cells, it is essential to effectively passivate charge carrier recombination at

surface and interface regions.

On the front surface, the buffer layer can partially mitigate front surface recombination
activities [13]. However, near the Mo back contact, where CIGSe is directly in contact with

metallic Mo, high surface recombination activity is observed.
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To address this issue, various surface passivation strategies have been developed to reduce both
surface and interface recombination. A well-known and widely adopted approach in CIGSe
solar cells is the introduction of a band gap gradient within the absorber layer [13]. This
strategy involves increasing the band gap energy (i.e., increasing Ga concentration) near both

the front and back interfaces in the absorber.

A band gap gradient toward the rear surface has a back surface field effect, repelling
photogenerated electrons away from the Mo contact and thereby reducing non-radiative
recombination losses at the back interface [13]. This back-surface gradient can also improve
carrier collection efficiency [13]. Similarly, if the buffer layer does not provide sufficient front-
side passivation, a band gap gradient toward the front contact can also be introduced to

suppress front surface recombination velocity [13].

As discussed in Section 2.5.1, the band gap of CIGSe can be tuned by adjusting the gallium
(Ga) content. By varying the Ga concentration through the absorber depth, a desired band gap
profile can be achived. More details regarding the deposition process and band gap engineering

are provided in Section 3.1.

In the literature, three main types of band gap profiles are typically reported: (i) uniform band
gap profile (no-gradient) [6, 106], (i1) Double graded band gap profile (V-shape gradient)[13,
17, 46, 107] and (iii) Hockey-stick gradient profile [11, 107].

These profiles are schematically illustrated in Fig 2. 11. In the graded band gap structures, the
absorption onset is determined by the region with the lowest band gap energy, commonly
referred to as the notch [13]. In the samples with uniform band gap, this notch region extends
throughout all the absorbers thickness. However, in the two other cases, the notch is in the

region where absorber has its minimum band gap.

As will be discussed later in Chapters 4 and Chapter 5, the depth and thickness of this notch

region can significantly influence the absorption properties of CIGSe absorbers.

52



Energy

Toward back contact

Distance

Fig 2. 11 Illustrates CIGSe absorbers with a) Homogeneous band gap b) Double graded or V-shape
band gap ¢) Hockey stick (HS) band gap profile. In all cases region with minimum band gap region
(i.e., notch) is highlighted.

In addition to the gradient approach, the back surface can also be passivated using selective
contact that has a proper band alignment, which can block the electrons and transport holes

[100, 108, 109], or employing tunneling layer at the back contact was also reported to be

effective for back side passivation [110].

Notably, Dr. Taowen Wang from our laboratory has developed other passivation methods based
on back surface selective contacts [100, 108, 109]. However, in this thesis, the gradient profile
is primarily used as the passivation strategy. Therefore, passivation strategies based on

selective contacts are not explained here.

2.5.3 Effect of alkali elements on CIGSe absorbers

The incorporation of alkali metals is a key factor in enhancing the efficiency of CIGSe devices
[6, 17-19, 65, 111]. These alkali elements can be categorized into light and heavy alkali atoms
[65]. Sodium (Na), a light alkali, is typically introduced from soda-lime glass (SLG) substrates.
The SLG contains Na atoms that diffuse into the CIGSe layer during the growth process [112].
On the other hand, heavy alkalis such as potassium (K), rubidium (Rb), and cesium (Cs) are
primarily introduced externally through post-deposition treatment (PDT) process [17, 18, 24,
65, 113]. In the PDT process, after the growth of CIGSe, heavy alkali fluoride (Alk-F)
compounds are evaporated onto the surface of the absorbers, allowing them to diffuse into the

CIGSe absorber. More details regarding the PDT process are explained in Chapter 3.

Alkali ions primarily enhance the Voc of CIGSe devices, resulting in increased power

conversion efficiency. The beneficial effects of alkali ions can be summarized as follows:
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(@)

(i)

Increasing p-type doping level: It has long been long known that Na can enhance
the hole carrier concentration in the CIGSe absorbers [21, 23, 113, 114]. As the hole
concentration increases, the equilibrium Fermi level (Er) shifts closer to the VB.
This effect would result in a larger Ay and, consequently, a higher open-circuit
voltage (Voc) under illumination (See Eq 2.21 and Eq 2.22).

Among the various mechanisms proposed to explain the Na-induced increase in
hole concentration, two primary models have received particular attention. The first
model involves donor state passivation mechanism, where Na is believed to
neutralize donor-like defects, particularly indium-on-copper antistites (Incu) [15,
23, 115]. This passivation mechanism reduces the donor concentration in the
compensated CIGSe absorber (i.e, reduces Np), thereby increasing the net p-type
doping. Notably, Colombara et al. proposed the so-called Revani diffusion model
for this mechanism [115], which suggests that Na pushes Incu defects from the grain
interiors toward the grain boundaries, effectively lowering this donor type defect
concentration within the grains.

The second mechanism is based on the formation of copper vacancies (Vcu) [116].
As the CIGSe absorber cools down after the growth process, the solubility of Na
atoms decreases inside the grains. This reduction in solubility results in the out-
diffusion of Na atoms from the grain interiors toward the grain boundaries or the
surfaces. This out-diffusion process leaves behind (Vcu), which act as acceptor
states and thus contribute to the increase in p-type doping.

The incorporation of heavy alkalis can also enhance the p-type doping level in
CIGSe absorbers. Recent reports have shown that the addition of K, Rb and Cs can
enhance the hole concentration [21, 45, 71, 117-119]. However, for heavy alkali
ions, the exact mechanisms responsible for this increase in doping remain unclear
up to now.

Mitigation of non-radiative recombination: The alkali elements can also
decrease the SRH non-radiative recombination rate (i.e, increase the lifetime) in the
CIGSe absorbers [24, 25, 120-122]. This non-radiative recombination centers can

be located within the bulk or on the surface of the material.
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The alkali elements can reduce the extent of tail states (i.e., reduce the Urbach
energy) [18, 33, 34, 65, 121], as mentioned previously, these tail states can have
contribution to the SRH recombination activities (See also ref [33]), therefore
passivation of tail states can reduce the SRH recombination rate. Notably, in
polycrystalline CIGSe absorbers, it has been reported that samples with no alkali
elements exhibit Urbach energies around 17 meV [33]. The addition of sodium (Na)
can reduce the Urbach energy to approximately 12 meV, and further reduction to
around 11 meV were observed through the incorporation of Rb heavy alkali [33].
A similar decreasing trend in Urbach energies has also been observed in single-
crystalline CIGSe absorbers [34].

Moreover, alkali ions are predominantly accumulated at the GBs regions [65, 123-
126], where their presence is believed to effectively neutralize charged defects,
reduce the electronic barrier, and suppress non-radiative recombination activities in
these regions [65]. This hypothesis is supported by some KPFM measurements,
which revealed a reduction in the band bending at grain boundary sites with the
addition of heavy alkalis [65, 127].

In addition to their effect on grain boundaries, both heavy and light alkali elements
can also interact with the surfaces and interfaces, leading to the passivation of non-
radiative recombination centers at these region [120, 128-130]. Notably, recent
studies suggest that Rb can undergo an exchange mechanism with Cu at the surface
by substituting Cu atoms [129]. This mechanism contributes to improvement of
CdS/CIGSe junction quality and a reduction in the interface defect density.

There are also reports showing the light alkali Na can segregate near the Mo back

contact and reduce the non-radiative recombination velocity in this region [120].

Further details regarding the beneficial impact of alkali ions on the CIGSe device performance

will be covered in Chapter 6.
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2.5.4 Urbach tails and Voc losses in CIGSe devices

As discussed earlier in Section 2.3, Urbach tails can engage in the radiative and non-radiative
activities which can in turn lower the Voc of devices. Furthermore, Section 2.5.3 highlighted

that the £u in CIGSe absorbers can be manipulated by incorporating alkali ions.

Notably, some previous publications have observed a linear relationship between the Voc

deficit (Vodcef ) and Ev for CIGSe and Perovskite solar cells [33, 131].

Here, Vodcef is defined as the difference between the measured Voc and the VOSCQ limit:

Vodcef = Voch —Voc (Eq 2.56)
The Fig 2. 12 presents an empirical linear trent between the Vodcef and Ev for state of the art

(SOA) CIGSe devices [33]. Interestingly, it can be observed that all SOA CIGSe samples,

except one with no alkali, follow this linear trend.
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Fig 2. 12 linear relationship between Urbach energy and Vodcef , here the presence of alkali is
represented by a color code. Additionally GaAs samples with lowest reported Urbach energies are
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used as a reference point. This Figure with some modifications are taken from Wolter et al [33] under
CC BY 4 license. Also it was used in my published work [132].

In Fig 2. 12, It is evident that the absorber with no alkali incorporation exhibit the highest
Urbach energies. A significant reduction in Ev, down to approximately 12 meV, is observed
in samples with Na, while an even lower value of around 11 meV is achieved when Na and Rb

are both introduced into the absorber.

It has been proposed that both radiative and non-radiative recombination via Urbach tail states
are the dominant limitations mechanism to the Voc in SOA CIGSe absorbers. When a device
exhibits a higher Vodcef than predicted by the empirical line, it indicates that additional loss

mechanisms beyond the Urbach tails contribute to its reduced Voc.

Chapter 6 of this thesis explores the impact of alkali elements on the GBs and Urbach tails.
In particular, the possible contribution of charged GBs to the Urbach tails are investigated in
this chapter. The Urbach energies of samples with no alkali, with Na and Na+Rb are quantified
using PL analysis, while electronic barrier across the GBs are analyzed through Kelvin probe
force microscopy (KPFM) measurements. Details of KPFM measurements are provided in

Section 3.8.

2.6 Summary of Chapter 2

So far, this chapter has covered the fundamental concepts related to the semiconductors and
solar cells, along with the corresponding equations and formulas. Additionally, the basic

principles of EL and PL measurements were also introduced.

Furthermore, the crystal structure, solar cell architecture, band gap gradient profiles, defects

and beneficial impact of alkalis in the CIGSe absorbers were all discussed in this chapter.

The next Chapter 3 will focus on the deposition processes and solar cell fabrication and
characterization methods, while Chapter 4 and Chapter 5 will use EL and PL formulas to

investigate the Voc and Au losses in CIGSe solar cells.

Additionally, in Chapter 6 the PL measurements will be used to investigate the effect of Rb
and Na alkalis on the tail states and Ay of CIGSe absorbers.
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3 Sample growth and characterization methods

In this chapter, the deposition and characterization methods used throughout this thesis will be

introduced.

The CIGSe absorbers investigated in this thesis were prepared in two different laboratories.
Chapter 5 focuses on the analysis of CIGSe samples deposited in the Laboratory for
Photovoltaics (LPV) at the University of Luxembourg. I personally performed the deposition
of these samples. Furthermore, Chapter 6 focuses on surface and grain boundary studies of

CIGSe samples prepared in PVcomB laboratory at Helmholtz-Zentrum Berlin (HZB).

At the beginning of this chapter, in Section 3.1 and Section 3.2, the deposition process of the
CIGSe absorbers and the device fabrication are discussed. The samples prepared in our
laboratory (LPV) exhibit rough surfaces. In the Section 2.5.4, I briefly mentioned that
AFM/KPFM measurements were conducted to investigate the grain boundaries in CIGSe
films. For surface and grain boundary analysis, smooth surface morphology is essential. The
rough surfaces are known to be detrimental for KPFM measurements by inducing
topographical artifacts, which can cause errors in the extracted KPFM data [133, 134] . To
avoid this issue requirement, we collaborated with PVcomB, where optimized deposition

recipe was developed to prepare CIGSe absorbers with smooth surfaces.

A key factor influencing the surface roughness of the CIGSe samples is the amount of Cu
supplied during the deposition process. In this chapter, deposition process and the impact of

Cu-rich growth conditions on the final surface roughness will be discussed extensively.

Furthermore, the subsequent sections of this chapter introduce the optical characterization
techniques, including photoluminescence (PL), transmittance, and reflectance, as well as
optoelectrical analysis methods such as electroluminescence (EL), J-V, and external quantum
efficiency (QE) measurements. These methods are the primary tools in this thesis for

investigating the Voc losses in solar cells.

While this chapter focuses on introducing the experimental setups and methodologies, the

detailed equations and analysis of Voclosses will be discussed in Chapter 4 and Chapter 5.
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Additionally, other characterization techniques used in this study, such as
cathodoluminescence (CL), Kelvin probe force microscopy (KPFM), time-resolved PL
(TRPL), and secondary ion mass spectrometry (SIMS) measurements, are also briefly

explained.

3.1 CIGSe Co-evaporation

3.1.1 Co-evaporation in LPV

In Chapter 5, all the investigated CIGSe samples are prepared in laboratory for photovoltaics
(LPV), and all the deposition processes were performed using co-evaporation method in Veeco

Gen 930 molecular beam epitaxy (MBE) machine.

The investigated samples in Chapter 5 are prepared either on transparent SLG substrates or
on Mo-coated SLG substrates. Transparent SLG substrates are used for transmittance and

reflectance analysis, while Mo/SLG substrates are employed for device fabrication.

Fig 3. 1 schematically illustrates the MBE machine and its key components. This machine is
equipped with elemental sources of Cu, In, Ga, and Se, as well as NaF and RbF for post-
deposition treatment (PDT). The base pressure of the MBE machine is approximately in the

range of 10" mTorr.

The deposition rate for each element is controlled by its temperature. For Se, a cracker source
is used, and its flux can be adjusted by temperature and also with a needle valve attached to
the cracker. The deposition rate for each element is routinely monitored using a Beam Flux
Monitor (BFM) and a Quartz Crystal Microbalance (QCM). The BFM monitors the pressure
of the evaporated particles. These instruments together help to maintain consistent deposition

rates across different processes, ensuring the deposition reproducibility.

During the PVD deposition process, the substrate set temperature is monitored by a
thermocouple connected to the heater without touching the substrates. Additionally, the
absorber's surface temperature is measured using a pyrometer that is mounted outside the
machine, directly observing the absorbers through a transparent viewport. Usually, in our MBE
machine, pyrometer measures slightly lower temperature than the substrate set temperature

(around 50-70 °C lower).
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Fig 3. 1 Schematic diagram showing the molecular beam epitaxy (MBE) machine and its key
components.

The investigated samples in chapter 5 have either graded band gap profile or uniform band

gap through their thickness.

In the Section 2.5.2, the Ga compositional gradient in the CIGSe absorbers has already been
discussed. It was mentioned that high-efficiency CIGSe solar cells are typically prepared with
a V-shaped band gap gradient profile, where the band gap increases toward both the back and
front contacts (see Fig 2. 11 b and ref [12, 13, 17, 19, 101)).

For samples with a V shape band gap gradient, a three-stage co-evaporation deposition method
is employed [12]. Fig 3. 2 schematically illustrates the temperature profile and deposition

process of 3-stage deposition method.

Before starting the deposition, all substrates undergo a cleaning procedure, which involves
annealing step at 500 °C for 20 minutes. The substrates are then cooled down to the set
temperature of 356 °C. Subsequently, a Se annealing step is performed on the Mo substrates to
form MoSez. It has been reported that the presence of this thin MoSe: layer can form an ohmic
contact at the Mo/CIGSe interface [101, 135, 136]. It is worth mentioning that, the entire
deposition process is carried out under a selenium-rich atmosphere, with Se supplied in excess

to prevent its loss during growth process.
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Fig 3. 2 The growth process of 3-stage deposition method. Temperature profile and supply of
elements during each stage.

Subsequently, in the 1% stage, In and Ga are co-evaporated together at the substrate temperature
of 356°C, forming a precursor layer with the (In,Ga)2Ses composition. In the second stage, the
substrate temperature is increased, and Cu is provided to the precursor film to form the
chalcopyrite phase. The Cu is usually supplied in excess to achieve Cu-rich phase (CGI > 1),
which improves grain size and absorbers quality [137]. However, as I mentioned in the
previous Section 2.5.1, for solar cell applications, normally absorbers with Cu-poor
composition are preferred. Therefore, in the 3 stage (i.e., last stage), the Cu supply is stopped,
and In and Ga are resupplied again to achieve the final Cu-poor composition (CGI < 1). It is
worth mentioning that the In and Ga deposition rates are not necessarily the same in the first

and last stage.

The substrate set temperature during the 2" and 3™ stages reaches to its maximum point
around 580 °C. After finishing the last stage, the prepared absorbers are cooled down in the Se
atmosphere to 200°C.

In this three-stage process, due to the lower diffusivity of Ga compared to In [138], a higher
Ga concentration remains near the front and back contacts, creating a V-shaped Ga distribution
profile over the thickness, this effect results in an increase in the band gap energy towards both

surfaces (see Fig 2. 11 b).
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For three stage growth process, the deposition process is controlled using pyrometer reading
and heater output power signal [139, 140]. The pyrometer measures the heat emission from
absorber surface (black body radiation). The detected thermal radiation is influenced by the

material’s thickness, leading to an interference pattern in the pyrometer reading.

Fig 3. 3 illustrates the pyrometer and heater output power profile during 3-stage growth profile.
It can be observed that during the first stage of growth (t1), thickness interference effect causes
oscillations in the pyrometer reading temperature (Tpyro) [141, 142]. The duration of the first
stage in our processes is controlled by number of Tryro oscillations which is typically 3

oscillations.
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Fig 3. 3 Representing profiles of heater set temperature, pyrometer temperature and heater output
power during 3-stage deposition process. Red dashed lines show stochiometric points (SP)

Furthermore, in the second stage the process is primarily controlled by heater output power
signal. In the 2™ stage, with the supply of excess Cu and formation of CuSe phases, the
emissivity of the layer increases [139, 141], which leads to enhanced radiative heat loss. This

effect leads to increase in the heater output power to keep the substrates at constant set
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temperature during this step. Therefore, by monitoring the changes in the heater output power,

it is possible to detect the point where material transforms to the Cu-rich phase.

In Fig 3. 3, the second stage is divided into two parts: from the starting point to the first
stoichiometric point (SP1 with CGI =1), denoted as t2, and from SP1 to the point where the

heater output power reaches to its maximum value, denoted as t2’.

When material reaches to its first stochiometric point SP1, with further Cu supply, heater output
power starts to increase, which indicates that the material is transforming to Cu-rich phase, and
CuSe phases are forming in the absorbers. The Cu supply continues for a certain duration t2’
until the end of the second stage, where the output power reaches to its maximum point. The
CGI concentration at this point (denoted here as y2nd) can be estimated using the formula y2nd

~ (t2+ t2") / t2. In our processes we usually use estimated y2nd = 1.2.

In the last stage of the deposition, In and Ga are deposited again for a certain duration t3. During
this stage, the heater output power starts decreasing. The CIGSe absorbers return to the
stoichiometric point again (SP2), and then the deposition of In and Ga goes further than SP2

to achieve the final-poor composition (CGI < 1).

In Chapter 5, in addition to the Ga graded samples, some absorbers with uniform Ga

composition (i.e., uniform band gap) are also investigated.

Samples that have a constant Ga distribution through their depth were prepared using a process
known as the Cu-rich-off (CURO) process [143]. This deposition method has two main stages:
initially the Cu, In, Ga, and Se are co-evaporated onto the substrates together at a substrate set
temperature of 580°C. In this stage, the Cu is supplied in excess to promote Cu-rich growth.
Subsequently, the Cu supply is cut off, and In and Ga fluxes are continued to achieve a final
Cu-poor composition. Since In and Ga are supplied at the same deposition rate throughout the
process, this process results in a flat distribution of Ga and thus flat band gap profile across the
thickness. Fig 3. 4 schematically illustrates the time progression and temperature profile of the

CURO growth processes.

Controlling the stoichiometry, particularly the CGI ratio, is a challenging aspect of this process.

However, through repeated depositions, I was able to develop an optimized recipe for my study.
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Fig 3. 4 Temperature profile and deposition process for Cu-rich-off (CURO) growth method

The duration of three-stage process is approximately 3.5 hours, while the CURO process takes

only 70 minutes.

In Chapter 5, Secondary Ion Mass Spectroscopy (SIMS) measurements, along with cross-
sectional Cathodoluminescence (CL) analyses are presented for some selected samples. These
results clearly show a graded band gap profile for the samples processed with the 3-stage

method, and a constant band gap for the samples prepared using the CURO deposition recipe.

3.1.2 CIGSe growth in PVcomB

For the purpose of grain boundaries and KPFM measurements, it is essential to prepare samples
with smooth surfaces. Presence of high surface roughness can induce artifacts which can lead

to inaccuracies in the KPFM data interpretation [133, 134] (see also Section 2.5.3).

At PVcomB, Helmholtz-Zentrum Berlin, our colleagues successfully developed a growth
process that results in smooth CIGSe surfaces, this process is optimized for CIGSe/perovskite
tandem devices [7]. In Chapter 6 of this study, samples from PVComB are investigated. The
MBE machine in PVcomB has similar components to our machine (See Fig 3. 1). However,
these samples were grown using a slightly modified three-stage process than we use in our

laboratory.

64



For these samples, in the first stage, in the presence of Se, instead of supplying In and Ga
simultaneously, Ga and In were evaporated sequentially, following a Ga-In-Ga-In sequence at
the substrate set temperature of 300°C [117, 144]. The rest of the process is similar to the

conventional three-stage method that is already explained in Section 3.1.1.

The maximum substrate set temperature reaches 530°C during the 2™ and 3™ stage of this
process [117]. For the process control, in addition to the pyrometer and heater output power
signal, laser light scattering (LLS) is also employed. The CIGSe process control with light
scattering has been reported in previous studies [145, 146]. This LLS method relies on
scattered laser light intensity for process control. Through a transparent viewport a laser light
is directed on the absorber surface and the scattered light is detected. In the second stage, when
the CIGSe composition passes the stochiometric point (i.e, CGI > 1), the roughness of the film
starts to increase, thus it effects the scattered laser light signal, resulting in an increase in the
LLS signal. With this change in the LLS signal the process can be more reliably controlled
[146].

Previous reports indicate that the amount of Cu supplied during the 2™ stage of the three-stage
co-evaporation process is a key factor influencing the final roughness of the films [137], and
the surface roughness depends on the CGI concentration at the end of the 2" stage (y2na) [137].
During this stage, excess Cu leads to increase in the grain size and formation of CuSex on the

surface of CIGSe absorbers, which in turn increases the surface roughness of absorbers.

With our colleagues from PVcomB, we studied the effect of Cu-excess growth on the
roughness of the final absorbers by examining CIGSe samples with varying durations of the
second stage. We investigated samples with y2nd of 1.05, 1.3, and 1.5, with these y2nd values
being estimated through combination of laser light scattering (LLS), heater output power and

pyrometer signals [117, 146].

Fig 3. 5 illustrates the AFM image of CIGSe absorbers with estimated y2nd 0f 1.05, 1.3 and 1.5.
It can be observed that the sample with the lower y2nd have smaller grain size, and grain size

increases with more Cu supply in the 2" stage (i.e higher y2nd values).

Moreover, Fig 3. 6 illustrates the mean roughness measured by AFM measurements, It can be

observed that the surface roughness increases with increase in y2nd. Therefore, for further
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KPFM analysis the samples prepared with CGI concentration of 1.05 at the end of 2™ stage

(i.e., y2nd ~ 1.05) were used.

1761 nm
[ 700

600
500
400

300

183

Fig 3. 5 Topography image (AFM image) of CIGSe samples grown in PvComB. with y2.q of a) 1.05,
b) 1.3 and ¢) 1.5. Here, yanq represent the CGI concentration at the end of the 2™ stage. (These
measurements were provided by Uzair Muhammad Farooq)
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Fig 3. 6 Mean roughness measured for the samples with y»,¢ of 1.05, 1.3 and 1.5.

Furthermore, for the purpose of Urbach tails and grain boundary studies, CIGSe absorbers with
no alkali elements, with Na, and with both Na and Rb are prepared using the PVcomB

deposition process.

As mentioned previously in Section 2.5.2, standard SLG substrates contain significant amount
of Na that can diffuse into the CIGSe layer during the high temperature deposition process.

Therefore, for samples that have Na, the growth was performed on Mo coated SLG substrates.
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On the other hand, for samples with no Na, a SiNxOy barrier layer was deposited on the SLG

to prevents the Na diffusion.

Additionally, for samples containing Rb, the Rb is supplied to the absorbers through a post-
deposition treatment (PDT). In the case of RbF PDT, two different approaches were employed:

The first approach is the in-situ RbF PDT. In this method, directly after the growth process,
the substrate set temperature was reduced to 280°C, and the Se pressure was decreased to one-
sixth of the growth Se pressure. RbF was then evaporated for 10 minutes onto the substrates

surface along with Se.

The second PDT method is ex-situ PDT. For the ex-situ PDT process, after the growth, the
absorbers were removed of the deposition reactor and broken into two pieces. One piece served
as a reference sample, while the other was placed back into the deposition reactor and
underwent RbF PDT at the substrate set temperature of 480°C. The RbF rate, Se rate and

duration of the ex-situ PDT is same as in-situ PDT process.

After the growth process, the samples were stored in a dark boxes and sealed in a vacuum bag

to minimize the exposure to light and air before being transported to our laboratory.

3.2 From absorbers to solar cells

The CIGSe device structure has already been discussed in section 2.5.2.

To complete the CIGSe absorbers into the final devices, a CdS buffer layer with thickness of
~50 nm is deposited on the top of absorbers. Before CdS deposition, all the absorbers are
cleaned either in a diluted ammonia solution or in a 5% KCN solution. This cleaning step is
essential to etch away the surface oxides and excess RbF PDT remnants. The CdS deposition
occurs through a chemical reaction at 67°C in an aqueous solution containing 2 mmol CdSO4,

50 mmol thiourea, and 1.5 mol ammonia, typically taking about 8 minutes.

After CdS deposition, the intrinsic zinc oxide (i:ZnO) and aluminum doped zinc oxide
(Al:ZnO) layers are deposited on the top of the CIGSe/CdS stack using RF magnetron

sputtering.
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Finally, solar cell devices are completed by final deposition of Ni:Al metallic grids by e-beam

evaporator.

All these processes were performed by Dr. Michele Melchiorre in our laboratory.

3.3 Photoluminescence and electroluminescence measurements

The theory behind the PL and EL emission has been already covered in section 2.4. In the
following discussions, the PL and EL setup components and calibration processes are mainly

introduced.

It is worth mentioning that both the EL and PL measurements in this thesis are employed to
assess the Au and Voc losses in CIGSe absorbers. In this section, the focus is solely on the
introduction of the EL and PL experimental setups. The theory and equations has already been
covered in Section 2.4. In Chapter 4 and Chapter 5, the detailed quantification of Au and Voc

losses will be presented.

3.3.1 Photoluminescence (PL) measurements

For PL measurements in our laboratory, a home-built PL setups are used. In this thesis, the PL

measurements were performed on both absorber materials and solar cells.

In our laboratory we have two PL setups, I refer them here as the PL setup-1 and PL setup-2,
the schematic diagram of each PL setup is illustrated in Fig 3. 7 and Fig 3. 8, respectively.

The PL setup-1 is equipped with a red laser that has a wavelength of 660 nm. The diameter of

this laser beam is ~ 2.2 mm. This diameter has been measured by CCD camera.

The emitted PL signal from the sample is collected by two parabolic mirrors installed in off-
axis configuration. The PL emission signal is directed from parabolic mirror-2 into the

spectrometer through an optical fiber (See Fig 3. 7).

To block the possible laser light reflection into the spectrometer, a long pass filter on the path

of the emitted PL signal is placed.

In PL setup-1, the spectrometer has grating density of 100 lines/mm and 300 lines/mm. For all
measurements performed in setup-1, an optical fiber with diameter of 550 um and spectrometer

grating of 100 lines/mm is used.
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Fig 3. 7 PL setup-1 and its components. The laser light is passed through parabolic mirror 1 and
reaches to sample. the emitted light is collected by two parabolic mirrors in off-axis position.

Additionally, we have also another PL setup which is equipped with 637 nm diode laser (PL
setup-2). The PL setup-2 has dual configuration, it can operate similarly to setup-1
configuration, but also it can accommodate a beam expander in a slightly different

configuration.

The Fig 3. 8 illustrates setup-2 with a beam expander. The beam expander increases the laser
beam diameter to approximately 8 mm, enabling uniform illumination of a solar cells with area
around 0.25 cm?. This beam expander is essential for measuring samples with window layers,
as it ensures that the entire cell area is illuminated. Without the beam expander, the cell is
illuminated only partially, and a significant part of the cell would remain under dark. Since the
window layer is conductive, this uneven illumination creates a potential difference between
the illuminated and dark regions, leading to a current flow towards the dark areas. This effect

can lower the measured Au.
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Fig 3. 8 PL setup-2 and its components. It is equipped with beam expander and dichroic mirror. The
expanded laser beam is passed through dichroic mirror and reaches to sample. the PL signal is
reflected through dichroic mirror and is collected with parabolic mirrors.

In the beam expander configuration, Setup-2 is equipped with a dichroic mirror placed between
beam expander and sample. This mirror passes the laser light that reaches the sample while

simultaneously reflecting the PL emission signal towards the parabolic mirrors.

The PL signal is subsequently directed through parabolic mirrors toward the spectrometer
using a 550 um fiber. For the measurements in the setup-2, a spectrometer grating with

either100 lines/mm or 150 lines/mm is used.

Both PL setupl and PL setup 2 are equipped with Si and InGaAs detectors. The InGaAs array
detector (model DU490 A 1.7) is manufactured by Oxford Instruments and operates within a
wavelength range of approximately 800 nm to 1700 nm, as specified by the manufacturer. The
Si detector (model DU420A-BEX2-DD), also from Oxford Instruments, effectively covers a
photon wavelength range of approximately 300 nm to 1000 nm. The CIGSe samples in this
thesis have maximum PL emission around 1.1 eV. Therefore, for these samples, the InGaAs
detector is primarily used, which is well-suited for recording the PL spectra in these energy

ranges.
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Before conducting the measurements, the alignment is performed for the optical setup. In this
context, alignment means ensuring that the incident laser beam and the collection point of the
PL signal are at the same position on the sample. To achieve this, first a CCD camera at the
sample position is placed, and the location of the laser spot is recorded. Next, the optical fiber
is disconnected from the spectrometer and connected to a halogen lamp, in this step the halogen
lamp is coupled into the setup from the reverse optical path, which simply means that the
halogen lamp emission travels from spectrometer side through parabolic mirrors and reaches
to sample position. Subsequently, the lamp's spot position is recorded on the CCD camera. This
spot position represents the PL signal collection point on the sample. The alignment process
involves adjusting the mirrors and optical components to overlap the lamp spot with the laser

spot. Subsequently, the PL setup needs to be calibrated for measurements.

The calibration process involves both spectral and intensity calibration. Spectral calibration is
necessary to convert the raw detector data into a spectrum with appropriate units, while
intensity calibration is performed to determine the number of incident photons and the number

of photons emitted from the sample.
Let’s start first with the spectral calibration.

The initial PL spectra recorded by the detector provides the raw number of counts, which have
no meaningful physical units. To obtain a meaningful spectrum with an appropriate unit,

spectral correction must be performed.

The spectral calibration is carried out using a known spectrum of a halogen lamp. In the first
step of the spectral calibration, halogen lamp spectrum is measured in the detector, and then a
calibration function (1.4;) can be determined using the following equation:

¢lamp

Neal = —Tneasured
lamp

(Eq3.1)

The ¢iamyp 1s the lamp spectrum provided by the halogen lamp manufacturer, and it has unit of
(cm? s nm™). ¢{Zf,?zfured is the measured halogen lamp spectrum recorded in the detector,

and it has unit of counts.
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To extract the spectral photon flux density of a sample (¢py, (1)), this calibration function 1.4;

is subsequently multiplied to directly measured raw PL counts of the sample (¢ ggmmpie edy.

Pp. (D) = NeqiPlimpia < (Eq 3.2)

Here, @pr,(4) has a unit of (cm™ s”! nm™). However, in all calculations, the unit of energy eV
is preferred over the nm. Therefore, to convert nm to eV, it is essential to apply the transform

Jacoby according to the following formula:

di
@pr(E) = ppL(D) i (Eq3.3)

Up to this point, a meaningful PL spectrum with a unit of cm™ s eV™! is determined. However,
the @pr,(E) is not an absolute spectrum yet. To accurately quantify both the number of incident

photons on the absorber and the number of photons emitted as the PL signal, intensity

calibration must still be performed.

For the intensity calibration, the laser power is initially measured using a power meter. The
incident flux of the laser (FL%¢™), with unit of cm2eV™!, can be determined according to the

following equation:

FlLaser _ 2Pygser ALaser

frogs —Zhe (Eq 3.4)

In this equation, A; 4., denotes laser wavelength, and w is laser beam radius.

The laser beam follows a Gaussian intensity distribution, and F/%<,, represents the laser flux
at the peak of this distribution. Due to the Gaussian profile of the laser intensity, the factor of
2 is necessary in the Eq 3.4 for calculating the overall incident photon flux from the measured

laser power.

To determine the intensity calibration factor, the measured laser flux in Eq 3.4 must be
compared to the flux recorded by the detector. Therefore, in the next step, a spectralon (a
perfect reflector) is placed at the sample position, and the laser spectrum is recorded in the
detector. Here also the initial measurements from detector provides the laser spectrum in units

of raw counts. To obtain photon flux density of laser (@ ,ser(E)) with a meaningful unit of
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cm?s eVl again the calibration factor ., needs to be applied to directly measured laser

spectrum from detector (see Eq 3.2).

Furthermore, the integrated laser spectrum over the all photon energy ranges (i.e.,

fooo @ aser (E)dE) should match the calculated laser flux FL%"from Eq 3.4. Therefore, by

having the laser spectrum and directly measured FL%¢", the intensity calibration factor § can

be determined through the following equation:

FLaser = 5 f Braser (E)AE (Eq3.5)
0

This calibration factor can be subsequently multiplied to the measured PL spectrum ¢p; (E) in

Eq 3.3 to obtain the absolute PL spectrum @p; (E):

PpL(E) = S¢pL(E) (Eq3.6)
This absolute spectrum is subsequently used to extract the Ay of CIGSe samples.

To minimize uncertainty, § is usually extracted for different laser fluxes, and for final
measurement average of § is used. Overall, the uncertainty in § determination can result around

5 meV errors in final Ay determination.
In this section, I also want to briefly discuss the analysis method and data treatment.

All PL data analysis is performed in the LPV-Viewer software, which is a home-made python-

based program.

The InGaAs detector in PL setup-1 consists of two interconnected diodes, each with different
sensitivity. To improve measurement accuracy, in certain cases, data point from only one of
the diodes are used, excluding the contribution of the second diode from the PL spectra. Fig 3.
9 presents the original PL spectra of a CIGSe sample alongside the spectra that includes data
points from only a single diode. It can be observed that in regions where the PL signal decreases
(i.e., at the high-energy and low-energy wings), the difference in sensitivity between the two
diodes introduces noise artifacts, which can be effectively removed by considering only the

data points from a single diode.
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Fig 3. 9 The PL spectra of sample A2 with single and double diode of InGaAs detector points (This
sample will be investigated in Chapter 6)

3.3.2 Electroluminescence measurements

At a certain stage of my work, it became necessary to develop an electroluminescence (EL)

setup.

Using the configuration similar to PL Setup-1, I installed a prism mirror to mount the solar
cells horizontally. By applying a forward bias through a 4-probe contact configuration with
Keithley 2400 source meter, I could successfully detect the EL signal emitted from the CIGSe

solar cells.

The similarity of EL and PL measurements were already discussed in Section 2.4. The key
difference between PL and EL is the excitation source: instead of using an external laser source
to excite the sample, a forward bias is applied across the solar cell junctions. In this thesis, the
CIGSe solar cells are investigated using absolute EL measurements, meaning that the EL

photon flux emitted from the solar cells is quantified.

To achieve absolute measurements, spectral and intensity calibrations are first performed in

the PL configuration, as described in Section 3.3.1.

The intensity calibration factor determined in Eq 2.35 can also be employed for EL

measurements to determine the absolute EL photon flux density emitted out of the solar cells.
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Furthermore, since the injected current density is known, and it is being recorded using source

meter, the number of injected charge carriers can also be quantified.

Further details regarding the determination of internal voltage V;, through EL measurements

are provided in Chapter 4 and Chapter 5 of this thesis.

3.4 Current Voltage measurements

Current-voltage (J-V) measurement is a standard tool used to assess the performance a solar
cell. With these measurements the important photovoltaic parameters of solar cells including

Voc, Jsc, FF and PCE can be quantified.

In this thesis, the J-V measurements are conducted in a class AAA solar simulator equipped
with a Xenon short-arc lamp, providing a simulated AM 1.5 sun emission. The solar cell is
mounted on a metallic stage with temperature controller, the temperature of the cells is

maintained at 25°C during the measurements.

4-probe contact configuration for the J-V measurements are used for applying bias voltage,
and the resistivity of the contacts is measured before each scan and kept within the range of 1-
2 ohms. The contact probes are connected to the Keithley 2400 source meter. With this source
meter a sweep voltage is applied in the range of -0.5 V to 0.8 V, then at each voltage point the
current is recorded. The J-V measurements for all solar cells are recorded both under dark and

1lluminated conditions.

Prior to the measurements, a reference Si solar cell is measured. This reference cell, which has
certified J-V characteristics under AM 1.5 g illumination, is measured to ensure that key

parameters, including Jsc, Voc and FF are same as the certified values.

In our laboratory, the CIGSe solar cells with the areas of approximately 0.5 cm? or 0.25 cm?
are fabricated. The absorbers are grown on square substrates with inch x inch size, allowing to
make 8 or 16 solar cells using the 0.5 cm? or 0.25 cm? area configurations, respectively. Most
of the cells investigated in this thesis have an area of around ~ 0.25 cm?. Before performing J-
V measurements, the area of each cell is determined using an optical microscope. The area
measurement has errors of about 0.01 cm? This error can impact the accuracy of the short-

circuit current density (Jsc) determination. To mitigate this effect, the current density obtained
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from J-V measurements is usually cross -checked with the current density calculated from

integrating the QE (E) spectrum of the solar cell over the AM1.5 spectrum (see Eq 2.35).

Fig 3. 10 a and b show the solar cells fabricated with area configurations of 0.5 cm? and 0.25
cm?, respectively. Fig 3. 10 c illustrates the sample mounted in the J-V setup, along with the

4-probe contact configuration.

Fig 3. 10 the CIGSe solar cells a) with 0.5 cm2 area and b) with 0.25 area. ¢) CIGSe solar cell under
solar simulator. The contacts on back contact and front contact are indicated in this figure.

3.5 Capacitance-Voltage measurements

The capacitance-Voltage (C-V) measurements were performed to extract the p-type doping
concentration of the CIGSe solar cells. The details of C-V measurements are explained in the

reference [147].
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In the previous chapter, the formation of the p-n junction and the SCR was explained in Section
2.2. The segregation of positive and negative charges in the SCR creates a capacitance within

the junction.

The doping concentration of absorbers can be determined by measuring the capacitance of the
p-n junction under different applied voltages. In this section, the equations related to C-V

measurements are summarized.

For CIGSe solar cells a Schottky contact model with n'- p configuration can be considered.
For the depletion width of a Schottky contact the Eq 2.32 can be transformed into the following

form:

2e59(Vpi — Vpe)
W = (Eq3.6)
\/ qN, 1

Where the ¢ is the dielectric constant of the sample (here 13.6 according to [3]), Vbc is applied
DC voltage, ¢ is elementary charge and N, is doping concentration of p-type CIGSe sample
(Acceptor density).

For the CV measurements, a DC voltage in the range of -0.5 V to 0.5 V is applied along with
a small, controlled AC voltage with amplitude of 0.03 V and with frequency of ~ 630 kHz. The
capacitance of the solar cells is measured using Agilent inductance-capacitance-resistance
(LCR) meter. All measurements were conducted at low temperature (Below 170 K) to prevent

the possible deep defects contribution to the capacitance.

For the measured capacitance, the following equation can be written :

1 _ 20V = Vo)

c? qeggA?Ny (Eq3.7)
Here, A is the device area.
Subsequently, the N, can be extracted by using the following equation:
Ny = Ny = — ’ [d(C_Z) = - ¢ (d—C)_l (Eq3.8)
qeggA? | dVpe qeggA? \dVp,
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Prior to the measurements, the samples were stayed in a dark condition for 24 hours to avoid

possible contribution of metastable defects in extracted doping values.

All the CV measurements and analysis were performed with the assistance of Dr. Mohit Sood.

3.6 Transmittance reflectance measurements

Transmittance and reflectance measurements are performed using Perkin Lambda 950 UV-Vis-
NIR spectrometer, equipped with tungsten and deuterium lamps, that covers a wavelength

range of 175 nm to 3300 nm.

It is important to highlight that transmittance measurements are performed exclusively on

absorbers deposited on transparent SLG substrates (see Section 3.1.1).

This measurements involves directing monochromatic light onto the sample and collecting the
transmitted or reflected light with an integrating sphere at each photon wavelength. A
photomultiplier detector is used to detect the transmitted/reflected light in the UV-Vis range,
while a PbS detector is used for the NIR range. According to the manufacturer, the resolution

of the measurements in the UV-Vis range is 0.05 nm, and in the NIR range is 0.2 nm [148§].

Before measurements, an autozero process is performed to establish a baseline and correction
for any background noise. For transmittance measurements, autozeroing is done by placing the
bare SLG substrate, without the absorber layer, in the substrate holder position. After this, the

transmittance spectrum is measured with the absorber/SLG configuration.

For reflectance measurements, autozeroing is performed using a perfect reflector (Spectralon)

placed in the sample position.

In transmittance measurements, light passes through both the absorber and the substrate before
reaching the integrating sphere and detector. It is observed that the SLG substrate influences
the transmitted light spectrum. Therefore, for calibration and the autozero process in
transmittance measurements, the autozero is performed with SLG substrate to remove the

possible influence of SLG on the final transmittance spectra.

In contrast, in the reflectance measurements, the incident light directly interacts with the

absorber and is then reflected into the integrating sphere. In this case, the effect of the substrate
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is negligible. Although the possible contribution of CIGSe/SLG interface cannot be ruled out.
Consequently, a perfect reflector (Spectralon) is used for the autozero process as a reference,

and the reflectance measurements are calibrated using this perfect reflector.

At the end of the analysis, the so called "open beam" measurements are always conducted for
both reflectance and transmittance. This step involves measuring transmittance and reflectance
without placing a sample in the holder position. This step ensures that the extracted data is free
from unwanted background noise. If any background is detected, the measured transmittance
or reflectance spectrum is correct by subtracting the background. In the most cases, the impact

of this background is negligible.

In Fig 3. 11 we show a UV-Vis measurements on a CIGSe sample deposited on glass SLG,
where the transmittance T(E) and reflectance R(E) spectra are measured separately and

absorptance spectra is extracted by using A(E) = 1— T(E) - R(E).

1.0

—-—- Transmittance (%)
v Reflectance (%)
X4 ; - - - - Absorptance (%)

\LI-J’ .
1.

0.0 5—= ‘ . . .
1.0 156 20 25 3.0 35 40
Energy [eV]

Fig 3. 11 UV-Vis measurements showing Transmittance (T), Reflectance (R), and Absorptance (A)
spectra for CIGSe B-NG sample (This sample will be discussed in Chapter 5). Adapted from my
preprint [149]

3.7 External quantum efficiency (QE) measurements

External quantum efficiency QE (E) measurements are employed for quantification of the Jsc

losses across different photon energy ranges. Additionally, by analyzing the QE (E) spectrum

and applying Rau's reciprocity principle (Eq 2.53)[28, 69], the maximum attainable open-
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circuit voltage (Voc), known as the radiative limit (V;&%), can be determined [28]. In this
section, only the QE (E) measurement method is discussed. Detailed discussions on V334, Voc

losses, and broadening of the QE (E) spectrum will be covered in Chapter 4 and Chapter 5 .

Here, I just summarize the key points. Further information regarding the QE (E') analysis can

be found in reference [147, 150].

The QE (E) measurement gives the number of collected charge carriers per incident photons
(see Eq 2.36). In our laboratory, we measure QF (E) spectra using a home-built setup. In this
setup, first the incident light is passed through a chopper and reaches to a grating
monochromator. Then the monochromatic light beam is directed through optical components
and prism mirrors on the sample. The equipment uses two lamp sources, the Xenon lamp and
Tungsten lamp. With the combination of these two lamps, we can effectively cover the

measurements in the photon spectral range of 300 nm to 1600 nm.

In these measurements, the incident photons first generate a current density in the absorbers.
This current is then transformed to a voltage using a current-to-voltage converter. The resulting
voltage is subsequently amplified using a lock-in amplifier. Finally, the amplified signal is

transformed back into a current and converted into the QE (E) output at the final stage.

The calibration of the QE(E) setup is performed using Silicon (Si) and InGaAs reference
diodes. The Si diode covers the photon wavelengths in the range of 300-1100 nm and InGaAs
diode is used for the wavelength ranges of 1100-1600 nm.

This Si and InGaAs references have a known QE(E) spectrum provided by Physikalisch
Technische Bundesanstal (PTB)2. In the first step of calibration process, the measured
QE (E) spectra of diodes in our setup is compared to the ones provided by PTB using the

following formula:

dISC,ref (E)

QEyer = QEprp ——20—~
ref P18 dlsc prp (E)

(Eq 3.9)

2 Is national metrology institute of Federal Republic of Germany
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The Is¢ ref 1s the short circuit current of the reference diodes measured in our setup, and

Isc prp 1s the short circuit current of the reference diodes provided by PTB.

In the next step, the short-circuit current of our CIGSe solar cells ( Is¢ sampie) 18 measured at

each wavelength. Subsequently, the QE(E) spectra of the solar cell is extracted using the

following equation:

dISC,sample (E)
dISC,ref (E)

QESample = QEref (Eq 3.10)

Fig 3. 12 illustrates a typical QE (E) spectrum of a CIGSe solar cell. For this cell, an additional
reflectance measurements were also performed using the UV-Vis spectrometer. In the high
energy ranges, where the transmittance is negligible, the A(E) can be approximated by
A(E) = 1- R(E). Thus, by comparing the 1 - R(E) and QE (E) spectra, possible collection

losses can be identified.

In Chapter 4 and Chapter S more details regarding the QE(E) spectrum analysis will be
provided.

J\y—/\/\/—\_\_

0= . . ; ; .
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Fig 3.12 QFE,1 — R(E) for a CIGSe sample. (This sample is F-BGG sample, will be discussed in
Chapter 5)
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3.8 Grain boundary (GB) characterization

The Atomic force microscopy (AFM) and Kelvin probe force microscopy (KPFM)
measurements were all performed to study grain boundary (GB) properties of CIGSe samples

in Chapter 6.

All the AFM/KPFM measurements were performed by Muhammad Uzair Farooq from
Scanning Probe Microscopy (SPM) laboratory under supervision of Prof. Dr. Alex Redinger.
Following details about the KPFM measurements are provided by Uzair. More details about
the KPFM equipment can be found in my published paper [132] and references [133, 134].

Here, only the GB analysis is summarized.

Prior to the AFM/ KPFM measurements, all the CIGSe samples went through an Ammonia
washing step for 30 seconds using 1 Molar diluted Ammonia solution. This step is necessary,
since it etches off the RbF PDT remnants, and also it can remove possible surface oxides from

the surface [151].

After ammonia cleaning, the absorbers were rinsed with deionized (DI) water. While still with
water on the top, they were transferred to a nitrogen-filled environment, where they remained
until the water had completely evaporated. Subsequently, the dried samples were sealed in
nitrogen-filled boxes and transported to the AFM/KPFM setup, where all AFM and KPFM
measurements were conducted under nitrogen environment. These steps were carefully
followed to minimize air exposure and surface oxidation, which could potentially influence the

KPFM analysis.

The AFM measurements provide the topography map, while KPFM measurements generate
the contact potential difference (CPD) map. This CPD map can be calibrated and converted to
the work function map using a reference calibration sample with a known work function. In
this thesis, all KPFM measurements were calibrated using a highly oriented pyrolytic graphite

(HOPG) which has a work function of 4.6 eV.

In KPFM measurements, changes in the work function are detected, and the band bendings are

quantified from the local variations in work function at the GBs positions [133, 134].
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It is important to highlight that KPFM analysis on polycrystalline absorbers are highly sensitive
to the operational mode of analysis. Two main modes are commonly used in KPFM

measurements: Amplitude Modulation (AM) and Frequency Modulation (FM) [133].

AM-KPFM is sensitive to the electrostatic force between the tip and the absorber surface[133,
134]. This mode is more susceptible to the geometrical artifacts and surface roughness, which
can induce artifacts and inaccuracies in the measured work function and potentially lead to

misinterpretation of the extracted results [133, 134].

In contrast, FM-KPFM is more sensitive to the gradient of the electrostatic force, making it
less affected by surface geometry and topographical features [133, 134]. As a result, FM-

KPFM provides more reliable results for work function measurements.

Notably, most published studies analyzing grain boundaries (GBs) in CIGSe samples rely on
the AM-KPFM measurements [65, 123, 127, 152-154]. In contrast, in this thesis FM-KPFM
measurements were employed to minimize the impact of geometrical artifacts and improve the

extracted band bending accuracies.

In Fig 3. 13, as an example, a band bending analysis of a selected GB is illustrated. In Fig 3.
13 a the topographic AFM map for this grain boundary is presented, and the corresponding

simultaneously acquired work function map is provided in Fig 3. 13 b.

For band bending analysis, the GB region is first identified using the topography image (Fig
3. 13 a), where a straight line is drawn across the selected GB. This line is then transferred to
the simultaneously measured work function map (i.e., KPFM map). By monitoring the changes

in the work function along this line, the band bending (i.e., ACPD) can be extracted.

In Fig 3. 13 ¢, the line profile across this selected GB is presented. The height profile here is
indicated in blue. At the GB position, the height profile exhibits a valley-like shape, which
corresponds to the location of the GB. Furthermore, the change in the CPD is also shown in

this figure with red curve.

83



- 180
277.4 nm
250.0 478 ]

- 170

- 160
200.0

=
w
o

=
B
o

150.0

Height[nm]

0, =4.77|

—
w
o

65.6

=
N
(=]

[
=
o

151 g =475

0 50 100 150 200 250 300
Profile[nm]

50eV

Oo(P+9,)/2
)

49

4.8

e (Y

4.6

ACPD = @gp - g

Fig 3. 13 Band bending extraction for a selected GB from A1 sample. This sample will be
investigated in Chapter 6. a) Topography map with a selected line across the GB. b) The work
function map measured simultaneously from the same region. ¢) corresponding line profile showing
change in the height and work function for the selected GB. d) Schematic diagram showing the
downward band bending extraction method. (This figure is slightly modified version of Fig. S9 from
my published work [132] taken under CC BY 4 license)

It can be observed that the CPD (or work function) initially decreases at the GB position and

then increases, forming a valley-shaped pattern. This behavior indicates that the grain

boundary exhibits a negative potential barrier (i.e., downward band bending).

To quantify the band bending, the measured work function at the GB position is compared to

the work function values of the neighboring grain facets.

In Fig 3. 13 d, a schematic illustration of downward band bending is shown. Here, ¢1 and @2

correspond to the work functions of facets 1 and 2, respectively. The average facet work

P11,

function can be calculated using e = . The work function at the GB position (i.e., at
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the minimum point of the height profile) is denoted as @cs. The contact potential difference
(ACPD) of GB, which represent the band bending, is simply the difference between the average
facet work function @g and the @as (i.e, ACPD = @5 — ¢ ).

All the parameters, including @1, @2 , @G and @c for the selected GB are presented in Fig 3.
13 c. For this GB, the band bending is approximately -30 meV. The negative sign indicates
downward band bending. Similar calculations can be performed for upward band bending
(positive values), where the change in work function shows peaks instead of valleys. In Chapter

6, an example of upward band bending will be discussed (see Fig 6. 11).

For work function changes that do not exhibit clear trends like valleys or peaks at the GB
position, and where the change from grain to grain can be attributed to different work functions

of the facets, we assume no band bending (i.e., neutral GBs with 0 meV band bending).

In Chapter 6, more GBs from absorbers with different alkali ions will be presented.

3.9 Scanning electron microscope (SEM), Energy dispersive X-ray
(EDX) and Cathodoluminescence (CL) measurements

The SEM images were captured using the FESEM Hitachi SU-70 system with an acceleration

voltage of 7 kV. These measurements were conducted by Dr. Michele Melchiorre.

The elemental composition of the samples were analyzed using a SEM Zeiss EVO10 system
(LaB6 detector) and an Oxford Instruments UltimMax40 SDD EDX detector. The
measurements were performed at an acceleration voltage of 20 kV. Standardization for each

element was conducted using pure elemental standards at the same acceleration voltage.

3.10 Cathodoluminescence measurements

In addition to SEM measurements performed in our laboratory, a dedicated CL-SEM setup was
used to record the cathodoluminescence (CL) emission of some selected CIGSe samples. This
CL results will be discussed mainly in Chapter 5. All CL measurements were performed by

our colleagues at the Centre for Gallium Nitride at the University of Cambridge.
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The following details for CL measurements are provided by Yucheng Hu from University of

Cambridge.

The CL-SEM setup uses an iDus InGaAs 1.7 detector. For exciting samples, an electron beam
with an acceleration voltage of 5 kV, a probe current of 10 nA, and a aperture of 100 um were
used. All measurements were carried out at the room temperature, and each measurement was

performed with exposure time of 250 ms.

The CL measurements were conducted on both the planar surface and cross-section of the

samples.

Data processing and analysis also were performed by our colleagues from Cambridge

university, using the open-source Python packages HyperSpy [155] and LumiSpy [156].

3.11 Time resolved photoluminescence measurements (TRPL)

Time-resolved photoluminescence (TRPL) measurements are a useful technique for evaluating
the quality of absorber materials. The carrier lifetime extracted from these measurements
provides insights into the non-radiative recombination rate within the absorbers. In general, a
longer extracted lifetime indicates higher material quality and lower non radiative
recombination rate, which often corresponds to an increased Ax and Voc. In this section, I will

describe the details of TRPL measurements and the data processing methods.

The TRPL measurements were all conducted using a pulsed laser excitation source with a
wavelength of 640 nm (~1.94 eV). In our setup, the pulse repetition frequency can be adjusted
within a 0.02 Mhz to 2 Mhz. This frequency is adjusted based on the lifetime of the samples.
For recording the decay profile of the luminescence, a time-correlated single-photon counting

(TCSPC) system is used in the TRPL setup.
The number of incident photons per pulse is determined using the following equation:

#iphotons Py,

pulse Eph- frep

(Eq3.11)

Here, Py, represents the average laser power, Epj, denotes the photon energy of the laser, and

frep 18 the pulse repetition frequency.
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The excess minority carrier concentration (6n) at initial time (t = 0 s) can be estimated using

the following equation:

Py,
on=—— (Eq 3.12)
Epp. frep- A
Where the a is the absorption coefficient of the absorber at laser energy. For CIGSe absorbers
a ~ 5 x 10*cm™ is considered according to ref [3]. The o in this equation is included because,
unlike the steady state PL measurements the photogenerated charge carriers are not in steady
state anymore. Therefore, homogeneous charge carrier distribution cannot be assumed over the

material thickness. In this case, a represents the effective depth at which charge carriers are

generated.

The injection level used for TRPL measurements in this thesis is approximately 1x10'® cm™,
this injection level is slightly higher than the doping concentration of CIGSe samples
determined from C-V analysis (See Fig 6. 9 in Chapter 6).

The carrier lifetime in the material is influenced by different recombination mechanism. The
effective carrier lifetime (7, ¢) in the material can be expressed by the following equation [42,

47, 157]:

1 1 1 1
= + + (Eq 3.14)
Te ff Trad TSRH TAuger

Trad 18 the radiative lifetime, tsru is same SRH lifetime explained in section 2.1.3. For a p-type.
Tauger 1S the Auger lifetime. It is evident that the effective lifetime (teft) is limited by the

mechanism with the shortest lifetime value.

The Auger lifetime depends on the charge carrier concentration, and for CIGSe absorbers it is
reported to have values within the range of a few microseconds [47], while for the radiative
lifetime trad values around 1pus to 3 ps has been reported [41, 42]. In most of the cases, CIGSe
absorbers suffer from a high non-radiative recombination rate (i.e, high SRH recombination
rate). Therefore, Eq 3.14 is dominated by the non-radiative lifetime. However, in high-quality
CIGSe absorbers, with low SRH recombination activities, the effective lifetime is determined

by both radiative and non-radiative lifetimes.
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In an ideal scenario, the excess generated charge carriers would exhibit a single-exponential
decay, with the decay constant corresponding to the terr [158]. However, in reality, TRPL
measurements show more complicated decay profile, often deviating from single exponential

decay model.

In Fig 3. 14 the TRPL decay of an investigated CIGSe sample from Chapter 6 is illustrated.
It can be observed that the TRPL decay shows initially a fast decay component, followed by a

longer decay. In all investigated samples in Chapter 6, a similar decay profile can be observed.
For analyzing this TRPL curve, initially the background is subtracted, and then the decay
profile is fitted using biexponential decay model:

>+A2 exp (—%) (Eq 3.13)

2

t
@y, (t) = Ay exp (‘ p
1

Here, the ®p,(t) is TRPL decay flux and A1 and A2 are perfactors for each exponential

component. The 11 is short decay lifetime and t2 is longer decaying lifetime.
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Fig 3. 14 The TRPL decay (red color) along with the biexponential fit (black line) for CIGSe B2
sample. This B2 sample will be discussed in Chapter 6. This figure is modified version of Fig S.5
from my published work taken under CC BY 4 license [132].

An example of biexponential decay fit is also presented in Fig 3. 14. The 11 and 12 are affected
by multiple factors, such as injection level [158], surface/interface recombination activities

[106, 158], degradation [159], and trapping or detrapping effects [160]. Therefore, analyzing
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the exact mechanism behind the TRPL decay is often challenging. A detailed investigation of
the carrier lifetime is beyond the scope of this thesis, and more comprehensive studies about

the CIGSe lifetime measurements can be found in the referenced literature [106, 158-161].

In this thesis, the TRPL measurements are primarily used as a qualitative analysis tool to assess
the impact of alkali incorporation on device and absorber performance. To enable a meaningful
comparison of samples with different alkalis, these measurements were conducted under

similar excitation conditions for all investigated samples.

For analyzing the TRPL curve, I used a method proposed in earlier studies [157, 158, 162],
where the longer decay time of the biexponential curve (here 12) is used to compare different

samples.

In bi-exponential fit, the fast decay component (7;) has been attributed to various factors,
including high injection conditions [158] and possible contribution of charge separation effects

due to the presence of a buffer layer [161, 163].

As mentioned earlier, the injection level in our TRPL measurements is slightly higher than
carrier concentration of absorbers. Therefore, the initial fast decay in the investigated samples
might primarily result from the high-injection condition at the beginning of the measurement.
At later delay times, the concentration of excess charge carriers decreases, and the decay falls
into the low-injection condition, where monoexponential decay dominates the TRPL decay

profile.

Further details on the differential equations governing TRPL decay profiles have been
discussed in the published reports [158], and are not the primary focus of this thesis. Here, just

a simplified approach is used to compare the CIGSe samples with different alkalis.

3.12 Secondary ion mass spectrometry (SIMS) measurements

To investigate the elemental distribution profile throughout the depth of the CIGSe films,
Secondary Ion Mass Spectrometry (SIMS) measurements were conducted by Dr Natalia Valle
at the at Luxembourg Institute of Science and Technology. The following details of the

measurements are provided by Dr. Nathalie Valle.
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The SIMS analysis were performed using the CAMECA SC-Ultra setup. A focused Cs” ion
beam with an energy of 1 keV was utilized to sputter the samples' surface. The sputtered region
had an area of 250 um x 250 um. However, the detected elements (here Cu, In, Ga, Se) are

only from the central region, with a diameter of 60 pm.

The SIMS measurements for selected CIGSe samples are discussed in Chapter S. It is
important to note that the presented SIMS measurements are not absolute and cannot be used
to quantify the concentration of elements throughout the material's depth. The SIMS
measurements in this thesis are primarily employed to study the Ga distribution profile of the

CIGSe absorbers.
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4 Theoretical analysis of Voc losses for a

photovoltaic absorber material

As mentioned earlier in Section 2.2.2, the maximum Voc for an ideal solar cell is given by the
Shockley-Queisser (SQ) limit (i.e., detailed balance model). For an idealized photovoltaic
device, the A(E) or QE (E) is defined by Heavyside step function, where only incident photons
with energies higher the band gap are fully absorbed, while those with energies below the band
gap energy are not absorbed at all. The step like shape of QE (E’) also means complete charge
extraction from the device, without any collection losses. However, in reality, absorber
materials do not exhibit a perfectly sharp transition at the absorption edge. The softening of
the absorption edge and sub band gap absorptions would lead to radiative Voc losses relative
to the SQ limit. Additionally, incomplete absorption and potential charge collection losses
cause further decrease in the maximum attainable Voc, even in the ideal absorbers with no
nonradiative recombination activities. Therefore, the maximum efficiency and Voc limit of real

solar cells can no longer be quantified using the SQ formalism.

To quantify the maximum Voc limit of a solar cell with non-step like A(E)/QE (E) spectra, the
detailed balance model needs to be generalized in a way that incorporates also the actual shape
of the A(E)/QE(E) spectra in the calculations. Here, in this chapter, the primarily focus is on
the generalized detailed balance model , which enables the determination of the maximum Voc
limit and Voc losses of real photovoltaic devices with non-step-like A(E)/QE (E) spectra [28,
32].

This chapter is divided into two main sections. In Section 4.1, the theoretical calculations that
generalize the detailed balance model for a non-step-like A(E)/QE (E) spectra are discussed.
This generalization is performed through two different approaches: (i) The optoelectrical
approach, which has been widely used in the previous published studies [28, 31, 32, 69, 164],
and relies on the optoelectronic reciprocity principle (Eq 2.54). This approach needs detailed
knowledge of the QF (E) spectrum, and it enables to determine the maximum attainable (Voc)
limit, denoted as the radiative Voc limit (V};&%). (ii) The purely optical approach, based on

Planck’s generalized law of radiation (Eq 2.52). Through this method, the maximum

achievable Ay, known as the radiative Au limit (Au™®%), can be obtained using the A(E)
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spectrum. The advantage of this method is that the Ay analysis can be performed directly on
the absorber material without requiring a complete solar cell devices. Unlike the optoelectrical

approach, the optical model has not been widely covered in the literature.

In Section 4.1, the theory and formulas of generalized detailed balance model are mainly
introduced. In Chapter 5, these models are applied to experimentally measured A(E) and

QE(E) spectra to quantify Ay and Voclosses for CIGSe samples from our laboratory.

Additionally, the second part of this chapter (Section 4.2) contains simulations, where the
influence of the band gap inhomogeneities and tail states on the A(E’) shape and the radiative
Ap limit will be discussed. Notably, in these simulations, I will discuss that both band gap
inhomogeneities and sub-band gap tail states contribute to the softening of the absorption edge.
However, their effects are distinct: The influence of tail states is primarily in the energy ranges
significantly below the band gap, and their contribution to the A(E’) broadening and radiative
losses is smaller than that of band gap fluctuations. Furthermore, this chapter will also cover

the effect of absorption thickness (i.e., thickness of material) on the A(E) broadening.

It is important to note that a manuscript has been prepared based on the results of this chapter.
At the time of writing, the manuscript is under peer review, and the preprint is available online

[149]. All upcoming results are reproduced from this preprint under CC BY 4 license.

4.1 Generalized detailed balance model

The detailed balance principle states that, under thermal equilibrium, every microscopic
process per unit of time is counterbalanced by its corresponding reverse process [165]. In
Section 2.2.2, I have already discussed the Shockley-Queisser model [26], which enables to
determine the maximum achievable efficiency for a single junction solar cell with an ideal,
step-function-like A(E) or QE (E) spectrum. Shockley and Queisser, in their paper, referred to

this maximum efficiency limit as the detailed balance limit [26].

The primary limitation on the solar cell efficiency arises from this detailed balance principle.
According to this principle, in thermal equilibrium, the photon flux density emitted by the
semiconductor due to charge carrier recombination must be equal to the rate at which charge

carriers are generated [26].
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The Shockley-Queisser (SQ) model assumes that all photogenerated charge carriers recombine
at the same rate as they are generated, and this recombination is occurring exclusively through
radiative spontaneous emission. This model also considers that non-radiative recombination
pathways, such as Shockley-Read-Hall [48, 49] or Auger-Meitner recombination [51, 52], are
not present in the material [26, 166].

Once again, it is important to mention that an important assumption of the SQ model is that all
photons with energies above the band gap energy are fully absorbed, generating electron-hole
pairs, and all photogenerated charge carriers are perfectly extracted from the absorber [26,
166]. On the other hand, photons with sub band gap energy are not absorbed in the absorber.
This implies that the material has a step function like A(E) and QE (E) spectra (See Fig 4. 1).

{—SQAE) = QE(E .
1.0 ___ Real ,(c\(;)g) ® — Incomplete absorption

0.8, L Real QE(E) — Collection losses

L
3 0.61 Broadening

<04/

0.2-

0.0 . :
0.9 1.0 1.1 1.2 1.3

Energy (eV)

Fig 4. 1 Schematic diagram illustrating the comparison between the SQ model of A(E)/QE (E)
spectrum and the A(E)/QE (E) spectra in a real solar cell device.

However, it is important to mention that in the real world, absorber materials do not show the
characteristics of an ideal SQ solar cell. First of all, the absorption onset of a real semiconductor
is not sharp [28, 166, 167]. Instead, band gap fluctuations—caused by compositional or
electrostatic potential variations—as well as Urbach tails, lead to a gradual increase in the A(E)
edge rather than steep step like transition (i.e, A(E) edge broadens) [77, 166-168]. Secondly,
real solar cells generally suffer from absorption losses due to reflection effect. Consequently,

A(E) becomes less than unity for energies above the band gap energy. Additionally, charge
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collection losses causes QE (E) spectrum to fall below A(E). Fig 4. 1 schematically illustrates
the difference between A(E)/QE (E) spectra of real solar cells and ideal SQ case. In this
chapter, through mathematical equations, it will be demonstrated how the broadening of
A(E)/QE(E), along with the absorption and collection losses, can decrease the maximum
achievable Voc limit below its SQ limit. Lastly, not all charge carriers in a real solar cells
recombine through radiative recombination mechanism; a significant portion of

photogenerated charge carriers recombine through non-radiative recombination processes.

Therefore, for a real photovoltaic devices, understanding the origins of these losses is essential,

and it is important to distinguish different mechanism that are responsible for Voc losses.

In this section, the generalization of the detailed balance model is explained to understand the
origin of each loss mechanism in Ay and Voc with respect to the SQ limit. In Section 4.1.1
only the optical approach is discussed, which requires detailed knowledge of A(E’) shape for
Ap loss analysis. Then, in Section 4.1.2, the optoelectrical approach is covered, where QE (E)

spectrum is utilized to quantify the Voclosses for a complete photovoltaic devices.

Notably, these two approaches are completely analogous. In Section 2.4, the analogy between
Voc, Ap, and the relationship between QE (E) and A(E) has already been introduced. Here, it
will be shown that the analysis of Ay and Voc losses also follow similar equations in both

optical and optoelectrical models, allowing for analogous calculations to be performed.

4.1.1 Generalized detailed balance based on optical approach

The maximum achievable limit for Ay in the case of non-step-function like A(E) is called the
radiative Ay limit, denoted here as Au"®*? [28, 31, 69, 166]. This Au"*® has lower values than
the SQ limit. This difference is primarily attributed to the deviation of A(E) shape from ideal

step function model.

The broadening of A(E) spectrum results in a radiative Ay losses, denoted here as §Au™%¢. In
the upcoming discussion, it will be shown that this loss mechanism is mainly caused by
enhanced equilibrium radiative emission resulting from increased sub-band gap absorption and

emission.
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Additionally, the incomplete absorption would lead to generation Au losses, labeled as SAu“e™.
This loss primarily arises because of the reflection effect or insufficient absorber thickness,
which decrease the number of absorbed photons and, consequently, reduce the density of
photogenerated electron-hole pairs, ultimately leading to a further drop in the Ay below its SQ
limit.

This separation of the loss mechanisms is not a novel concept; this approach, was first
developed in the published work of Rau et al [28]. However, their calculations were entirely
based on optoelectrical measurements, where they used QE (E) spectra to obtain Voc losses.
In contrast, here in this section, the focus will be on the purely optical measurements, relying
on A(E) and Au. The optical approach enables us to investigate these loss mechanisms without
processing the absorber materials into complete devices. Additionally, by conducting analysis
only on the absorbers rather than full devices, the possible influence of charge collection effects

are excluded.

To determine radiative Au limit (Au"®?) and respective Au losses, the generalization of the
detailed balance model needs to be carried out to accommodate a non-step-function like A(E)
into the SQ-like equations (Eq 2.47). For this purpose, the Planck's generalized law of radiation
(Eq 2.52) [29, 68, 169] can be used as a starting point for performing the required calculations.
As mentioned earlier, this law establishes a direct connection between PL emission spectrum,

A(E) spectrum, and Ay of the material.
By considering the Planck’s generalized law (Eq 2.52), and integrating it over all photon
energies, it can be written:

fo oy (E) dE = exp (kB—T) fo A(E)®,p (E)dE (Eq4.1)

The left-hand side of this equation is an integral over the PL spectral emission, which simply
gives the total photon flux density out of the samples. In the detailed balance situation, in the
radiative limit condition (i.e, Au = Au"%%), the only recombination mechanism is spontaneous
emission [26, 166], which implies that all photogenerated electron-hole pairs recombine
radiatively. Therefore, the flux density emitted out of the semiconductor must be the same as

the generation flux density [26, 166].
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Light absorption and charge carrier generation processes has already been discussed in Section
2.1.2. For a solar cell under the standard 1 sun illumination condition (Fig 2. 2), the sun

generation flux density Fs4" has been introduced in Eq2.19 (ie, FS4'=

Gen
J,” A(E) @5 (E)dE) [40].

Therefore, by considering the radiative limit (Au = Au"%), where the radiative emission is
balanced with the generation flux density, the left-hand side of Eq 4.1 can be replaced with
FE¥" (Eq 2.19), leading to:

o rad o
f A(E)®g,y (EYAE = exp j A(E) D (E)dE (Eq4.2)
0 kgT ] Jo
Thus, Au"**would be:
Iy, AE) Py (E)AE

A[trad = kB Tl

' Jy A(E)Dpp(E)dE (Eq4.3)

sun
F Gen

= kBT lnw
In the equation above (Eq 4.3), the denominator of the logarithmic term, is represents the

integral over equilibrium emission (i.e., integral over A(E)®gzz(E) ). This integral is referred

to the radiative saturation flux density, denoted here as FJ %%,

With this method, now the generalization of detailed balance model has been completed for a

rad

non-step function like A(E) spectrum, and according to Eq 4.3, Au"%“ can be obtained with

detailed knowledge of the A(E) shape and temperature of the absorber material. It is evident
that substituting the A(E’) with a Heaviside function recovers the SQ-Au limit (qVOSCQ) (see Fig
4.1 and Eq 2.47)[26].

It is also important to highlight that these calculations assume that absorbers have a perfect
reflector at the back side, where the radiative emission occurs only from the front side of the

absorber [26, 27]. In the cases where the radiative emission occurs from both the front and

96



back sides of the absorber, a factor of 2 should be included in the denominator of the

sun

logarithmic term of Eq 4.3 (i.e, Au"*% = kgT In Feen ) [26, 27].

2F3‘ad

Although Eq 4.3 allows the extraction of Au"*® from any measured A(E) spectrum, this
equation does not provide any information regarding the origins of Au losses with respect to
the SQ limit (qVOSCQ). Therefore, it is essential to understand how A(E) broadening and
incomplete photon absorptions contribute to the Au losses. Thus, it is necessary to employ a

practical approach to separate different loss mechanisms with respect to the qVOSCQ.

Similar to the work of Rau et al. [28], where they used a mathematical expansion to separate
these loss mechanisms for Voc, an analogous method can also be employed here to obtain Au
losses. Therefore, a mathematical expansion to Eq 4.3 is applied to break it down into the

following form [28]:

S S

Aped = kBTln< gen x X
Q SQ rad
FO FGen Fo

— qVOSCQ _ aAuGen _ 6A'urad

E3¢

Here, F; 3,

and FOSQ are generation flux and radiative saturation flux for SQ type absorbers (i.e.,

step like A(E)), respectively:

FGiQn = f CDSundE (Eq 4. 5)
Eg

F% = | dgpdE (Eq 4.6)
Eg

The first term in Eq 4.4 simply represents the SQ limit (qVOSCQ) for a material with well-defined
band gap energy (Ej). The second and third components of this equation correspond to the Au

losses with respect to this SQ limit.

Here, the second term of Eq 4.4 is called generation Ay loss:
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on; cI)Sun (E) dE
J;” AE)®gyn (E)E

- (Eq4.7)

Gen

F
SAuS" = — kT In (%) = kgTln

This loss mechanism mainly arises from the incomplete light absorption and is primarily due
to incoming light reflection or insufficient absorption in very thin absorber layers. It simply
means that not all photons with energies above the band gap are absorbed. Consequently, fewer

photons contribute to the charge carrier generation within the material, thus reducing the Ap.

The last term in Eq 4.4 refers to the radiative Ay loss:

F3@ “ A(E)® gz (E)dE
§AL = — ks Tn <%> = kgTln Jy Oo( )®55(E) (Eq 4.8)
Fg Iz, P (B)E

This loss mechanism mainly stems from the broadening of the absorption edge. As A(E)
becomes broader, sub-band gap states start contributing to photon absorption and radiative
emission. Additionally, the ®zgz(E) spectrum also increases in the low energy ranges.
Consequently, the A(E)®gg(E) term gains more weight in the low and sub band gap regions,
leading to a significant increase in this loss component. In the subsequent sections of this
chapter, I will use simulations to illustrate how the band gap inhomogeneities, Urbach tails and

reduced absorber thickness affect the broadening of A(E) and §Au™*® values.

Up to this point, the entire focus was exclusively on the cases where non-radiative
recombination pathways were absent in the material, and recombination mechanism was solely
due to spontaneous radiative recombination. However, it is crucial to note that in a real absorber
material, not all photogenerated electron-hole pairs recombine radiatively. In solar cells, the
Shockley-Read-Hall recombination activities through deep defects or at the interfaces and
surfaces [3, 48, 49], along with potential Auger recombination activities [52], further reduces
Ay to values lower than Au™®?. In this scenario, Au of an absorber can be expressed as [28-30,

69]:

Au = qVOSCQ _ 6A,LlGen _ 6A'urad — SAu™
= Au™ — SAU™ (Eq4.9)

Where §Au™"is the non-radiative loss and simply can be written as:
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SAU™ = — kgT In(Yp,) (Eq 4.10)

Here, Yr. is the photoluminescence quantum yield (PLQY) or external radiative efficiency
(ERE) [29, 170]. It is expressed as the ratio of the emitted photon flux density from the sample
to the generation flux density FZ%" (Eq 2.19):

_ fooo PpL(E) dE

PL sun
FGen

(Eq 4.11)

In the experimental conditions, Ypz is determined using a laser flux instead of the solar
spectrum. The intensity calibration process for the laser flux has already been explained in
Section 3.3.1. In this chapter the focus is solely on the theoretical equations. Chapter 5 will

provide more details regarding the experimental determination of Yrr.

This Au™ is the primary recombination activity is the photovoltaic devices. The Yp. for state-
of-the-art CIGSe absorbers is typically more than 1% [11, 46]. However, for samples in this
thesis, the measured Ypr is much smaller. In the best case, with the RbF PDT, the Yr: reaches

approximately 0.2 %.

4.1.2 Generalized detailed balance based on optoelectrical approach

In the previous section, the generalized detailed balance model based on optical approach was
discussed. It was shown that determining the radiative Ay limit (Au"*%) and respective losses
requires the accurate knowledge of A(E) shape. Several methods exist for A(E’) determination,
the most convenient method is measuring the transmittance/reflectance spectra using UV-Vis
measurements (see Section 3.6). However, CIGSe samples are generally prepared on opaque
Mo substrates, which hinders the transmittance measurements. Despite this limitation,
A(E) spectra can still be extracted using alternative techniques, such as ellipsometry.
Nevertheless, ellipsometry measurements can be challenging due to the factors such as Ga

gradient or surface roughness in the CIGSe samples [171].

Furthermore, for some cases, the study needs to be extended beyond the absorber material to
evaluate the overall performance of the photovoltaic device itself. Therefore, instead of doing
only optical measurements, optoelectrical analysis can be performed to assess Voc losses in

the solar cells.
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In this section, the theoretical framework of Voc losses in solar cells will be covered based on
optoelectrical measurements. It is important to highlight that the generalization of the SQ
model based on optoelectrical approach has been extensively discussed in the previous
published reports [28, 30, 31, 164]. All the Voc loss calculations introduced in the following
discussion were first reported by Rau et al [28]. Here, the key equations relevant to this model

are summarized.

Similar to the optical approach (Eq 4.3) , the radiative Voc limit (V&%) can be extracted for a

complete solar cell using an analogous equation [28, 69, 172]:

Vrad

E(E)DgydE
kBTl f QE(E)Dsyn BTl ]SC> (Eq 4.12)

[ QEE) O (BYAE a4\

]rad

Here, /s is short circuit current density which was introduces in Eq 2.35, and is radiative

saturation current density which is completely analogous to F§%4

Eq 4.3.

that was already defined in

By writing the mathematical expansion proposed by Rau et al [28]. The Voc losses with respect

to SQ limit can be obtained using the following formula:

kgT 5°
Vged = ——In <]Q X ]i—g x fad> (Eq4.13)
q 0 sc 0

S
= Vo — SVSE — 8V§ad

Similar to the generation Ay loss (§Au%e™), short circuit Voc loss (6V5¢ ) [28] is defined here,

which primarily arises from incomplete light absorption and charge collection losses:

sQ

kgT
SVSE = -2 In ]5C> (Eq 4.14)
q SC

and similar to radiative Au losses (§Au"®%), the broadening of QE (E) spectra would result in

the radiative Voc loss (6V}&%) [28]:

kgT J3?
(Svrad — _T In —

0

(Eq 4.15)
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Moreover, with the presence of non-radiative recombination channels, for V;,, it can be written:
kgT
Vin = V32! + = =In(Yz.) (Eq 4.16)

Where YL corresponds to the electroluminescence (EL) quantum yield:

q ;" e (E) dE
J

Yo = (Eq 4.17)

Here, | is injected current density across the junction. Notably, the one sun equivalent

measurement is carried out with injection current density equal to J¢- [30].

Compared to the optical approach in Section 4.1.1, in optoelectrical analysis, A(E) is
substituted by QE (E) spectrum. In Section 2.2.1 I have already shown that QE (E) is directly
related to A(E) spectrum through charge collection efficiency. Moreover, in optoelectrical
approach, the flux densities are replaced by current densities. All the current densities here are
completely analogous with their corresponding flux densities that have been already explained
in the Section 4.1.1. However, it is important to note that, unlike the flux densities which
depend solely on the absorption properties, current densities are affected by both light

absorption and charge collection efficiency.

4.2 Simulations for non-step like A(E) spectra

Up to this point, the generalization of the detailed balance model has enabled the extraction of
radiative losses (both §Au™@¢ and §V32%) for a non-ideal A(E) spectrum, which exhibits

gradual increase at the absorption edge rather than step function like transition.

The broadening of A(E) is a complex phenomenon influenced by various factors, including
band gap fluctuations [167]. In the CIGSe absorbers these fluctuations can arise from alloy
disorder due to In and Ga inhomogeneous distribution [33, 34, 41], variation in the Cu
composition and Cu-poor composition [41], as well as presence of charged defects that induce
electrostatic potential fluctuations [33, 34, 41]. All these effects can distort the band edges and
contribute to this broadening. Additionally, presence of the Urbach tails can further contribute

to broadening and radiative losses .
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In this section, to enhance the understanding about the influence A(E) broadening on the
radiative losses, simulations were performed to analyze the effects of band gap
inhomogeneities and sub-band gap tail states on the A(E) shape. Part of the upcoming
equations and models, based on Gaussian band gap fluctuations, have been already developed
in the previous published reports [30, 41, 166, 167]. However, here the primary focus would
be to integrate these fluctuations with Urbach tails, and to show that the Urbach tails and band
gap fluctuations contribute differently to the broadening of A(E). Urbach tails predominantly
have influence on the energy ranges significantly lower than band gap. On the other hand, band
gap inhomogeneities (fluctuations) primarily affect A(E) shape near the absorption onset.
Notably, the effect of Urbach tails on A(E) shape and its broadening has not been covered

extensively in the previous published reports.

Moreover, within this section, the contribution of Gaussian type band gap distribution and
Urbach tails on the §Au"*? will be quantified for each simulated A(E) spectrum using the
generalized detailed balance model. Additionally, at the end of this section, the impact of the
absorber thickness on the shape of A(E) and its broadening will be discussed. Notably, it will
be shown that along with the band gap fluctuations and Urbach tails, the decrease in the

absorber thickness would further enhance the broadening of A(E) spectrum.

All the loss analyses presented in this section are based on the optical approach, utilizing the

simulated A(E) spectrum for calculations (See Section 4.1.1).

Lastly, it is worth mentioning that a MATLAB-based scripts (MATLAB version
9.11.0.1809720 (R2021b)) were used for the upcoming simulations and calculations.

4.2.1 Effect of band gap inhomogeneities on the A(E)

In the first part of the simulations, only a semiconductor with presence of Gaussian band gap
fluctuations is considered. Shortly in Section 4.2.2, the effect of exponential Urbach decay will

be also incorporated in the simulations.

Based on the previous reports [41, 166, 167], instead of defining a single band gap energy for
a material, a distribution of band gap energy can be considered. Using a Gaussian distribution
model, at each localized point on the absorber, a Gaussian distribution of a local band gap

energy (E}°¢) around mean value of E; can be defined [41, 166, 167]:
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loc _ 17 2
P(Ekc) = —= jﬁ exp (— —(Eg o) ) (Eq 4.18)
g

2
209

The term “’local band gap Eé"c” here represents a well-defined band gap in a narrow-localized
region on the absorber surface. Here, a probability distribution model for the local band gaps

E gl]oc is assumed, where g, represents the standard deviation that quantifies the degree of lateral
band gap inhomogeneities around the mean band gap value E_g. By this definition, increase in

g, indicates stronger lateral fluctuations of the band gap energy.

In the next step of the simulations, at each local position x on the absorber, a local absorptance
A“’C(E , ng“(x)) is defined [167]. Subsequently, the final A(E) spectrum of the absorber can
be obtained by taking an average integral of all A€ (E , Eé"c (x)) over the absorber area (a)

[167]:

A(E) = % j Ao (E, B (x)) dx (Eq4.19)

a

In the case of Gaussian probability distribution for Eé"c (i.e., Eq 4.18), this average integral
can be substituted with an integral over the Gaussian probability distribution. Thus, using

Eq 4.18, the simulated A(E") spectrum can be expressed as [30, 166, 167]:
A(E) = j- Aloc(E’ EéOC)P(EéOC)dEéOC (Eq 4.20)
0

With this approach, instead of conducting a direct averaging, the integration is performed over

all possible values of E éoc, each weighted by its probability of occurrence.

In the further steps of the simulations, a model for the local absorptance AlOC(E , Eéoc) needs
to be defined. In a very simple approximation, it can be considered that each localized point
on the absorber surface has a well-defined local band gap ng“ , and its A“’C(E , Egl“) exhibits

a step-function-like behavior [30, 166, 167]:

loc loc L E> E-éoc
Aloc(E,Elc) = 0, E<EY (Eq 4.21)
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In this model, each point on the absorber surface is represented as a vertical column with a

step-function-like absorptance spectrum that absorbs light along its depth

For this simple approximation, the integral over the Gaussian probability distribution (Eq 4.20)
would lead to error function like solution for A(E’) spectrum. Detailed solution of this integral

is described in Appendix A1 (see also references [30, 166, 167]):

A(E) = lerfc Eg L (Eq 4.22)
2 ﬁgg

In Fig 4. 2 a the simulated A(E) spectra for E_g = 1.1 eV with g, values in the range of 0 meV
to 60 meV are illustrated. Here, for the case with no lateral fluctuations (i.e., gy = 0), the A(E)
spectrum represents the SQ model (i.e, step function A(E)). On the other hand, increase in the
gy (i.e, more lateral band gap inhomogeneities) would result stronger broadening for the

simulated A(E) spectrum.

a) b)
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Fig 4. 2 a) A(E) spectra modeled as an error function centered around E = 1.1eV (Eq 4.22). b)
The first derivative of these error-function-like A(E) spectra, displays a Gaussian distribution with
broadening of o, = g4 . (For each gy, a color code is assigned).

For any experimentally measured or simulated A(E) spectrum, it is often a useful approach to
fit its first derivative with a Gaussian distribution function. The broadening of this Gaussian fit
(denoted as a4) provides insights into the degree of deviation from the ideal step-function. For

the simulated A(E) spectra with error function model, it is evident that their derivative has a
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Gaussian shape, with g, value same as defined fluctuation parameter g, and with inflection

point at the average band gap energy E_g (see Fig 4.2 b).

It is worth mentioning that even though this error function model is defined only for lateral
band gap inhomogeneities, this approach offers a useful approximation for analyzing the
broadening of any experimentally measured A(E) spectrum. In Chapter S, it will be
demonstrated that this valuable approach can also be effectively applied to evaluate the
broadening of A(E) spectrum in CIGSe samples with a compositional gradient in depth, where
along with the observed lateral variations in the band gap, there are also intentional changes in

the band gap throughout the depth of the material.

In the next step, the theoretically extracted equations in Section 4.1.1 are employed to quantify
the Au losses for simulated A(E’) spectra. Once again, it is worth emphasizing that obtaining

rad requires only the A(E) spectrum and the absorber temperature T

the radiative limit, Au
(See Eq 4.3). However, calculating Au losses relative to the SQ-limit requires additional
information regarding the reference band gap energy (Ej ), where the SQ limit of this E; serves
as the reference point for evaluating the Au losses (see Eq 4.7 and Eq 4.8). In this section, all
loss analyses are performed using the mean band gap value E_g as the reference band gap energy

(e, E, = E_g = 1.1 eV), and the temperature in all calculations is set to 296 K.

It is important to highlight that in these simulations, a complete absorption at the energy ranges

well above the band gap is considered (see Fig 4. 2 a). Consequently, §Au%"™ due to

rad rad —

incomplete absorption is negligible. Therefore, Au

qVOSCQ _ 5A#Tad .

can be simply obtained using Ay

Fig 4. 3 presents the obtained Au"®? and §Au"*¢ values for this simplified error-function

model. Here, o, increases from 0 meV to 100 meV.

In addition to the performed calculations, the results in Fig 4. 3 are compared with the existing
literature methods to validate their accuracy. In Appendix A2, I demonstrate that the methods
used in this section align perfectly with previously proposed calculations in published work of

Rau and Werner [166].
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rad

2
Additionally, some published papers use approximation §Au ;(—gT to estimate radiative

losses [167, 168, 173]. However, in Appendix A2, I also show that this approximation tends

to overestimate the radiative losses and it is only a good approximation for o, values smaller

than 50 meV.
880
0-06. o
840 *e._ " 160
<—Q\ o —
> LR =
2 800- o o_» (1202
E o
B 760 RN 80 ©
3 s @ =
< , ' 2
720 /,o/ Q L 40
//‘ \\
6801 . o°° ©

0 20 40 60 80 100
oA = og [meV]

Fig 4. 3 depicts the calculated Au"*¢ and §Au"*? values for simulated error-function like A(E)
spectra with g in the range of 0 meV to 100 meV. It can be observed that with an increase in gy,

SAu* increases and Au"? decreases.

rad

Overall, the simulated spectra and calculated §Au"** values indicate that stronger band gap

inhomogeneities (i.e., larger g;) enhances the broadening of A(E) edge, ultimately increasing

rad

SAu™*? . This loss mechanism leads to lower Au"%?, which in turn reduces Voc and the overall

efficiency of the final devices.

4.2.2 Effect of Urbach tails on the A(E)

Up to now, only the effect of band gap inhomogeneities are considered, which was represented
by the Gaussian distribution of Eéoc, and the A(E) spectrum was modeled with simple error
function like model. Although this simplified approach offers a valuable and practical model
for A(E) spectrum, it does not provide any information about the influence of sub-band gap
Urbach tails and absorbers thickness on the A(E) shape and its broadening. Therefore, instead

of using simplified step function model for A'¢(E, E°¢) (Eq 4.21), a more accurate model
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needs to be employed that includes the combined role of Urbach tails and absorber thickness

in the simulations.

For this purpose, a more realistic assumption is considered, where the A(E’) can be extracted

from the absorption co-efficient of a direct semiconductor. In this case, a local absorption co-

loc loc

efficient a*°¢ is first defined at each localized position on the absorber surface. The a*°¢ can

c

be defined based on earlier model described in Eq 2.49. In this model, the a°¢ shows square
root increase for energies above the E, é"c, and Urbach decay behavior (i.e., exponential decay)

below it [30, 67, 174]:

( loc
E—E E
g loc u
, E>E
g / 7y g T 5

E—EP°\ | Ey
Ey 2ekgT

al°¢(E,EX€) = < (Eq 4.23)
E ElOC EU
, < g + 7

Qg exp <
\

In this equation, Ey represents the Urbach energy, and «, is a constant. For the upcoming
simulations, a, = 10*cm™1! is considered, which aligns well with the reported a, values of
CIGSe absorbers [3]. It is essential to mention that the square root scaling factor is included
for the Urbach decay term to ensure that the overall alOC(E , Eéoc) function is well behaved and

continuous at the transition energy point.

Now, the local absorptance model AL%¢(E, Egl,"c) needs to be defined for a given a'°¢(E, Eéoc).
To achieve this, the Beer-Lambert’s law (Eq 2.13 with R(E) = 0) can be employed, which
allows to define A'°°¢ (E , Eé"c) using the following equation [30, 175]:

Aloc(E,Eloc) = 1 — exp(—a'®°d) (Eq4.24)
Here, d is the thickness of the absorber material.

In this section, the effect of different thicknesses on the A(E) broadening is excluded, and in
all upcoming simulations a constant thickness of d = 2 um is considered. In the next Section

4.2.3, more details regarding the thickness effect will be discussed.
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In the next step, by performing the same integral as in the previous case (Eq 4.20), the overall
A(E) can be acquired by integrating the newly defined A€ (E , Eg) (Eq 4.24) over the

Gaussian probability distribution of Egl,"c.

This model also considers that absorber material has two-dimensional lateral band gap
inhomogeneities, where each localized point on the material absorbs photons through its depth.
However, unlike the previous case, here on each surface point on the absorber, the local

absorptance AL°¢ (E JE g) is defined by Beer-Lambert’s law rather than the step-function model.

In Fig 4. 4 a, simulated A(E) spectra are presented for E; values in the range of 0 meV to 20
meV. It is important to highlight that for these simulations, fixed values of g; = 40 meV, E_g =
1.1 eV and T =296 K are considered. As expected, increase in the Ey; leads to a flattening of

the low-energy slope of A(E) spectrum in logarithmic scale.

Similar to error function model, the first derivative of the A(E) can be evaluated to quantify
the degree of broadening of A(F). In the upcoming discussions in Fig 4. 8, it will be shown
that the first derivative slightly deviates from the Gaussian shape. However, a Gaussian fit can

still be reliably employed to compare the g, for each A(E).
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Fig 4. 4 a) Simulated A(E) spectra for E; ranging from 0 meV to 20 meV. b) first derivative of these
simulated A(E) spectra and their extracted g4 values from a separate Gaussian fit to each derivative
curve. Each Ej; is represented by different color code.

Fig 4. 4 b illustrates the first derivative of each simulated A(E) spectrum, along with the

corresponding o, values extracted from the Gaussian fits.
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Here, in Fig 4. 4 b, it can be observed that the inflection point slightly deviates from the average
band gap energy (E_g = 1.1 eV). Notably, unlike the error function model, when both effect of
tails states and fluctuations are combined, the square root dependence of «(E), absorber

thickness, and Urbach tails have all effect on the position of inflection point.

Fig 4. 4 b illustrates that at E;; = 0 meV, the inflection point is slightly higher than E_g. This
deviation primary arises because of the reduced absorption due to the square root dependence
of the a(E) for energies above the band gap. However, as E}; increases, sub band gap absorption

increases, and this inflection point shifts towards lower energies.

Furthermore, it can be also clearly observed that the extracted o4 increases with the increase
in Ey; (Fig 4. 4 b inset). Here, unlike the error function approach, g, is no longer equal to gy.
Instead, in this case, g, exhibits a more complicated dependence on multiple factors; it is not

solely influenced by g, but also by the absorber thickness and Urbach energy.

An interesting observation here is that even in the cases with no Urbach tails (i.e, E;; = 0 meV),
the g4 has larger values than g,. This discrepancy primarily arises due to the finite thickness
of the absorber. In the upcoming Section 4.2.3, I will demonstrate that as the thickness
increases to sufficiently large values, this model converges to the error function model, where

O-g:UA'

At this point, a simulation method is introduced that incorporates both the influence of
Gaussian band gap inhomogeneities and Urbach tail states. Now, these simulated A(E’) spectra

can be utilized to extract the Au"*® and §Au"*® for different o4 and Ey; values using Eq 4.3

and Eq 4.8.

rad

Fig 4. 5 a depicts the variation of Au"*“ across g, values ranging from 0 meV to 60 meV, and
Evu values in the range of 0 meV to 20 meV. Moreover, Fig 4. 5 b visually represent a color
map that shows the rise in §Au"*¢ as both o4 and Ey increases. Here, for each Ey; and gy,

SAu"? is calculated separately.

Chalcopyrite absorbers have Euv values in the range of 11 meV to 20 meV [33, 34, 168]. In Fig
4. 5, it can be observed that within this specific range of Euv, the tail states have only a small

contribution to the radiative losses.
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Fig 4.5 Au"*? and §Au"*? calculated for simulated A(E) spectra based on realistic direct band gap

rad

absorption co-efficient (i.e., according to Eq 4.23and Eq 4.24). a) Illustrates the quantified Ay
values for o in the range of 0 meV to 60 meV and Ey in the range of 0 meV to 20 meV. Each g, is

represented by a different color code. Dotted line illustrates the qVOSCQ limit for E_g = 1.1 eV b) Color
map illustrating the dependence of the 5Au™* on the o4 and Ey.

As mentioned previously, for calculating the SAu”™*%

, it 1s essential to specify a reference band
gap energy (E,) (see Eq 4.8). Here, in Fig 4. 5 b, the SAu"*? is obtained with respect to E_g =

1.1eV (e, E; = E; = 1.1V in Eq 4.8).

In these simulations, an interesting observation is that in certain ranges with low Ey; and g
values, the radiative losses (§Au"%%) become negative (Fig 4. 5 b). This implies that, within
this specific range, the Au"®? surpasses the Shockley-Queisser (SQ) limit (see Fig 4. 5 a). At
the first glance, this may seem surprising. However, this phenomenon arises primarily due to
gradual increase of A(E) and reduced absorption compared to SQ model (i.e step function) for

energies above the band gap energy.

To further discuss this effect, in Fig 4. 6a, the A(E) spectrum is simulated for the case of E; =
0 meV and o, = 0 meV using square root dependence of a(E) (SQRT model). Additionally
this SQRT model is compared with the step function SQ spectrum. It is evident that for the
SQRT model, A(E) spectrum exhibits a gradual increase for energies above the band gap,
leading to lower absorption than SQ-model within the specific energy ranges above the band
gap. This behavior is primarily due to the square-root behavior of the a(E) for energies above
the band gap (see Eq 4.23 and Eq 4.24).
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In Eq 4.9, it can be seen that calculating §Au"*¢ requires multiplying A(E) spectrum by
®pp(E). In this special case where E;; = 0 meV and o, = 0 meV , the gradual increase of
A(E) above the band gap reduces the A(E) X ®gg(E) values compared to the case where A(E)
is step function (i.e SQ model). Consequently, this particular A(E) shape leads to decrease of

F{ below the FOSQ, ultimately leading to a negative value for radiative loss (see again Eq 4.9).
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Fig 4. 6 a) A(E) simulated from SQRT and SQ model. SQRT model represents the A(E) spectra
simulated using Eq 4.23 and Eq 4.24, with E; = 0 meV and o, = 0 meV. SQ model refers to step

function spectrum. b) Depicts the A(E) X ® g (E) spectra for both models. The F3%¢ values are

determined by calculation of the covered area under these spectra, using F§ %% = fooo A(E)®gg(E)E.
Here, FOSQRT and FOSQ represent F§? values derived from SQRT and SQ absorptance model,
respectively. For both spectra E = 1.1 eV is considered. For the SQRT model, thickness of 2 um is
used.
In the Fig 4. 6 b, the equilibrium emission spectra (i.e., A(E) X ®z5(E)) for both SQ and
SQRT models are illustrated. It can be observed that the SQRT model exhibits a smaller area

covered under its curve compared to the SQ model. Since the radiative saturation flux density

(FFa) is simply the integral of A(E) X @5 (E) spectrum (see Eq 4.3), a smaller area would

correspond to a lower F§%4 compared to FOSQ. Consequently, according to Eq 4.8, this effect

results negative values for SAu"*%,

Up to now, the contributions of both Urbach tails and Gaussian band gap fluctuations have

been investigated. It is crucial to distinguish Gaussian fluctuations from exponential Urbach
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tails. Therefore, before finishing this section, I would like to further discuss the influence of

fluctuations and Urbach tail states on the broadening of A(E).

Fig 4. 7 depicts a simulated A(E) spectra using the direct semiconductor a(E) spectrum
(Eq 4.23). To visualize the effects of exponential Urbach tails and band gap fluctuations, four
different cases are investigated here: (I) no fluctuations and negligible Urbach energy, (II) only
Urbach tails, (IIT) only fluctuations, and (IV) the combined influence of both fluctuation and
Urbach tail effects.

Since the first derivative of each spectrum needs to be investigated for quantifying g, for the
first case, a small Urbach energy (0.1 meV) is included to ensure the continuity of A(E)

derivative at the transition energy.

100+ —

— og=0meV Ey=0.1meV

— og=0meV Ey=15meV
og =40 meV E =0 meV

— og=40meV E_ =15 meV

Absorptance A(E)
o

N
Q
(oo}

09 10 11 12 1.3
Energy [meV]

o
0

Fig 4. 7. Simulated A(E) spectra with considering the direct semiconductor a(E). Models with and
without Gaussian band gap fluctuations, as well as with and without Ey; are compared here.
Simulation were performed by combining the effect of Gaussian fluctuations with absorption
coefficient of direct semiconductor (see Eq 4.20, Eq 4.23 and Eq 4.24). For all cases, the thickness is
2 um and@ =11eV.

Before discussing the derivative of each spectrum, comparing the simulated A(E) for last two

cases (Fig 4. 7), it can be seen that the influence of the Urbach tails is mainly observed at the

energy ranges deep inside the bandgap. In this range, the A(E) spectra show perfectly
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exponential Urbach decay behavior. On the other hand, at higher energy ranges, the A(E) is

mainly influenced by Gaussian band gap fluctuations.

This observation is crucial for experimental quantification of the Urbach energy. In
experimental measurements, it is essential to consider energies deep below the band gap energy

for Urbach energy extraction to avoid any possible influence from band gap fluctuations.

In Fig 4. 8, the first derivative of simulated A(E) spectra for each case is presented. In order

to evaluate the broadening of A(E) (i.e, g4), a Gaussian fit is applied to each derivative curve.
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Fig 4. 8. The derivative of simulated A(E) spectra in Fig 4. 7, along with corresponding Gaussian fits
for the cases: a) o, = 0 meV and Eyy = 0.1 meV, b) 6; = O meV and Ey = 15 meV, ¢) o, =
40 meV and Eyy = 0 meV and d) o, = 0 meV with Ey = 15 meV. These simulations were

performed for absorber thickness of 2 pm and considering E =11eV.

In Fig 4. 8 a, it can be observed that when Urbach tails are extremely small and there are no
band gap fluctuations, the A(E) spectrum still exhibits a broadening of approximately 2 meV.
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Obviously, the derivative curve of A(E) deviates significantly from the Gaussian function.
However, the Gaussian fit can still give insights about the degree of broadening o4. This
broadening here mainly results from the square root dependence of the (E) (See Eq 4.23).
Later in the subsequent section, I will show that this broadening is also influenced by absorbers

thickness.

In the second case, when the E;; = 15 meV is introduced, the g, increases significantly (Fig
4. 8 b). In this case, it can be also seen that the first derivative curve of A(E) deviates

substantially from the Gaussian fit.

Furthermore, Fig 4. 8 ¢ and d illustrate that introducing the fluctuation parameter (g,;) has more

pronounced effect on the 6a compared to the tail states. In the Fig 4. 8 ¢ and d, the derivative
of A(E) along with Gaussian fits are presented for two last cases with o, = 40 meV, one
considering with Urbach tails and another without. Notably, it can be observed that unlike the
previous two initial models without fluctuations, the A(E) derivative shows better agreement
with Gaussian fits. Additionally, similar to Fig 4. 4, Fig 4. 8 d also indicates that introduction
of Urbach tails leads to a slight increase in g4 compared to the case where only band gap

fluctuations are present.

Overall, at the end of this section, it can be concluded that broadening of the absorption edge
is affected by both Urbach tails and Gaussian band gap inhomogeneities. However, their
contribution to final g, is not identical. The simulations indicated that when the fluctuation
parameter o, is significantly larger than Ev, the Gaussian band gap fluctuations have dominant
effect on the A(E) broadening. On the other hand, in the range of Urbach energies for CIGSe
absorbers, the Urbach tails contribute to much lesser extent, and their effect is primarily in the

energies deep into the band gap. Generally, increase in both Ev and g, would result in higher

rad

SAu™* and lower values for Au™®?, which in turn reduces the Voc of the final device,

ultimately decreasing its overall efficiency (see Fig 4. 3 and Fig 4. 5).

4.2.3 Effect of absorber thickness on the A(E) broadening

In previous discussions, all simulations have been conducted with a fixed absorber thickness
of d = 2 um. However, as mentioned earlier, the absorber thickness can also have additional

contribution to the absorption edge softening. In this section, the thickness effect is investigated
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in more detail. Two different cases are studied here: in the first case, simulations are performed
for different absorber thicknesses by considering g, = 0 meV (i.e., no fluctuations). In the
second approach, the o, = 40 meV is introduced. For simplicity, in both cases, the effect of

Urbach tails is excluded (i.e., E; = 0 meV).

Here, the influence of thickness can be related to the effect of a band gap gradient. As
demonstrated in Fig 2. 11 and discussed in Section 2.5.2, when a band gap gradient is present,
the absorption onset is determined by the minimum band gap position (notch), and the notch
width dictates the effective absorption thickness for photons with energies near the minimum

band gap energy.

In samples with a V-shaped band gap profile, the effective absorption thickness is restricted to
the narrow notch region, meaning that near band edge light absorption is limited to relatively
thin section within the absorber. In contrast, for absorbers without any gradient, the effective

absorption thickness spans to the entire depth of the material (see again Fig 2. 11).

It is worth mentioning that the upcoming simulations offer a simplified representation of the
gradient effect, which considers only the influence of notch width and ignores the light
absorption at higher energies by other parts of absorber. A more accurate modeling approach
has been presented in previous published work of Carron et al [176], where QE(E)/
A(E) spectra of CIGSe solar cells with different gradient profiles were simulated using the

transfer matrix method.

For the first step of simulations, a simple case of a direct semiconductor is considered with no
band gap fluctuations and no Urbach tails (i.e g, =0 meV and E; = 0 meV). In this
particular case, the (E) only exhibits a square root increase above the band gap energy with
no sub band gap states (see Eq 4.23). Therefore, the A(E) spectrum can be solely defined by
the Beer-Lambert’s law (Eq 4.24), and there is no need to solve the complicated integral in
Eq 4.20 since there is no band gap distribution (i.e., g, = 0 meV). In Fig 4. 9, the A(E) spectra
for this simplified case are presented for different absorber thicknesses. It can be observed that
for small thicknesses, the A(E) spectra exhibit a gradual increase from the band gap energy
(here 1.1 eV) towards higher energy ranges. Once again [ have to mention that this behavior is

because of the square-root increase of the o(E) (see Eq 4.23). Furthermore, as the absorber
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thickness increases, the exponential term in Beer-Lambert’s law (Eq 4.24) goes to zero.
Therefore, A(E) spectrum approaches the step-function, resembling the SQ model. The step
function model can also be obtained by having significantly large values of a(E); similar to the
thickness effect, with the increase in a(E), the A(E) spectrum would progressively approach
the ideal SQ step function model (see again Eq 4.24).

1.0 pom— —e— — e
m I
;{0.8—
®
20.6- Thickness
Z __0.2um
oY
g 0.4- L -0.5um
Re! 2 um
< 0.2 OmeVﬁﬁm“m

1.1eV . 100 um
00 - T T
0.5 20 25 3.0

Energy [eV]

Fig 4. 9 Illustrates the influence of increase in the thickness on the shape and broadening of A(F).
This simulated A(E) spectra are obtained considering 0, = 0 meV and Ej; = 0 meV, using

absorption coefficient of direct semiconductor that exhibits square-root increase above the band gap
(see Eq 4.23 and Eq 4.24).

From this simulation, it can be concluded that achieving the ideal SQ model for A(E) would
either need a significantly thick absorber or a very large a(E) values, while also there should

be no influence of Urbach tails and band gap fluctuations (i.e., o, = 0 meV and E;; = 0 meV).

In the next case, the fluctuation parameter g, is introduced into the simulations, and the
previously discussed model for A(E), which combines the effects of the direct band gap
absorption coefficient and band gap fluctuations (see Section 4.2.2), is employed for

simulations. As a reminder, it is still assumed that E; = 0 meV.

Fig 4. 10 a depicts the simulated A(E) spectra for g, = 40 meV and E_g = 1.1 eV, considering
effective absorption thicknesses of 0.5 pm , 2 pm and 100 um. Additionally, in Fig 4. 10 b the
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first derivative of each spectrum is shown, along with the g, obtained from the corresponding

Gaussian fit for each case.

One important observation is that when the thickness is small, the broadening of A(E)
spectrum (g ) extracted from Gaussian fit is larger than the defined fluctuation parameter (o)
(i.e. a4 > ag4). Additionally, the A(E) inflection point deviates from the defined average band
gap E_g = 1.1 eV (see Fig 4. 10 b). It can be also seen that the derivative of simulated A(E)
spectrum deviates significantly from the Gaussian shape when the thickness is small. However,
as the thickness increases, the A(E) converges to the error function model for. For thickness
of 100 um, the A(E) derivative shows perfect Gaussian shape with g4 = g; = 40 meV and

inflection point same as E_g =1.1e€V.
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Fig 4. 10 a) A(F) spectra simulated using combined effect of Gaussian band gap fluctuations and
absorption coefficient of direct semiconductor with E;; = 0 meV (See Section 4.2.2), for the cases
with 0.5 pm, 2 pm and 100 um thicknesses. A specific color code is assigned to each thickness b) The
first derivative of the simulated A(E) spectra (dotted lines) along with the oy values extracted from
Gaussian fit to each derivative. Gaussian fits are represented by continuous lines, and the E_g position
is indicated with black dotted line.

According to these simulated spectra, it becomes evident that limited absorber thicknesses can
introduce additional broadening to the A(E’) spectrum. Nevertheless, as the thickness increases,

this effect vanishes, and the broadening of A(E) becomes primarily dominated by the

fluctuation parameter, g.
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This simplified approach provides insights into the impact of notch thickness on the absorption
edge broadening effect. In CIGSe thin-film solar cells, the absorbers thickness is typically
around 2 um. However, in the presence of a Ga gradient, the notch, which determines the near
band edge absorption, has much smaller width (around 200 nm to 500 nm). As shown in the
simulations (Fig 4. 10), even with a 2 pum thickness, the finite thickness effect still contributes

to absorption edge broadening.

Once again, | have to mention that these simulations consider very simplified model for the
notch absorption effect, where the absorption effect of high band gap energy regions within

the absorber is not considered.

In the Chapter S, experimental results and a meta-analysis of existing literature data will
further confirm this hypothesis, showing that absorbers with a graded band gap profile and
narrow notch width exhibit a stronger broadening compared to those with uniform band gap

profile across the depth.

4.3 Summary and conclusion of Chapter 4

At the beginning of this chapter, the generalized detailed balance model was introduced. This
model enables the determination of the radiative limit (both Au™®® and V;34) for absorbers and
solar cells with non-step-like A(E)/QE(E) spectra. Additionally, this model enables the
quantification of Au/Voc loss components associated with absorption edge broadening,

incomplete absorption, and collection losses.

Subsequently, simulations were conducted to explore the impact of band gap inhomogeneities
(fluctuations) and Urbach tails on the shape of A(E). Furthermore, generalized detailed balance

formulas were employed to quantify the Au"%¢ and §Au”™*® for each simulated A(E) spectrum.

Overall, it was observed that both Urbach tails and band gap inhomogeneities (fluctuations)
can cause broadening of the A(E) spectum and increase §Au"®®. However, influence of
fluctuations is dominant and contributes more strongly to the A(E’) broadening. On the other
hand, Urbach tails have minimal effect on the shape of A(E’) within the range of Ev values for
CIGSe absorbers. The influence of tail states are only noticeable at significantly lower energies

rad ;

well below the band gap, and their contribution to §Au"*¢ is also small.
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At the end, influence of absorber thickness was investigated. It was observed that a decrease

in the thickness would enhance the broadening of the absorption edge.

While this chapter totally focused on theoretical analysis, Chapter 5 will primary focus on the

experimental quantification of Au and Voc losses.

119



S Experimental quantification of Voc losses in
CIGSe solar cells

In Chapter 4, the theory of the generalized detailed balance model was introduced. It was
shown that Voc/Ap losses can be separated into distinct loss components: (i) radiative losses
resulting from the broadening of the absorption edge, (ii) generation and short-circuit losses
due to light absorption losses and incomplete charge collection, and (iii) non-radiative losses
caused by the presence of non-radiative recombination channels, such as deep defects in the

band gap or interface/surface recombination activities.

In this chapter, the theoretical formulas discussed in Chapter 4 will be applied to the
experimentally measured A(E) and QE (E) spectra, and all Au /Voc loss components will be

quantified for both absorber thin films and complete devices.
This chapter consists of three main sections.

Section 5.1 of this chapter focuses on the experimental quantification of Au losses using
generalized detailed balance model based on optical approach (discussed in Section 4.1.1). It
is worth mentioning again that thin-film absorbers alone are sufficient for Au loss analysis, and
there is no need to make functional devices. In this section, the A(E) spectra of CIGSe
absorbers are first determined through a combination of PL and photospectometric

measurements. Using the obtained A(E) spectra, Au"%%

and all Au loss components, including
radiative losses (§Au"®%), generation losses (§Au®®™), and non-radiative losses (SAu™) are
quantified for CIGSe absorbers. It is important to note that, since absolute PL. measurements
are carried out in this thesis, SAu™" for each sample is determined using the extracted Yrz (see

Eq 4.10).

This loss analysis ultimately results in the final Ay values. Notably, it will be demonstrated
that the Au values extracted from this method are in excellent agreement with those obtained

directly from a linear fit to the high-energy wing of Planck’s generalized law [29, 34, 77].

Section 5.2 of this chapter uses optoelectrical measurements to determine Voc losses for
complete solar cells (see Section 4.1.2). By employing both absolute EL and direct QE (E)

measurements, the Voc losses are quantified for CIGSe devices. It is important to emphasize
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that for non-radiative loss analysis, all EL measurements were performed under absolute
condition. Consequently, the non-radiative Voc losses can be reliably determined using the Yz

extracted from these measurements (see Eq 4.17).

In this chapter, the emphasis is on the influence of the band gap gradient on radiative losses
(both §Au"*@and 8V}2%). In Sections 2.5.2 and 4.2.3, it was mentioned that the presence of
the gradient can reduce the effective absorption thickness. This effect can potentially enhance

the broadening of A(E) and, thus, increase the §Au™¢ .

It is worth mentioning that the band gap gradient is not exclusive to CIGSe solar cell
technology. CdSeTe [177, 178] and emerging CZTSSe [179] technologies also employ graded
band gap technology to suppress the surface recombination and enhance device performance.
Therefore, understanding the impact of band gap gradient on the final Voc of solar cells is
essential. To investigate this, comprehensive Voc/Au loss analyses are conducted on CIGSe
samples with and without a Ga gradient. In particular, it will be shown that CIGSe samples
with a Ga gradient exhibit a broader A(E)/QE (E) spectrum and can experience up to 16 meV

of additional radiative losses compared to the non-graded absorbers.

The final section of this chapter, section 5.3, explores the origins of the radiative losses and
absorption edge broadening in CIGSe absorbers. This section presents an analytical analysis
of 19 samples, exploring how variations in CGI and GGI concentrations, as well as Urbach
tails, influence the broadening of the absorption onset in samples with and without a Ga
compositional gradient. Additionally, a literature review and meta-analysis of published CIGSe
data are presented. This meta-analysis study demonstrates that the A(E) broadening is directly
linked to the steepness of the Ga gradient profile in the absorbers. Specifically, when the
minimum band gap region is sufficiently thick and extends significantly through the depth, the
broadening of A(E)/QE(E) is weaker compared to the samples where the minimum band gap

position is restricted within a narrow region in the absorber thickness.

Furthermore, our colleagues from Cambridge University have conducted high-spatial-
resolution cathodoluminescence (CL) analyses on selected CIGSe absorbers. These analyses
provide detailed microscopic insights into the depth-dependent band gap variations, as well as

an assessment of in-plane lateral band gap fluctuations. The CL results revealed that Ga-graded
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samples not only exhibit the expected band gap variations through their thickness and a
narrower absorption region, but also show indications of stronger lateral band gap

inhomogeneities compared to samples with a uniform Ga distribution.

At the time of writing this thesis, the results presented in this chapter have been submitted for
publication. A preprint of the prepared manuscript is available online [149]. All the figures,
tables, and results are reproduced from this preprint under CC BY 4 license. The upcoming

discussions follows my manuscript structure.

5.1 Ap analysis for samples deposited on SLG

5.1.1 Ap extraction from generalized detailed balance model

At the beginning of the experimental section, I start the Au loss analysis for several absorbers
deposited on transparent soda-lime glass (SLG). More details regarding the deposition process

of these samples have already been explained in Section 3.1.

To prevent surface oxidation and degradation, all samples were covered with a CdS buffer
layer (see Section 3.2), and all upcoming A(E’) and PL measurements were performed on CdS-

covered absorbers.

These absorbers cannot be processed into complete working devices, since they are missing
the window layer and metallic back contact. However, because they are deposited on the
transparent SLG substrates, their A(E’) can be reliably measured over a wide spectral range
using UV-Vis photospectrometer (see Section 3.6). Later, I will demonstrate that these UV-Vis
measurements become unreliable in the sub-band gap absorption region. To overcome this
limitation, additional PL measurements need to be employed to reconstruct the low-energy

edge of A(E).

With the use of the full range A(E) spectra, the generalized detailed balance model based on
the optical approach (outlined in Section 4.1.1) can be employed for Au loss analysis.
Additionally, this approach enables a detailed analysis of optical losses with excluding effects
of non-ideal charge transport and carrier collection losses that may occur in the complete

devices.
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In this section, five samples from different processes are investigated. Table 5.1 summarizes
the key properties of these absorbers, including their names, the presence of a Ga gradient, as
well as CGI and GGI values obtained from EDX measurements. For simplicity, samples with
a non-graded band gap profile are labeled as NG, while those with a band gap gradient are
labeled as BGG.

For some selected samples, SIMS measurements were performed to investigate the Ga gradient
profile through the depth (see Appendix B1). The presence of a V-shape Ga gradient in the E-
BGG sample and a uniform Ga profile in the D-NG absorber were confirmed by these SIMS
measurements.

Table 5.1 Name, CGI, GGI and presence of Ga gradient for absorbers deposited on transparent SLG
substrate. CGI and GGI were determined from EDX using acceleration voltage of 20 KV.

Sample Name cGl GGl Gradient
A-NG 0.90 0.20 No
B-NG 0.94 0.26 No
C-BGG 0.88 0.30 Yes
D-NG 0.88 0.25 No

E-BGG 0.94 0.20 Yes

To obtain the A(E) profile for each sample, transmittance and reflectance measurements were
carried out separately using UV-Vis photospectrometer. In Section 3.6, the details of the these
measurements were discussed. It was shown that using a UV-Vis spectrometer, the
transmittance T(E) and reflectance R(E) spectra can be measured for each sample
independently. Subsequently, the A(E) spectra can be obtained using the simple equation
A(E) =1 —T(E) — R(E).

As shown in Fig 3. 11, the transmittance (7) and reflectance (R) measurements cover a wide

spectral energy range, enabling accurate extraction of the A(E) profile across most of the
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photon energy ranges. However, these measurements are less reliable in the low-energy decay
region (i.e., energies below the band gap) [175]. In Fig 3. 11, it can be seen that the A(E)
spectra extracted from the spectrometer is distorted and do not exhibit the expected decay at
low energies; instead, they level off at low energy region. This effect is likely due to light
scattering from the rough CIGSe surface and/or the possible influence of the CIGSe/SLG

interface.

On the other hand, the extraction of Au"*¢ and §Au™** requires detailed knowledge of the
A(E) shape across the entire spectral range, including both low-energy decay and high-energy

region.

To calculate Au"®¢ and §Au™*¢, the radiative saturation flux density (FJ%?) needs to be
determined (see Eq 4.3 and Eq 4.8). For the F§®? calculation, the A(E) spectrum is multiplied
by the blackbody radiation spectrum (®pg(E)). Since the ®pp(E) spectrum increases
substantially at the low-energy range, any inaccuracies or a non-decreasing A(F) in this region
are heavily weighted in the F§? integral, leading to unrealistically large values for FJ%.
Therefore, an accurate determination of the A(E) profile across the entire spectral range is

essential for precise F§? calculation.

To address this limitation, additional photoluminescence (PL) measurements are employed to
reconstruct the low-energy decay portion of the A(E) spectrum. In contrast to
photospectrometry measurements, PL measurements are highly sensitive in the low-energy
decay slope, making them ideal for extracting ultra-low values of A(E) in this part of the

spectrum [38, 68, 169, 175].

By considering the Planck's generalized law (Eq 2.52), and using the PL emission spectra
(®p,) of each absorber, the non-absolute A(E) spectra from PL measurements can be obtained

using the following relation:

)
APL(E) o« —2£ (Eq5.1)
CDBB

Here, APL(E) denotes the A(E) spectrum obtained from PL measurements.
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Subsequently, in specific energy ranges where both A% (E) and the directly measured A%" (E)

provide reliable values, the APX(E) spectrum can be scaled to match A% (E). This approach

enables the reconstruction of the full range A(E) spectrum, extending from low to high energy

ranges.
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Fig 5. 1 a), b), and c¢) illustrate the A(F) spectra for CIGSe A-NG, B-NG and C-BGG samples,
respectively. These spectra were obtained from PL measurements (AP*(E)) and direct
photospectrometric measurements (A%7 (E)). d), e) and, f) depicts the first derivative of the APX(E)
spectra for A-NG, B-NG and C-BGG samples (see Table 5.1 ), respectively. The E and o4 here for

each case are extracted from Gaussian fit to this first derivative. The g, values are extracted from
multiple fitting ranges covering the low energy and high energy sides, and average g, is presented
along with error bars indicating standard deviation. To enhance visualization, smoothed APL (E)
profiles were used to extract these derivatives.

It is important to highlight that obtaining the non-absolute APX(E) does not require any
knowledge about Au value. In Planck’s generalized law (Eq 2.52), the exponential term
containing Ay acts only as a scaling factor. Therefore, even without knowing the numerical Ay
values, the shape of the non-absolute APX(E) can still be obtained using the PL spectrum and
the measurements temperature. It is important to mention that, for all upcoming analysis, the
temperature of these absorbers was measured separately using thermometer and thermal

camera, and it was 296 K.

In Fig 5. 1 the left column presents the A(E) spectra obtained from both AP*(E) and A" (E)
measurements for A-NG, B-NG and C-BGG absorbers (see Table 5.1 ). Additionally, the A(E)
measurements of two other samples are illustrated in Appendix B2. It can be observed that,
within certain energy ranges, the APL(E) spectrum has perfect agreement with the directly
measured A" (E). However, in the low energy region, A%" (E) becomes already distorted and
unreliable, while in the high-energy range, the APL(E) spectrum is affected by measurement

noise due to a decrease in the PL counts.

By combining these two spectra and excluding their unreliable parts, the full-range of A(E)
spectrum can be reconstructed. In the next steps, this full range spectrum is used for the

upcoming Ay loss calculations.

At this stage, with the use of complete A(E) spectrum and measurement temperature (T), the
Aum can be already determined using Eq 4.3. However, it is important to emphasize once
again that having A(E) alone is not sufficient for calculating the relative Au losses. These

losses must be evaluated with respect to the SQ limit of the reference band gap (Ey) [28, 31]

(see Eq 4.7 and Eq 4.8). Therefore, for precise loss analysis, it is crucial to determine the band
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gap energy. Subsequently, all Ay losses can be obtained using this band gap energy as a

reference point for calculations.

Published reports propose various methods for the band gap energy extraction, such as using a
Tauc plot method [31], approximating it from the PL maximum emission energy [29], and, in
cases where the derivative of A(E) exhibits a symmetrical shape, the band gap can be identified
from the inflection point of the A(E) spectrum [28, 31]. In this thesis, the latter approach is
adopted, where the band gap of the absorbers is extracted from the inflection point of the A(E)
spectrum, and all Au losses are subsequently evaluated with respect to the SQ limit of this

inflection point.

In this method, a Gaussian fit is applied to the derivative of each measured A(E’) spectrum,
with the maximum point of this fit taken as the reference band gap point for further
calculations. Additionally, the broadening of the A(E) spectra, g, is determined from the

width parameter obtained from this Gaussian fit.

This method is very similar to the error function approach discussed in Section 4.2.1, where
the A(E) spectra are described by a complementary error function model, and their derivatives
show a Gaussian distribution centered at the average band gap energy (E_g) (see also Eq 4.22
and Fig 4. 2). Therefore, similar to the calculations performed for the error function model, the

SQ limit of this E_g can be used as a reference point for a reliable quantification of Au losses.

It is worth mentioning once again that the error function model was initially developed for the
case of lateral band gap fluctuations (see Section 4.2.1 and references [166, 167]), where g,
was same as the defined fluctuation parameter g (i.e., 0, = 0,), and it quantifies the extent of

band gap inhomogeneities (fluctuations) (see again Fig 4. 2).

However, in reality, the CIGSe samples exhibit not only lateral band gap fluctuations due to
In—-Ga alloy disorder, but also inhomogeneities through the depth. These depth
inhomogeneities can arise from an intentionally introduced Ga gradient in the material or

unintentional effects such as compositional fluctuations.

Moreover, as discussed in the Sections 4.2.2 and 4.2.3, the g, can also depend on multiple

other factors such as Urbach tails and absorber thickness. Therefore, in this context, this error
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function model is used only as a practical tool to determine the average band gap energy (E_g),

and the obtained g, indicates how the broadening of the measured A(E) deviates from the ideal

SQ step function.

It is thus crucial to clarify that, in this case, g, does not directly reflect the extent of lateral
band gap inhomogeneities. Instead, the Gaussian fit just represents the distribution of step-
function-like band gaps. Even in some cases where the original A(E) derivatives slightly from
the Gaussian shape, still valuable information can be obtained by using this Gaussian fit

approach.

Later in Section 5.3, the contributions of different factors to g4 will be discussed in more

details.

The right column in Fig 5. 1 presents the first derivative of the APX(E) spectra for A-NG, B-
NG, and C-BGG samples. The Gaussian fit, along with the extracted E_g and g, values for each
spectrum are displayed in the inset of each figure. Additionally, the derivative of A”*(E) , E,

and g, values for two other samples, D-NG and E-BGG, are illustrated in Appendix B2.

It is crucial to mention that, for the purpose of band gap and broadening extraction, I used the
derivative of APL(E) rather than A%" (E). This is because the A%" (E) spectra tend to become
distorted near the absorption onset energy. In Appendix B2, [ show that although the inflection
point E_g can also be extracted reliably from the A%"(E), quantification of g, remains
challenging with these measurements, as they get already distorted in the energy ranges very

close to the absorption edge.

At this stage, the accurate shape of A(E) across the entire spectral range, as well as the E_g for

each sample, have been determined. This information can now be used to conduct further

calculations and extract the Au losses.

It is crucial to note that determining the band gap energy with 1 meV accuracy can be tricky
with this Gaussian fit approach. However, in this analysis, the band gap values serve only as a
reference point for performing loss calculations. For the minimal errors in the band gap
determination, the resulting Au losses and the SQ limit would compensate for each other,

rad

ensuring that the final Au™*“ remains unchanged, as it is independent of the defined band gap
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and only depends on A(E’) and temperature (see Eq 4.3). Nonetheless, as will be demonstrated
later, this approach provides a reliable tool for quantifying Au losses and comparing different

absorbers.

According to Eq 4.4, to quantify the Ay and its losses, the first step involves calculating qVOSCQ

of the reference band gap (here Ej ) using the Eq 2.47.

Once again it is important to highlight that all PL analysis were conducted at room temperature

(here 296 K). Therefore, the corresponding calculations for SQ limit and Ay losses are all
performed at T = 296 K. The values of the E_g and corresponding qVOSCQ for each samples are

summarized in Table 5.2 .

In the next step, the §Au®e™ and §Au"**are quantified using Eq 4.7 and Eq 4.8, respectively,
and their values are also presented in Table 5.2 .
Table 5.2 Illustrates g4, average band gap energy (E_g), and Apu with its associated losses for samples

deposited on transparent SLG substrate. Au values were determined using the generalized detailed
balance model (see Eq 4.9).

Sample O Eg qvf)% aAurad aA”Gen A[lrad SAu™ Ap
Name (mev) (eV) (meV) (mev) (mev) (meV) (meV) (mel)

A-NG 282 1125  885.0 13.5 2.8 868.7  207.1 661.6
B-NG 33+£1 1.140 898.8 13.0 3.3 882.5 220.5 662.0
C-BGG  45+2 1159 9164 22.9 3.3 890.2 213.2 677.0
D-NG 361 1.131 8905 15.8 3.4 871.3 212.2 659.1
E-BGG 402 1.109 869.9 19.0 3.8 847.1 225.6 621.5
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As mentioned earlier, the §Au"®? mainly depends on the broadening of A(E) (i.e, deviation
from step function). In Sections 4.2.1 and 4.2.2, it was shown that the §Au"*? increases with

increasing dy.

Fig 5. 2 illustrates the relationship between g, and the extracted §Au"*? for each sample.
Despite some scatter, a broader A(E) spectrum (i.e, larger o) results in a higher values for

5A‘urad.

As an initial observation, the C-BGG and E-BGG samples, which have a Ga compositional
gradient through their thickness, exhibit larger values of g, and §Au"*%. In the upcoming
sections, more details regarding the contribution of Ga gradient to this broadening will be

discussed.

O Non-graded
® Graded

28 32 36 40 44 48
op [meV]

Fig 5. 2 Illustrates calculated §Au"*® versus g for samples deposited on transparent SLG substrate.
The a4 and §Au"*¢ values for each sample are summarized in Table 5.2 .

Gen

Furthermore, 6Au is mainly attributed to the photon absorption losses (see Eq 4.7). As
shown in Fig 3. 11, UV-Vis measurements for B-NG sample indicate that at energies
significantly above the band gap, the reflection is around 10% to 15%. A similar reflectance
was observed for four other absorbers. In Fig 5. 1, it can be observed that all A(E) spectra tend

to plateau at values between 0.85 to 0.9 for energies well above the E_g, and all samples reach
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to similar plateau levels. Consequently, §Au“¢" values for these samples fall within a similar

range of approximately 3 meV to 4 meV (see Table 5.2 ).

To obtain the final Ay value, in the last step, the most important loss mechanism in the most
solar cells, the non-radiative Au losses (§Au™"), are determined using the measured

photoluminescence quantum yield (Yrz) (see Eq 4.10 and Eq 4.11).

It is important to note that under laboratory conditions, Yr. is measured using monochromatic
laser light rather than solar spectrum. Therefore, the Eq 4.11 is transformed to the following
form:

_ fooo ®@py (E) dE _ fooo @p.(E) dE

PL — sun Laser
FGen FGen

(Eq5.2)

Here, FL35e" represents the generation laser flux density (i.e., the absorbed laser flux density).

Section 3.3.1 provides details regarding the laser intensity calibration. For extracting the Au

and its associated losses, the laser intensity was calibrated to have an incident flux (F;%5e"

equivalent to 1 sun SQ flux density for a defined band gap. (i.e., FL&¢" ~ F22 = | Eoo D, dE).
g

Gen

As the A(E) spectra of each sample is separately measured with UV-Vis measurements, thus
A(E) value at the laser energy A(E;qser) is known. Therefore, the F£25¢" (i.e., absorbed Flux
FLClS@T —

density) can be determined using F£25¢" = A(E;qser) FEEET,

It is crucial to mention that using monochromatic laser light instead of solar irradiance can
introduce potential discrepancies in the §Au™" calculations and final Au extraction. This is
because the solar spectrum spans over a broad spectral range (see Fig 2. 2), and therefore, the
absorptance of solar photons varies with energy. On the other hand, the laser light is emitted
at a single energy. However, it is shown in the Appendix B3 that this discrepancy is extremely

small and does not affect the final results.

This Yrr was measured for each sample independently under one sun incident laser flux
density. Subsequently, respective non-radiative Au losses (§Au™") for each sample were
quantified using Eq 4.10. The corresponding §Au™" values for all investigated samples are

summarized in the Table 5.2 .

131



It is worth mentioning that for CIGSe absorbers, it is crucial to obtain the Yz under 1 sun laser
incident flux. The Yr. of CIGSe absorbers depends on the excitation laser flux and varies under
different incident laser intensities [55, 106, 180, 181]. In Fig 5. 3 a , intensity dependent PL
measurements for B-NG sample is displayed for laser intensities ranging from 0.5 sun to 8 sun.
similar measurements were performed for all other samples, and at each intensity the Yr. were
calculated using Eq 5.2. In Fig 5. 3b, It can be clearly seen that the Yp. is not constant under
different excitation fluxes. As the laser intensity increases, the Yr. in CIGSe samples also rises,

confirming its dependence on the incident laser excitation flux.

The Yprz of a CIGSe sample depends on the optical diode factor (ODF). For a p-type doped
semiconductor, an ODF of unity is expected [106, 180, 181]. However, it is well known that
CIGSe absorbers exhibit ODF values greater than one (ODF > 1) [55, 106, 180, 181]. The ODF
> 1 would result in the increased Ypz with excitation. This behavior is primarily related to the

presence of metastable defects in the CIGSe absorbers [106, 180, 181].

a) b)
10-3 = 1
= 1
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Fig 5. 3 a) Intensity dependent PL spectra for CIGSe B-NG sample. The arrow direction illustrates
increase in the incident laser flux. b) Yp; values extracted for all samples deposited on SLG under
increased laser intensity.

Nevertheless, in Chapter 4, it was illustrated that the generalized detailed balance model for

both optical and optoelectrical approaches considers one sun excitation flux density. Therefore,
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for experimental quantification of Au losses, it is necessary to use Yr. and SAu™" under one

sun laser excitation condition.

At this stage, Au™®? and all Au loss components for each absorber have been quantified. In the
next step, by applying Eq 4.9, the final Ay values for each sample are calculated, and the results

are summarized in Table 5.2 .

Furthermore, Fig 5. 4 provides an overview of the share of each loss mechanism to the total

Ap of each sample.
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Fig 5. 4 Au losses obtained for samples deposited on SLG substrate. All the losses and final Ay values
are summarized in Table 5.2 .

Overall, it can be observed that the main loss mechanism that pushes the final Ay far below
than SQ limit is non-radiative losses (§Au™") (see Fig 5. 4 and Table 5.2 ). These non-radiative
losses (§Au™") primarily occur within the bulk of the material or at the surface and interfaces

regions.

As mentioned in Section 2.5.2, a Ga gradient in CIGSe solar cells is necessary to mitigate the

non-radiative recombination at the back interface. However, since these samples are deposited
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on SLG substrates, the back surface is effectively passivated for all cases, regardless of the
presence or absence of a Ga back gradient. This is because SLG is a high band gap material,
and SLG/CIGSe interface exhibits significantly lower recombination activities compared to
the cases where CIGSe is in direct contact with metallic Mo back contact [106]. Consequently,
it can be observed that presence of Ga gradient has almost no effect on the non-radiative losses,
and all samples show similar values for SAu™" . In contrast, in the upcoming Section 5.2, I will
show that, unlike the samples on SLG substrates, those deposited on Mo require a backside Ga

gradient to effectively suppress the non-radiative recombination activities at the back interface.

In any case, it is important to mitigate the non-radiative recombination activities to achieve
higher Au in the CIGSe absorbers. For state of the art CIGSe absorbers, this SAu™" is less than
120 meV [11, 29, 33].

Significant reduction in non-radiative losses can be achieved by performing heavy alkali PDT
after the CIGSe growth process [11, 33, 111]. In Chapter 6, strategies based on heavy alkali
PDT will be discussed, showing their effectiveness in enhancing the Ay by reducing §Au™".

On the other hand, the contribution of §Au"*% and §Au%e™ to overall losses are much smaller
compared to SAu™ . In the case of radiative losses (§Au"%%), it can be observed that it falls

within the range of 13 meV to 23 meV.

Initial observations indicate that samples with a Ga compositional gradient exhibit slightly
higher §Au"*® values compared to the absorbers with uniform Ga distribution. This is because
they have slightly higher values for o4 (see Fig 5. 2). This behavior may be associated with the
small notch region in the graded absorbers, as discussed in Section 4.2.3. However, as
mentioned earlier in Chapter 4, g, can also be influenced by multiple other factors, including
alloy fluctuations, tail states and Cu poor composition. In the upcoming discussions in Section
5.3, the correlation between the band gap gradient and broadening will be explored in more

detail.

Gen

The generation losses §Au“¢™ are approximately 3 meV to 4 meV, which are almost negligible

in all cases. To further mitigate this loss mechanism, it is essential to eliminate the 15%
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reflection at energies above the band gap (see Fig 3. 11). For this purpose, an antireflection

coating can be used to reduce the reflection effect and enhance the light absorption.

5.1.2 Au from linear fit to Planck’s Generalized law

Up to this stage, the final Au values for a set of samples prepared on SLG have been determined
through loss analysis based on the generalized detailed balance model. However, the discussed

approach is not the only method for extracting Ay from PL measurements.

A widely used alternative method in Au extraction involves performing a linear fit to the high-
energy slope of the PL spectrum [29, 33, 77, 106, 111, 182]. In this section, this linear fit
approach is discussed in detail. The Au values of the samples in Table 5.1 will be extracted
using the linear fit to high energy slope of PL spectrum, and the results will be compared to

those obtained from the loss analysis.

The aim here is to check if the Ay values derived from generalized detailed balance model are

complete and consistent with previously established methods.

By employing Boltzmann approximation (i.e., E — Au > kgT), the Planck’s generalized law
(Eq 2.52) can be rearranged into the following form [29]:

®p h3c? E — Au
i (ZnA(E)EZ T T kT (Eq5.3)

With detailed knowledge of the A(E") spectrum and transforming the PL spectra according to
this Eq 5.3, the Ay can be extracted by applying a linear fit to the high-energy slope of this
equation. The intercept on the vertical axis of this fit provides the Au value, while its slope
corresponds to 1/ksT. Consequently, from the slope of this linear fit, the absorber temperature

(i.e., the measurement temperature) can be determined.

According to Eq 5.3, determining accurate values for Au requires precise knowledge of both

the shape and numerical values of A(E) spectra.
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The linear fit for Au extraction is performed in energy ranges well above the band gap. In this
range, the A%7(E) spectra can be obtained reliably using photospectrometric measurements
for samples deposited on SLG (see Fig 5. 1). Therefore, by directly using the measured
spectrum A%" (E) and substituting it for A(E) in Eq 5.3, the Au can be reliably extracted from
the linear fit to the high energy flank of this equation.

However, in the absence of measured A(E) spectra, a simplified approximation can be
employed. For example, as shown in references [29, 33, 77, 106, 182, 183], at energy ranges
significantly higher than the band gap, it is commonly assumed that A(E) = 1, implying that
all incident photons are fully absorbed by the material. Using this assumption, the PL spectrum
can be transformed by replacing A(E) in Eq 5.3 with unity. Subsequently, a linear fit can be
applied to high-energy range to determine the Ap.

As an example, Fig 5. 5 a and b illustrate the transformed PL spectra of B-NG sample using
modified Planck’s generalized law according to Eq 5.3, considering both cases: (ii) the

measured A7 (E), (ii) and using the approximation A(E) = 1.

Once again, it is important to clarify that these A%" (E) measurements are reliable only in the
high-energy range above the bandgap. Therefore, transformed PL spectrum (Eq 5.3) has only
reliable values in the high-energy region. Ideally, if the exact shape of A(E) was known across
all energy ranges, including both low and high energies, the transformed PL spectrum would

be a straight line with a slope corresponding to 1/ksT (not shown here).

For an accurate Ay extraction, the appropriate selected fitting range is typically chosen around
100 meV above the maximum PL emission [29, 33]. In this region, A%" (E) can be precisely
determined (see Fig 5. 1), thus Au can be obtained reliably from linear fit approach. It is also
important to avoid fitting ranges around the measurement noise, as they can introduce errors

in the extracted Ay and temperature.

As an example, in Fig 5. 5a and b, the Au of the B-NG sample is extracted from a linear fit
using A(E) = 1and A(E) = A%7(E), respectively.
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Fig 5. 5 a) and b) Illustrating the transformed PL spectra of sample B-NG using modified Planck’s
generalized law according to Eq 5.3 with considering A(E) = 1 and A(E) = A%" (E) cases,
respectively. The Ap in both cases were extracted from linear fit with fixed and free slope conditions,
and the Ay values are illustrated in each figure inset. The highlighted region shows the fitting range.
¢) Linear fitting range illustrated on the A(E) profile of B-NG sample.
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It is crucial to mention that when A(E) remains constant within the fitting range, assuming a
constant A(E) value (i.e., A(E) = 1) should yield an extracted temperature from the slope of
this linear fit that matches the actual measurement temperature (here ~296 K) [2]. However, if
the A(E) spectrum continues to rise without leveling off, this approximation leads to
unrealistically high extracted temperatures and significantly underestimated Ay values [2, 11].
To solve this issue, the temperature can be fixed to 296 K (i.e., fixing the slope). With this
approach, the A(E) = 1 condition is enforced, leading to more accurate values for Au [29,

184]. More details are provided in the following discussions.

In Fig 5. 5 a, linear fits to the high-energy slope of the transformed PL spectrum (Eq 5.3) are
performed for B-NG sample with using the assumption A(E) = 1. The linear fits are applied
under two conditions: a free slope fit and a fit with a fixed slope (i.e fixed temperature at 296
K). It can be observed that when the fit is performed using free slope condition, the extracted
temperature is approximately 16 K above the actual measurement temperature. This
discrepancy arises mainly because, within the chosen fitting range, the A(E) spectrum does
not reach a constant value but continues to increase (see Fig 5. 5 ¢). As a result, assuming a

constant A(E) (i.e., A(E) = 1) leads to this deviation.

Furthermore, comparing the Au values extracted from these fits to those obtained from
generalized detailed balance calculations in Table 5.2 , it can be observed that when the slope
is fixed, the Ay shows reasonably good agreement with those values reported in Table 5.2 .
However, it still remains approximately 6 meV lower. In contrast, when the fit is performed
with a free slope, the extracted Ay shows unrealistically much smaller values compared to the

values in Table 5.2 .In the next stage, the case with A(E) = A%"(E) is investigated.

Fig 5. 5 b illustrates the modified PL spectrum (Eq 5.3) under the condition A(E) = A% (E).
Here, also a linear fit is performed to extract the Ay within the same fitting range as used in

Fig5.5a.

For the case of A(E) = A% (E), the free slope fit results in a temperature very close to the
measurement temperature (294 K). However, later it will be shown that this extracted
temperature can be affected by the measurements noise, and depending on the fitting ranges

that I choose, the linear fit can result temperatures of around 296 &+ 2 K . To avoid this problem,

138



the Au here is also extracted under fixed slope condition. It can be observed that for B-NG
sample, when the slope is fixed at the measurement temperature (here 296 K), the Ay would

be almost same as the values obtained from the loss analysis (see Fig 5. 5 b and Table 5.2 ).

For a more detailed understanding of the sensitivity of the fitting range, it is often helpful to
analyze the derivative of the modified PL spectra at high energy ranges (i.e., the derivative of
Eq 5.3). From this derivative, the local slope at each corresponding energy point can be
determined. This approach allows the examination of variations in the extracted temperature
across the full spectrum and helps assess how different fitting ranges influence the extracted

temperatures.

Therefore, the concept of differential temperature (T4™) is introduced here. T4 is simply
obtained by taking the derivative of the transformed PL spectra (i.e., derivative of Eq 5.3) and
multiplying its inverse by ks. In fact, the T4 represents the temperature extracted from the

local slope at each distinct energy point.

Fig 5. 6 a and b, illustrates the differential temperature (Tf) extracted for sample B-NG under
the conditions of A(E) = 1 and A(E) = A%"(E), respectively. In both cases, the highlighted

region indicates the linear fit range, as illustrated in.
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Fig 5. 6 Differential temperature T%" for B-NG sample extracted from the transformed PL spectrum
using Eq 5.3 by considering a) A(E) = 1 and b) A(E) = A%"(E).
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It can be seen that in Fig 5. 6 a, for the case of A(E) = 1, the T*T within the linear fitting range does
not stabilize and continues to decrease. This explains why the temperature from the free slope fit shows

higher values than measurement temperature in the highlighted fitting ranges (see Fig 5. 5 a)

Moreover, it can be observed that changes in the fitting range can have influence on this
extracted temperature. If the fitting ranges is shifted slightly toward lower energies, the free

slope fit would result in a temperature that is higher than measurement temperature of 296 K.

On the other hand, when A(E) = A%7"(E) is considered in Eq 5.3, T4 plateaus around 296 K,

suggesting a more reliable temperature extraction.

Furthermore, using differential temperature plot is a good way to find a suitable fitting range
for Au extraction. in Fig 5. 6 a and b, fluctuations in T4 can be observed for both cases.
Notably, these fluctuations become stronger at high energy ranges. This effect is caused by
variations in the local slope of the PL spectrum and might be attributed to the measurement
noise. At high energy ranges, as the PL counts decrease, the local slope becomes more effected
by measurement noise, and thus these fluctuations become stronger. As a result, the
temperature obtained from the slope of this linear fit tends to be less reliable in this range.
Consequently, linear fit should be performed in a region where it is less effected by the slope

fluctuations and measurement noises.

Overall, for all samples, the Ay values are extracted using the linear fit method under both
conditions: A(E) = 1 and A(E) = A% (E), using the fixed temperature of 296 K. In Fig 5. 7,
a comparison of Ay values extracted from loss analysis (Table 5.2 ) and linear fit methods is

displayed, while the corresponding Au values are summarized in Table B4.1 in Appendix B4.

From Fig 5. 7, it can be observed that when the A(E) = A%"(E) is considered, the obtained
Ap from linear fit shows excellent agreement within range of 1-2 meV with those values
calculated from the loss analysis. In contrast, assuming A(E) = 1 leads to approximately 5
meV to 7 meV underestimation in the obtained Au. The comparison of numerical values for
Ap values extracted from different methods are presented in Appendix B4. This discrepancy
occurs because, in reality, the actual A(E) is less than unity within the fitting region. For
instance, in sample B-NG, Fig 5.5 ¢ shows that A(E) remains below 1 in the energy ranges

where the linear fit is performed, with numerical values around 0.7 to 0.8. Consequently,
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approximating the A(E) with unity results in underestimation of the final Au value by

approximately 6 meV.

It is worth mentioning that the Au values reported here are obtained from a single measured

point on each sample, and statistical errors due to sample inhomogeneities are not presented.

The purpose of this study is to show that all significant loss mechanisms are covered by
generalized detailed balance calculations, and by subtracting all losses from the SQ limit
(qVOSCQ), the final Au of the samples can be determined according to Eq 4.9. Additionally, I
wanted to show also that the extracted Ay values obtained from the linear fits align perfectly
with those extracted from the loss analysis, and assuming A(E) = 1 introduces a systematic

error, resulting in a small underestimation of the Ay by few meV.
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Fig 5. 7 Illustrates the comparison between extracted Au values using loss analysis and linear fit to
the high energy slope of modified PL spectrum according to Eq 5.3, with both A(E) = 1 and A(E) =
A% (E) conditions. For numerical values please see Appendix B4.

However, it is also important to note that inhomogeneities through the sample can cause small
variations in Ypz and PL maximum emission from point to point. This variations can introduce

an uncertainty of approximately = 5 meV in the final Au. This, in turn, will affect the final Au

values if different points on the absorbers are compared.
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In addition to inhomogeneities, errors in temperature measurement can impact the accuracy of
the final Ay values. However, it is important to clarify that when referring to temperature
errors, I do not mean that Au values are extracted at different temperatures for different
methods. Instead, I am referring to inaccuracies in the thermometer or thermal camera

readings.

In all cases, a consistent temperature should be used for each method, as the same measured
PL spectra for each sample are used across all described methods. Using a slightly different
temperature would shift the extracted Ay values in both the loss analysis and linear fit methods.
Because both methods depend similarly on the chosen temperature, the resulting Ay would still

be comparable.

Furthermore, it is crucial to note that the systematic error arising from the assumption A(E) =
1 is independent of temperature. This error originates from the fact that A(F) is typically less
than 1 (around 0.8) within the fitting range (see Fig 5. 2). As a result, approximating A(E) as

unity leads to an underestimation of the extracted Au values.

In the energy ranges where the linear fitting is performed, incomplete absorption is mainly
because of the surface reflection (see Fig 3. 11). For samples deposited on Mo (an opaque
substrate), the A(E) value cannot be directly obtained using UV-Vis measurements, as
transmittance measurements cannot be performed. However, in such cases, the reflectance (R)
can still be measured reliably. In the cases where the reflectance is around 15-20%, instead of
simple assumption of A(E) = 1, one can apply the approximation A(E) = 1 — R(E), or use a
constant value like A(E) = 0.80. Subsequently, the Ay can be obtained from the linear fit with
fixed slope under this new assumption. This approach accounts for the absorption losses,

providing more accurate values for the extracted Au.

5.2 Voc losses for complete solar cell device

Up to this stage, the experimental analysis has focused on the optical approach, using PL and
A(E) measurements for Ay analysis. However, as outlined in the Section 4.1.2, analogous
calculations can also be performed using combination of QE(E) and EL measurements to

determine the relative Voc losses for the completed devices.
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It is often essential to investigate the properties of complete devices, rather than focusing solely
on the absorbers. First of all, if a sample shows a high Y. and Au, does not necessarily mean
that it would also have a very good performance. Charge collection losses and charge transport
non-idealities can impact Jsc, ultimately reducing the overall efficiency of the device.
Additionally, ohmic and contact losses, as well as interface recombination effects, can further
reduce the Voc below its Au. These effects are primarily related to the electrical properties of

the devices and cannot be identified with performing optical investigations alone.

Moreover, CIGSe solar cells are typically fabricated on Mo-coated substrates. In such cases,
determining the exact numerical values of A(E) remains challenging. The Mo substrates
prevents transmittance measurements, making it impossible to obtain the A(E) spectrum with
conventional UV/Vis transmittance/reflectance spectrometry. Alternative techniques such as
ellipsometry, also present challenges due to surface roughness [171, 185] and the presence of
a band gap gradient. Accurate interpretation of ellipsometry analysis requires specialized

modeling that accounts for both roughness and gradient effects.

Additionally, the optical properties of the final devices can be different from the unprocessed
absorbers. Factors such as reflection from the window layer, parasitic absorption in the window
layer (free carrier absorption) [186-188] can alter the optical characteristics of the absorbers in
the final device, making them different from the absorber material alone. Therefore,
investigation of the final processed solar cells, instead of absorbers alone, can provide

additional information regarding the performance limitations.

In this section, the optoelectrical approach is employed to evaluate the Voc losses using

combination of absolute EL and direct QF (E) measurements.

The optoelectrical approach for quantifying the Voc losses in the photovoltaic devices is a well-
established method. Number of previously published reports investigated this effect for
different technologies, including CIGSe [28, 30, 31, 164, 172]. However, in this thesis, the
focus is on comparing the graded and non-graded CIGSe absorbers. Additionally, in the
published reports, non-radiative losses are usually quantified using the difference between
measured Voc and its radiative limit [28, 31]. Nevertheless, here, the non-radiative losses are

obtained using absolute EL emission spectra.
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In this section, three different devices are investigated: Sample F-BGG, which exhibits a Ga
gradient throughout its thickness, and samples G-NG and H-NG, both of which have a uniform

band gap profile. The deposition process of samples with and without the band gap gradient
has been already explained in Section 3.1.1.

In Table 5.3 , key properties of these absorbers, including CGI , GGI , presence of gradient are
presented.

Table 5.3 Summarizes the properties of F-BGG, G-NG and H-NG absorbers. Including name, CGI
and GGI values determined by EDX measurements with 20 kV acceleration voltage, presence of band
gap gradient and device parameters of the solar cell with highest efficiency on each absorber.

Sample Voc Jsc

Gradient CGI GGI FF PCE(%)
name (mV) (mA/cm’)
F-BGG Yes 0.93 0.25 648 35.5(35.1% 76.7 17.6
G-NG No 0.94 0.27 608 33.7(33.4%) 76.1 15.6
H-NG No 0.99 0 474

40.8 (40.4*%) 71.1 13.7

* Obtained by integrating the AM 1.5¢ solar spectrum over QE (E) spectrum (see Eq 2.35).
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Fig 5. 8 The representative J-V curves of the solar cells with highest efficiency made from absorbers
F-BGG, G-NG and H-NG. The device parameters are summarized in Table 5.3
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F-BGG and H-NG samples were deposited using 3-stage deposition process. H-NG is pure
CISe and contains no Ga, therefore no gradient in band gap is possible for this particular

sample.

G-NG is a CIGSe device with a uniform Ga distribution, prepared using Cu-rich-off (CURO)

process,

SIMS measurements were performed on the F-BGG and G-NG samples, confirming that the
F-BGG absorber exhibits a graded Ga distribution, while the G-NG sample displays a

relatively uniform Ga profile along its thickness.

A total of 5 to 8 distinct devices were fabricated on each absorber. The J-V characteristics of
the highest-efficiency devices are presented in Fig 5. 8, with the corresponding photovoltaic
parameters listed in Table 5.3 . Furthermore, the statistical distribution of all photovoltaic

parameters from the fabricated solar cells is provided in Appendix BS.

As discussed earlier in Section 4.1.2, and mentioned in references [28, 30, 31, 172], obtaining
the radiative Voc limit (V&%) and analyzing corresponding Voc losses, require precise
knowledge of the quantum efficiency QF (E) spectrum across the entire spectral energy range.
Therefore, similar to the optical approach is Section 5.1.1, the first step for Voc loss analysis

is to obtain the full QE (E) spectrum for each sample.

In Section 3.7, it was shown that the QE (E’) spectrum of a solar cell can be determined through
direct measurements using a dedicated QF(E) equipment. These measurements requires
measuring the current density of a device at different incident photon energies. The direct
QE(E) measurements (denoted here as QE%" (E)) provide a reliable spectrum over a wide
spectral range. However, they are known to be less sensitive in the low-energy slope (sub-
bandgap energies), where detecting small currents become challenging [30, 31]. Consequently,
in the low-energy sub-band gap decay region, QE%"(E) measurements are typically
unreliable, and the QE*" (E) spectrum tends to flatten rather than showing the expected decay

behavior.

To overcome these limitations, similar approach to optical measurements in Eq 5.1 can be

employed to reconstruct the low-energy portion of the QE(E) spectrum. This approach
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involves using EL emission spectrum to construct the sub-band gap part of QE (E). Unlike the
direct measurements, the EL measurements provide very high accuracy in the sub band gap

decay region.

Analogous to generalized Planck’s law, where the A(E) is connected to Au and PL spectra, the
optoelectrical reciprocity equation (Eq 2.52) links the QE (E) spectrum of a solar cell to its V;,
and EL emission spectrum (®g;) [69]. Again, same as Ay in the optical approach, V;,, in the
exponential term of Eq 2.52 acts only as a scaling factor. Therefore, the QE (E) shape can be
reliably obtained through EL measurements without any knowledge about the numerical values

of V;,,, simply by using the following correlation (see Eq 5.1 for comparison):

g (E)
Qg (E)

QEEL(E) x (Eq5.4)

Here, the QEEL(E) refers to QE (E) spectrum obtained from EL spectra.

Subsequently, same as the approach that was used for optical case in Fig 5. 1, in the energy
ranges where both QE4" (E) and QEFX(E) have reliable values, the QEFL(E) spectra can be
scaled to match the directly measured QE*" (E) spectrum. With this approach, full range of
QE (E) spectrum can be effectively constructed, and this spectrum can be subsequently used

for Voc loss quantifications.

In Fig 5. 9 a, combination of direct and EL measurements were used to obtain the full range
of QE(E) spectra for samples F-BGG, G-NG, and H-NG. In all cases, it can be observed that
QE*T(E) levels off at the QE(E) values around 10-. However, from EL measurements the
low energy decay portion can be quantified reliably. For all these three samples, the EL spectra

used for QE (E) determination are illustrated in Fig B6.1 in Appendix B6.

Fig 5. 9 a illustrates that within a specific energy range, the rescaled QEEL(E) values show
excellent agreement with the direct measurements, confirming the validity of the
reconstruction approach. In the subsequent steps, all Voc losses are calculated using the full

reliable range of QE (E) spectra reported in Fig 5. 9 a.
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Fig 5.9 a)The QE (E) spectra for F-BGG, G-NG, and H-NG solar cells, obtained by combining direct
QE(E) and EL measurements. b) The first derivative of the QE%" (E) spectrum for each sample is
shown with its corresponding Gaussian fit. The reported g is the average value extracted from
multiple Gaussian fits using different fitting ranges, and errors represent the standard deviation.

Here, similarly to the optical approach, a Gaussian fit is employed to the derivative of the
QE (E) spectra to extract the mean band gap energy (E_g) and the corresponding broadening
parameter (g ). In Fig 5. 9 b, the first derivative of the directly measured QE 4T (E) spectra
is used for this purpose. Notably, unlike the optical measurements, both the QE*"(E) and
QEEL(E) can be used here. In Fig B6.4 in Appendix B6, an example for the F-BGG
demonstrates that the derivatives of these two QE(E) spectra exhibit similar broadening

values, indicating that both EL and direct measurements can be utilized to assess the QE (E)

onset.
The g for these samples along with the E_g values are all summarized in Table 5.4.

As outlined in Section 2.2.1, the QE(E) and A(E) spectra are linked through the charge
collection function. In the low energy range, where the material's absorption coefficient has
small values, this collection function behaves as a constant scaling factor that scales the A(E)
to QE(E) [30]. Therefore, in this region, A(E) has similar profile as QF (E) spectra, and the
broadening of QFE(E) represents the broadening of the absorption edge. In Fig B6.2 in
Appendix B6, as an example for F-BGG sample, it is shown that the PL spectrum of the solar
cell and its EL spectrum have similar shape. Consequently, A(E) and QE (E) show identical

profile in the energy ranges where EL and PL are measured.
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So far, with the knowledge of the accurate QE(E) spectrum in the entire spectral range, and
reference band gap energy, all Voc losses of these samples can be quantified according to

equations in Section 4.1.2.

Same as the optical approach, the first step involves the determination of SQ limit (VOSCQ) using
Eq 2.47. Here also, the reference SQ limit is calculated for the average band gap E_g, which is
determined from Gaussian fit to the first derivative of QE (E). Subsequently, Voc losses are

obtained by considering this E_g as a reference band gap.

Corresponding VOSCQ limit of each sample is presented in Table 5.4. It is important to once again
mention that all the calculations are carried out at the room temperature (here 296 K).

Therefore, in all calculations fixed T =296 K is used.

Table 5.4. Summarizes E , 0o and all Voc losses for F-BGG, G-NG and H-NG solar cells. Here,

the statistical errors due to inhomogeneities in Yz and setup calibration errors are included in both
SViE and V.

Sample opr By Vol SVEE 8VE: VeE Ve Vi

Name (meV) (eV) (mV) (mV) (mV) (mV) (m)) (mV)

2134+ 6545+
F-BGG 49+2 1.140 898.8 258 51 8679
11.0 11.0

282.5+ 6181+
G-NG 32+1 1.159 9164  10.0 5.8  900.6
7.0 7.0

2584+ 489.8+
H-NG 32+1 0994 7628 10.0 4.6 7482
9.0 9.0

In the next stage, calculations are performed based on Eq 4.14 and Eq 4.15 to quantify the

SVSE and 5V}44, respectively.
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The §V;5¢ here is analogous to the §Au%®™, and it arises primarily due to the reduction of the
Jsc value with respect to the SQ limit. Part of this reduction can result from incomplete light
absorption or parasitic absorption in window, which decreases the photogenerated charge
carrier density. Moreover, charge collection losses can also have further contribution to this

loss.

The 6V534, on the other hand, is caused by the broadening of the QE(E) edge. Therefore,

samples with larger g values are expected to show higher § vpad.

In Table 5.4, it can be observed that the V55 have values around 5 mV for all samples. Same
as §AuSe™ (in Section 5.1.1), this loss mechanism has almost negligible contribution to the

overall Voc losses compared to non-radiative loss component.

On the other hand, the §V2%¢ lies within the range of 10 mV to 26 mV. The G-NG and H-NG
samples, which have uniform band gap profile and identical o, values, both show a § V5aa of
10 mV. However, the F-BGG sample, which has Ga gradient and exhibits around 20 meV

rad

larger o, shows approximately 16 mV higher §V;¢“ compared to the two other samples.

Furthermore, to determine the final V;,, values, the last and most important loss mechanism—
non-radiative Voc losses (6V/¢)—are quantified using absolute EL measurements. For this
purpose, under an injected current density of Js¢ (corresponding to one-sun current density),
the Yz of each sample is obtained according to Eq 4.17. Subsequently, using Eq 4.16, the non-

radiative losses (8Vg¢ ) are quantified.

For all performed calculations in Section 4.1.2, the one sun spectral emission was used (See
Fig 2. 2). This emission leads to one-sun Jsc in the device. Therefore, same as the PL
measurements in Section 5.1.1, it is crucial here to determine Yz, under injection current
density equal to one-sun Jsc. As demonstrated in Appendix B7, Yz varies with increasing

rad

injected current density. Therefore, using Jsc injected current is crucial for accurate §Vj¢

quantification.

In Table 5.4, the average 6V value for each sample is reported, along with the errors arising

due to inhomogeneities in Yzz and setup calibration uncertainties.
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For these samples, additional absolute PL measurements were also conducted to determine
(6Au™). Notably, it was observed that §Au™" values for samples covered with CdS and
nr

CdS/Window have a reasonable agreement with the EL extracted §V)¢, with differences falling

within the error bars. These measurements are provided in Appendix BS.

In Table 5.4 and Appendix B8, one notable observation is that, unlike the samples on SLG, the
ungraded absorbers exhibit significantly higher non-radiative losses compared to the graded
F-BGG sample, with differences reaching up to ~70 eV. This is because, in contrast to the SLG
substrate, the Mo/CIGSe interface shows higher recombination activity than the SLG/CIGSe
interface [106, 108]. Therefore, incorporating a Ga gradient is essential to suppress the back-
interface recombination velocity. The presence of Ga gradient near the rear side drives the
minority carriers (electrons) away from the back contact, reducing back-surface recombination
and consequently lowering §V/'% . More details regarding the effect of Ga gradient on back

surface recombination has already been provided in Section 2.5.2 and references [3, 100].

Furthermore, at this stage by having the VOSCQ and respective Voc losses, the final V;;, values can

be obtained by adding up these losses separately for each sample. The extracted V;,, for each

sample is also presented in Table 5.4.

In Fig 5. 10, the extracted V;, values are compared to the applied bias voltages (V};) and
measured Voc of devices. The numerical values for all three parameters are summarized in

Table B7.1 in Appendix B7.
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Fig 5. 10. Illustrates the comparison between Vy; , V;,, and measure Voc values for F-BGG, G-NG and
H-NG samples. V;,, here is extracted from generalized detailed balance model (Eq 4.16). The
measurements were carries out from different cells and average value for each parameter is presented
here. For numerical values and error bars see Table B7.1 in Appendix B7.

It can be observed that V}; has 10-20 meV larger values than V;,,, and V;,, exceeds the Voc by
approximately 5-10 meV. However, it is important to mention that comparing these three
parameters is not straightforward. In an ideal scenario for solar cells, where the light J-V curve
has the same shape as the dark J-V, but is simply shifted downward by the short-circuit current
density (Jsc) (see Eq 2.34 and its related discussions), and assuming there are no transport and

interface losses, Vy;, Vi, and Voc would all have the same values.

However, in reality, the situation is more complicated. the EL analysis is performed under dark
condition, in this condition, the applied bias voltage V}; has higher values than V;,,. This is

because charge transport losses and interface recombination can reduce V;,, below Vj;.

Furthermore, in thin film solar cells, such as CIGSe devices, the illuminated and dark J-V
characteristics exhibit different diode behavior. In such cases, the light J-V cannot be simply

represented as a shifted version of the dark J-V [3].

In Appendix B7, I show that light and dark J-V curves can crossover. Therefore, V;,, cannot
be directly compared to Voc and understanding the correlation between V;;,, and Voc needs

detailed knowledge regarding the differences in dark and light diode curves for each solar cell.

Overall, to summarize Voc loss analysis for these three samples, it can be observed that the
dominant Voc loss mechanism in the CIGSe solar cells remains non-radiative loss component
(8V'5). This loss mechanism can be partly suppressed using a Ga gradient. However, it is also
well established that using heavy alkali PDT can further reduce this loss mechanism by
passivating interface and bulk recombination centers, as well as by increasing the net doping
level of absorbers [22, 65, 129, 130, 189]. In Chapter 6, the reduction in non-radiative losses

with heavy alkali incorporation will be discussed in more detail.

The §V52? is the second contributor to the Voc losses, with values around 10 mV for non-
graded samples and around 26 mV for the Ga graded F-BGG sample. Similar to the samples
deposited on SLG, the graded sample here also show larger broadening, and therefore

additional §V};&? compared to the non-graded samples (see Table 5.4 and Table 5.2 for
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comparison). In the upcoming Section 5.3, the effect of gradient on the broadening will be

explored extensively.

Finally, the §V;5¢ loss remains small in all cases, around 5 mV. However, its numerical value

5AHGen

is approximately 1 mV higher compared to the of absorbers deposited on SLG (see

Table 5.4 and Table 5.2 ). To further minimize this loss mechanism, both absorption and
collection losses should be mitigated. The absorption loss can be reduced by using an anti-
reflection coating, while the charge collection losses can be mitigated by improving the
collection function. This can be achieved by having a material with significantly long diffusion
length or by enhancing junction properties, such as extending the space charge region width,

which can improve the drift component of charge collection [3, 190].

5.3 Why do graded samples show larger broadening?

So far, initial observations from the experimental results indicate that samples with a Ga
gradient exhibit a larger broadening at the absorption edge compared to those without a
rad

gradient. This increased broadening leads to additional radiative losses (i.e., higher §V;&“ and

5A‘urad).

However, as discussed earlier in Chapter 4 and references [41, 167, 173], broadening can be
influenced by multiple other factors, including tail states, lateral band gap inhomogeneities,

and non-stoichiometric composition.

In this section, more detailed discussions regarding the origin of this broadening will be

provided.

First, to investigate the microscopic origins of the broadening, high-resolution
cathodoluminescence (CL) measurements will be shown for samples deposited on Mo.
Subsequently, a detailed analysis will be presented on 19 samples from our laboratory —both
with and without a Ga gradient—to assess the impact of tail states, CGI, GGI, and presence of

a Ga gradient on broadening of the absorption edge.

Finally, at the end of this section, a literature study and meta-analysis of published reports on

graded and non-graded CIGSe samples will be presented. In this section, the broadening
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observed in the CIGSe samples will also be compared with the broadening values of other

photovoltaic technologies.

5.3.1 Microscopic Origin of broadening

To gain a deeper understanding regarding the origins of the A(E)/QE(E) broadening, our
colleagues from Cambridge University have conducted high-spatial-resolution
cathodoluminescence (CL) measurements on F-BGG, G-NG, and H-NG samples (see Table
53).

In the previous section, it was shown that the F-BGG sample, which has a Ga gradient, exhibits

rad

a 20 meV larger opr and 16 mV additional higher §V¢“ compared to the two other non-graded

samples (see again Table 5.3 ).

The CL measurements were carried out on bare absorbers (without buffer and window layer),
and these measurements were performed on both the planar surface and on the cross-section

of the samples. Details of the CL measurements can be found in Section 3.10.

It is important to highlight that the CL peak position offers useful insights about the near-band-
edge recombination process. Consequently, monitoring the CL peak emission map can reveal
valuable information regarding the degree of lateral bandgap fluctuations and depth-dependent

variations in the bandgap.

Fig S. 11 a presents the panchromatic cross-section images of the F-BGG sample. It can be
observed that this image is slightly bended. This bending results from charging-induced drift
effects occurring during the CL measurements. Corresponding SEM images for these

measurements are provided in Appendix B9.

In any case, to track changes in CL emission, a line scan was conducted through the absorber's
depth. The evolution of the normalized CL emission spectrum along the scan is shown in Fig
5. 11 b. The same spectral evolution is presented in Fig 5. 11 ¢ as a heat map, which also
highlights changes in CL intensity along the line scan. Similar measurements were conducted
on the other two samples, with the results presented in the Appendix B9. The SEM

measurements of all these samples are also summarized in Appendix B9.
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It can be observed that in the F-BGG sample, which has a Ga gradient, the CL peak emission
exhibits a continuous blue shift from the surface to the back contact (Fig 5. 11 a and ¢). In
contrast, for other two samples, a constant emission peak position is observed through the

depth (see Appendix B9).

These observations align perfectly with the performed SIMS analyses. The SIMS profiles of
samples F-BGG and G-NG are presented in Appendix B1. The SIMS analyses confirm that in
the F-BGG sample, the Ga concentration steadily increases toward the Mo back contact,
whereas in the G-NG sample, the Ga distribution remains uniform throughout its thickness.
Consequently, it is expected that the F-BGG sample would exhibit continuous increase in the
band gap toward the back contact, while the G-NG sample would maintain a constant bandgap
across its depth. More details regarding the effect of Ga concentration on band gap energy can

be found in Section 2.5.1.
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Fig 5. 11 a) Panchromatic cross section CL intensity image of the F-BGG sample, the white arrow
indicates the line scan area. b) Illustrates the change in the PL emission spectra in the direction of this
line scan. ¢) Heatmap showing the shift of CL maximum emission towards higher energies in the
direction of the line scan. d) ,e) and f) Showing the maximum CL emission energy on each point at
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the surface of samples F-BGG, G-NG and H-NG samples respectively. The parameter o¢; indicates
the standard deviation of the distribution of peak energies. These measurements were provided by
Yucheng Hu from Cambridge University.

For the H-NG sample, SIMS measurements were not performed. This sample contains no Ga

and it is pure CISe absorber; therefore, no compositional gradient is possible for this absorber.

Cross-sectional CL analysis combined with SIMS measurements indicate that in the F-BGG
sample, which exhibits a bandgap gradient, the minimum bandgap is located in a narrow region
near the surface of the absorber. Once again, it is important to emphasize that the absorption
onset is determined from this minimum bandgap region (i.e., notch). As discussed in Section
4.2.3, and illustrated in published works by Carron et al. [176], a reduction in the thickness of

this notch region would lead to increased broadening in the absorption onset.

On the other hand, in the two other samples, the minimum bandgap region extends throughout
the entire thickness of the absorber, resulting in an effective absorption thickness that spans to

the full depth of the material.

To evaluate the degree of lateral band gap inhomogeneities, and to further investigate the origin
of this enhanced absorption edge broadening, planar CL mapping measurements were

conducted on these three samples.

Fig 5. 11 d-f presents the planar CL maps of the F-BGG, G-NG, and H-NG samples. These
maps display the energy of the maximum CL emission peak at each point. Additionally, a
standard deviation parameter (o) is defined here for each sample; this parameter represents
the width of the distribution of CL peaks. This g, parameter is also shown for each CL map
in Fig 5. 11 d-f. Furthermore, for all these samples panchromatic CL surface map and SEM

images are illustrated in Appendix B9.

This standard deviation parameter provides important information on both grain-to-grain
bandgap inhomogeneities, as well as bandgap variations within individual grains. Thus, it offer

useful insights regarding the lateral bandgap inhomogeneities across these samples.

In Fig 5. 11 d-f, it can be observed that the H-NG sample, which is pure CISe, exhibits the
smallest g, values, which stems mostly from a lower emission energies near the grain

boundary region.
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Furthermore, introducing Ga into the material in the G-NG sample, slightly increases the o,
parameter. This observation is expected, as Ga and In alloy disorder can enhance bandgap
inhomogeneities. Moreover, the F-BGG sample, which has a graded Ga profile, exhibits
significantly higher o;; compared to the two other non-graded absorbers—nearly twice the
ocy, value of the G-NG sample. This suggests that the F-BGG sample experiences stronger

lateral bandgap inhomogeneities compared to the ungraded samples.

In Section 4.2.1, using Gaussian distribution model for band gaps, it was shown that stronger
lateral bandgap fluctuations can enhance the absorption edge broadening. Based on these CL
measurements, it can be concluded that this enhanced broadening in the F-BGG sample is at

least partially due to the enhanced degree of lateral bandgap inhomogeneities.

However, it is important to note that this observation cannot be applied universally to all graded
CIGSe absorber, as only three samples have been studied here. To confirm with certainty that
graded samples exhibit a stronger degree of lateral bandgap fluctuations, a broader statistical

analysis must be performed with more samples.

Overall, these observations help partially explain why graded samples exhibit larger ggg /0,
values compared to the ungraded samples. First, in the graded samples, the effective absorption
thickness is confined to the small notch thickness (see also Section 2.5.2). Additionally, there
are indications that the graded samples suffer from a higher degree of lateral band gap

inhomogeneity, which may further contribute to the softening of the absorption edge.

However, more samples are required to fully explain the observed broadening of the
QE(E)/A(E) spectrum in the graded samples. Further analysis in upcoming Section 5.3.2 on
graded and non-graded absorbers are performed to find dominant contribution to the

A(E)/QE(E) broadening.

5.3.2 Analytical study and Meta-analysis of graded and non-graded
absorbers

So far, a comprehensive analysis with combination of PL, EL, direct QE(E), and
photospectrometric measurements has shown that samples with a bandgap gradient exhibit
enhanced broadening of the absorption edge and increased radiative losses in both Ay and Voc.

Additionally, SIMS measurements, together with cross-sectional CL mapping, have
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demonstrated that in the graded samples, the effective absorption thickness (i.e notch region)
is limited to a narrow thickness within the absorber (see Fig 5. 11 b and Appendix B1 and
Appendix BS).

Furthermore, planar CL maps in Fig 5. 11 d-f suggest that graded samples may also exhibit a

higher degree of lateral bandgap inhomogeneities along the absorber surface

However, determining whether the dominant factor contributing to A(E)/QE (E) broadening
is the bandgap gradient itself still requires further investigation. In this section, the effects of
deviations in CGI and GGI, Urbach tails, and presence of the gradient is investigated for these

samples.

To identify the key factors responsible for absorption edge broadening in our CIGSe absorbers,
an analytical analysis is first conducted on 19 samples from different processes (including

samples investigated in Section 5.1 and 5.2).

Fig 5. 12 presents the broadening parameters opg/g, for CIGSe samples with different CGI,
GGI, and Urbach energies, including both for graded and non-graded CIGSe absorbers. These
samples were prepared either on Mo or SLG substrates, and broadening parameter of them are

either extracted from A(E) or QE (E) spectra.

In Appendix B6, it is illustrated that in the energy ranges where the broadening of
QE(E)/A(E) is extracted, both QE (E) and A(E) spectra show identical shape (see Fig B6.2 in
Appendix B6). Consequently, similar broadening is expected for both spectra. Therefore, the

0ok and g are not distinct in this context and are used interchangeably to compare all samples.

Furthermore, to see the potential contribution of the Urbach tails to the A(E)/QE(E)
broadening, the Urbach energy for each sample is extracted from separate EL or PL

measurements.
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Fig 5. 12 Illustrates the effect of a) CGI, b) GGI, and ¢) Urbach tails on the oz/g4 for 19 samples
from different processes.

It was shown in Eq 2.13 and Eq 2.39, that both A(E) and QE(E) spectra are related to o(E)
via Beer-Lambert’s law. Consequently, (E) can be extracted using the measured A(E) and
QE (E) spectra. Subsequently, the Eu can be quantified from the exponential decay of the o(E)
below the band gap energy.

As an example, the Urbach energy extraction for F-BGG sample is presented in Fig B6.3 in the
Appendix B6.

All the analyzed samples in Fig 5. 12 have a Cu-poor composition (i.e., CGI < 1), with the
GGI values varying between 0 to 0.35.
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Fig 5. 12 a and b illustrate the broadening parameter of investigated CIGSe absorbers with
different Cu and Ga concentration. It can be seen that there is no evident correlation between

variations in CGI and GGI and an increase in the broadening parameters.

A similar trend is seen for Urbach tails, where larger Urbach energies do not necessarily

correspond to a larger broadening parameter (Fig 5. 12 ¢).

However, in all three figures, a clear boundary can be identified that separates the graded and
non-graded samples. Absorbers with a Ga gradient consistently exhibit a larger degree of

broadening parameter compared to non-graded samples, with gyg/0, values larger than 35

meV are exclusively observed in samples with graded band gap profile.

These observations suggest that, within this set of samples, the main factor responsible for the
enhanced broadening in the A(E)/QE (E) edge is the presence of the Ga gradient across the

absorber thickness.

Furthermore, to determine if this observation is specific to my samples or represents a general
trend, a meta-analysis was performed using published A(E)/QE(E) data from CIGSe and

other photovoltaic technologies.

This meta-analysis data was either directly obtained from the reported oyg/0, values in the
published works, or extracted through digitization of QE(E)/A(E) profiles when the
broadening values was not explicitly provided. This approach enabled to evaluate the

A(E)/QE(E) broadening of each reported solar cell.
For the meta-analysis, three different categories of CIGSe samples were examined:

1. Non-graded (NG) samples, which have a constant band gap throughout their
thickness.

2. Band gap graded (BGG) absorbers, which exhibit significant variations in the band
gap across their depth.

3. Hockey stick band gap (HSG) samples, which maintain a uniform band gap
throughout their depth but show a sharp increase in band gap near the Mo back contact.

The details of these band gap profiles have already been discussed in Section 2.5.2, and a

schematic representation of the profiles is illustrated in Fig 2. 11.

159



Notably, the Hockey stick band gap (HSG) profile has gained popularity in recent years for
back surface/interface passivation [11, 168]. At the time of writing this thesis, the highest-
efficiency CIGSe cell, with 23.6 % power conversion efficiency, was fabricated using this HSG

band gap profile [11].

Fig 5. 13 compares the published CIGSe gyg/0, values. Additionally, the CIGSe samples were
also compared to other inorganic photovoltaic technologies, including wafer based Si
technology and thin film GaAs, Cu(Zn,Sn)S4 (CZTS), and Cd(Se,Te) absorbers. It is important
to note that the broadening parameters were extracted from samples demonstrating very good

performance in each technology.
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Fig 5. 13 Presents the meta-analysis of published data for comparing the (og/0,) of different

photovoltaic technologies. This meta-analysis includes GaAs [191], Cd(Se,Te) [192], Si [193], Cu

(Zn,Sn)S4 CZTS [194], CIGSe samples with hockey-stick gradient (HSG) band gap profile [11, 71,

108, 168], CIGSe absorbers with non-graded (NG) band gap profile [6, 108], and CIGSe absorbers
featuring a band gap graded (BGG) profile [46, 77, 107, 132, 168].

In Fig 5. 13, it can be seen that NG and HSG absorbers show a smaller broadening parameter
compared to the BGG absorbers. This difference can be attributed to the distribution of the

minimum band gap within the absorber.
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In NG and HSG samples, the minimum band gap position spans significantly through the
absorber's depth —sometimes extending 1 to 2 micrometers in the depth [11]. In contrast, in
BGG absorbers the minimum band gap region is limited to a much thinner thickness within

the absorber.

This observation once again confirms that the softening of the A(E)/QE (E) edge is strongly
related to the steepness of the band gap gradient profile. Particularly, a smaller thickness of the

notch width leads to a larger broadening.

This observation aligns well with my own analysis (see Fig 5. 12), where BGG samples were

found to have higher gyg/0, values than NG samples.

Additionally, at the end, I would like to compare the CIGSe technology to other inorganic
photovoltaic technologies. In Fig 5. 13, the oyg/g, of a GaAs, Si, CdTe and CZTSe absorbers

are also illustrated.

Among all presented ag/0, values, the GaAs absorber exhibits the sharpest absorption onset,

with a broadening values near 11 meV. This value is around 6 meV lower than the smallest

broadening observed in CIGSe samples.

CdTe absorbers, on the other hand, show a broadening of approximately 28 meV, which is
comparable to the average values of gyg/g4 observed in NG and HSG CIGSe samples. In
contrast, BGG CIGSe samples display broadening similar to those of silicon (Si) technology.
However, it is important to note that silicon is an indirect semiconductor, where significant
broadening is expected due to its absorption coefficient properties. Compared to the direct
semiconductor, in indirect semiconductors, the absorption coefficient increases more gradually
at the absorption onset. As a result, broader absorption edges are typically observed in indirect

semiconductors.

The highest broadening value is observed in CZTS absorbers, reaching up to 110 meV. It was
previously reported that Kieserite CZTSSe absorbers show stronger broadening compared to
the other photovoltaic technologies [195]. This enhanced broadening can be attributed to
severe band gap inhomogeneities and a high density of tail states [67, 195].
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Overall, the meta-analysis results, combined with my own observations, once again indicate
that the primary contributor to the broadening of QE (E)/A(E) spectra in CIGSe absorbers is

the presence of a compositional gradient.

5.4 Summary and conclusion of Chapter 5

In this chapter, the generalized detailed balance model was employed to experimentally
quantify the Voc and Au losses in CIGSe samples. In Section 5.1.1, the Ay losses for absorbers
deposited on SLG were calculated using optical measurements, where A(E) and PL emission
spectra were used to assess the Ay and its associated losses. In this section, it was found that
samples with the presence of Ga gradient show slightly larger broadening in the absorption

edge and additional radiative losses compared to the samples with non-graded Ga distribution.

Subsequently, in Section 5.1.2, alternative method bases on linear fit to Planck’s generalized
law was used to determine the Au values (see Eq 5.3). Notably, the extracted Au using this
linear fit method aligns excellently with ones calculated from detailed balance model (i.e., loss
analysis). This observation indicates that loss analysis is complete and aligns with previously

established approaches for Ay extraction.

Additionally, In Section 5.2, Generalized detailed balance analysis was extended to solar cells,
where optoelectrical characterization methods were used to investigate the Voclosses in CIGSe

devices.

Similar to absorber materials, solar cells with graded Ga profile illustrate larger absorption

edge broadening and higher radiative losses compared to non-graded ones.

Overall, both analysis on solar cells and on absorbers indicate that presence of Ga

compositional gradient can enhance the radiative losses by 5 meV to 16 meV.

To further explore the origins of this enhanced broadening in the graded absorbers, in Section

5.3 a combination of microscopic, analytical, and meta-analysis studies were conducted.

cathodoluminescence (CL) analysis along with the SIMS measurements, confirmed that in the
graded samples, the region of the minimum bandgap (i.e., notch) is confined to a small
thickness. Previously, in Section 2.5.2 and 4.2.3, it was shown that this narrow notch region
can increase the broadening of A(E)/QE (E).
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Moreover, CL surface mapping indicated that graded absorbers might also experience a higher
degree of lateral band gap inhomogeneities compared to ungraded ones, which could further

contribute to the broadening.

Furthermore, both analytical studies conducted on in-house samples and a meta-analysis of
published data strongly suggest that the enhanced broadening of the absorption edge in CIGSe
samples is mainly due to the presence of a bandgap gradient. These findings suggests that, to

mitigate radiative losses, it is crucial to prepare samples with a uniform bandgap profile.

However, in the absence of Ga gradient, back surface recombination must be effectively
suppressed to prevent performance degradation due to increased recombination at the
Mo/CIGSe interface. Effective passivation strategies, such as using a hockey-stick gradient
(HSG) profile near the Mo back contact [11, 24, 100, 106] or using a selective hole transport
contact [100, 108, 109], can significantly mitigate the back surface recombination and thereby

enhance the efficiency and performance of next-generation CIGSe solar cells.
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6 Grain boundaries and Urbach tails in CIGSe
absorbers

So far, in Chapter 4, the contribution of Urbach tails to the broadening of A(E) and radiative
losses were quantified. It was shown that Urbach tails increase both absorption edge
broadening and radiative losses, which in turn leads to drop in the final Ay and Voc values (see
Fig 4. 4 and Fig 4. 5). Additionally, previous reports have indicated that Urbach tails also
enhance non-radiative recombination via SRH recombination processes, further contributing

to the Voc and overall efficiency losses [33].

The concept of Urbach tails has already been covered in Section 2.3. It was mentioned that
both structural disorders and thermal vibrations can introduce a density of states (DOS) into
the band gap. Moreover, some structural defects can become charged. These charged defects
can interact electrostatically through Coulombic forces, causing fluctuations in both
conduction band and valance band edges, this effect can have additional contribution to the

Urbach tails [34].

Furthermore, in Section 2.5.3, the effect of alkalis on the tail states of CIGSe absorbers have
been discussed. It is widely known that alkali ions can suppress Urbach tails in the CIGSe
absorbers [18, 33, 34, 65, 117]. Some studies attribute this effect to the passivation and
neutralization of charged defects at the grain boundary (GB) regions [65], a hypothesis
supported by some published KPFM measurements that showed a substantial reduction in the
band bending across the GBs upon alkali ions incorporation [65, 127]. However, KPFM results
remain somehow controversial. Most studies have used amplitude modulation (AM) mode of
KPFM for CIGSe GBs investigation [65, 127, 152-154]. As discussed earlier in Section 3.8
and references [133, 134], employing AM-mode for rough, polycrystalline surfaces can be
significantly affected by surface morphology and geometrical features, leading to experimental
errors, artifacts and distortions in the measured band bending values [133, 134]. Consequently,
using AM-mode for GB analysis on rough surfaces can possibly result in the misinterpretation
of KPFM measurements. Therefore, for more reliable data extraction, it is recommended to
use the frequency modulation (FM) mode of the KPFM measurements for the band bending
analysis. Unlike the AM-mode, the FM mode is less affected by topographical features [133].
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Moreover, the most recent studies on the single-crystalline CIGSe absorbers—with no GBs —
have also shown that both light alkali (Na) and heavier ones (K) can effectively suppress the
tail states and reduce the Urbach energies (Ev) [34].

All these observations collectively suggest that GBs in CIGSe absorbers need further

investigations to see if there are any relationship between GB band bending and Urbach tails.

This chapter investigates the potential contribution of GBs to the formation of tail states, and

explores the origin of these tails in the CIGSe absorbers.

In this chapter, CIGSe absorbers without alkali elements, with sodium (Na), and with both
sodium and rubidium (Na + Rb) are investigated. The Urbach energies of these samples are
quantified through PL analysis. Additionally, my colleague Muhammad Uzair Farooq, from
the Scanning Probe Microscopy (SPM) laboratory, analyzed the potential barriers (band
bending) at the GBs of these absorbers using more reliable frequency modulation (FM) mode
of the KPFM measurements. The details of KPFM measurements has been briefly explained
in Section 3.8. Additional information regarding these measurements can be found in refences

[133, 134].

It is important to note that the presented results in this chapter have already been published as
an open-access paper with CC BY 4.0 license [132]. With some small modifications, all the
graphs, tables and results in the main text and in the appendixes are taken from this published

paper. The following discussions follow more or less this published paper structure.

6.1 Investigated samples, Au and device performance

In this chapter, five different samples are studied. These samples were prepared at PVcomB
HZB. As previously mentioned in Section 3.1.2, the growth processes were optimized to obtain

a smooth surface morphology, which is crucial for an accurate KPFM characterization.

The investigated samples include alkali-free absorbers, absorbers with Na alone, and absorbers
containing both Na and Rb (Na+Rb). Table 6.1 provides an overview of the main
characteristics of these samples. The investigated samples are classified into two series, A and
B series, each label corresponding to a different growth recipe. The A1 sample, that contains

no alkali elements, was grown on a substrate with Na barrier layer (SLG/Na-barrier/Mo
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substrates). Although it was prepared using the same deposition recipe as A2 and A3, the
composition of this sample, particularly the GGI, is slightly higher from the other two. This
difference is likely due to the presence of the Na-blocking layer and/or the absence of Na
during growth, which might have influence on the final composition. On the other hand, For
Na-containing absorbers, the Mo-coated soda-lime glass (SLG) was used as a substrate, thus,
the Na introduction into these absorbers is through diffusion from SLG during the growth
process. Additionally, for samples containing Rb, the Rb was introduced through RbF-PDT
using two different approaches: ex-situ and in-situ methods. The A2 absorbers received an in-
situ RbF PDT, whereas the B2 sample underwent an ex-situ RbF PDT. More details regarding
the growth and PDT processes has already been explained in the Section 3.1.2 of this thesis.

cu
Ga+In

Ga
Ga+in

Table 6.1 also shows the (

) CGI and (

) GGI values of all investigated absorbers.

The CGI and GGI of these samples were determined using EXD measurements with
acceleration voltage of 20k V. It is important to note that prior to the EDX analysis, all samples
underwent ammonia cleaning procedure to remove possible oxides [151] and RbF traces from

the surface (see Appendix C1).

Table 6.1 shows that all absorbers exhibit a Cu-poor composition, with CGI ratio below unity.
The GGI ratio for samples containing Na is around 0.2-0.23. However, the A1 sample, grown
on a substrate with a Na-barrier (i.e, with no alkali), shows slightly higher GGI ratio compared
to four other absorbers. The GGI ratio of A1 sample is around 0.28.

Table 6.1 Illustrates the samples names, presence of alkali, PDT process methods, CGI and GGI
values determined from EDX measurements. Adapted from Ghrabeiki et al [132].

Sample

Series Alkali PDT cGl adaI
Name

Al None No 0.95 028

A A2 Na No 0.97 021

A3 Na+Rb  RbFin-situ 0.98 0.20

2 Bl Na No 0.97 0.23

B2 Na+Rb  RbF ex-situ 0.96 0.22
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To evaluate the Au of each sample, absolute PL measurements under 1 sun incident laser flux
were conducted. It is important to mention that all measurements are performed on CdS
covered absorbers. The CdS layer is required to protect the sample surface from surface

oxidation.

Fig 6. 1 a illustrates the absolute PL spectrum of sample A3, and in Fig 6. 1 b, the
corresponding transformed PL spectrum according to modified Planck’s Generalized law
(Eq 5.3) is illustrated. Here, assumption of A(E) = 1 was used to transform the PL spectrum

according to Eq 5.3.

At first glance, it can be seen that the PL spectrum shows distinct peaks. It is important to note
that these peaks are not associated with any defect luminescence; rather, they stem from thin-
film interference effects. The presence of interference peaks can be confirmed by performing
a rotation test during PL measurements: as the laser hits the sample at different angles, the

interference peaks are displaced to different energy positions [196].

Similar interference effects have been reported in previous studies for thin film absorbers [77,
196-198]. Later in Fig 6. 6, it will be demonstrated that these interference fringes can be

effectively suppressed by depositing Polystyrene (PS) spheres on the top surface of the

absorbers.
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Fig 6. 1 a) The absolute PL emission spectrum of sample A3 containing both Na and Rb. b)
Transformed PL emission spectrum using Eq 5.3, The Au here is quantified through the linear fit to
high energy slope of this modified PL spectrum. Fixed temperature T= 296 K is considered for the Ap
determination. Adapted from Ghrabeiki et al [132].
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In Fig 6. 1 b, the Au extraction of A3 sample from a linear fit to Planck's generalized law is
illustrated. Here, the Ay is determined using linear fit at fixed temperature of 296 K to high
energy flank of transformed PL spectrum (according to Eq 5.3) under assumption of A(E) =

1. More details regarding the Au extraction has already been explained in Section 5.1.2.

For these samples the reflectance measurements indicate that in the ranges where linear fit is
performed, the CdS covered absorbers show a reflectance of around 17% (See Appendix C2),
the influence of surface reflection and absorption losses on the Ay has been discussed
extensively in Section 5.1.2. It is obvious that these reflection effect push the A(E) below
unity. For 17% reflection, it can be expected that linear fit method, under A(E) = 1
assumption, will cause ~ 5 meV underestimation in the final extracted Au values (see Section

5.1.2 for more details).

Similarly, absolute PL measurements were carried out on four other samples as well. Fig 6. 2

presents the Ay and Yrr values for all investigated absorbers.
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Fig 6. 2 Presenting a) Au values and b) Yp;, for both A-series and B-series samples (see Table 6.1).
Measurements were performed from different points on the absorbers, the average Ay and Ypy is
presented here. The error bars for Yp; is representing standard deviation due to inhomogenieties. For
Ap the errors arise from inhomogeneities in the sample and PL calibration errors.

In Fig 6. 2, it can be observed that the A1 sample, which contains no alkali elements, exhibits

the lowest Au and Ypz values. With the introduction of Na into the absorber, both Ay and Yrr
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increase. Furthermore, with the addition of Rb into the Na-containing absorbers, a further
increase in both parameters is observed across each distinct series. This observed improvement
in both Ay and Yr. with the introduction of Na and heavy alkali (here Rb) is completely in
agreement with previous reports [33, 34, 65, 77, 111, 199]. The improvement of Yrz indicates
that alkali elements primarily mitigate the non-radiative losses in the CIGSe absorbers (see

Eq 4.10).

In Section 2.5.3, it was mentioned that alkali ions can contribute to the enhancement of Ay
through two different mechanisms: The first mechanism is passivation of SRH non-radiative
losses (i.e increase in the carrier lifetime), and the second mechanism is increase in the net

carrier concentration.

Notably, in my case, these samples show improvements in both doping concentration and
lifetime. More details regarding the lifetime measurements and extraction of doping

concentration is provided in upcoming Section 6.2.
Furthermore, all absorbers are completed into solar cells. In Table 6.2, photovoltaic parameters

for the device with highest efficiency on each sample are summarized.

Table 6.2. Device parameters corresponding to the highest-efficiency solar cell for each absorber.

Adapted from Ghrabeiki et al [132].

Sample % J FF  PCE
Series P Alkali PDT (m"lﬁ) n e )
Al None No 526 34 66.4 11.8

A A2 Na No 621 359 736 164
A3 NatRb  RbFinsitu 673 361 774 188

. Bl Na No 587 346 717 145

B2* Na+Rb  RbF ex-situ ~ ---—- - e e

* sample B2 is shunted

Fig 6. 3 presents the J-V measurements of the solar cell with the highest power conversion
efficiency in the A series absorbers. Moreover, statistical distribution of photovoltaic
parameters for all fabricated solar cells from the A series absorbers are all illustrated in Fig 6.

4. Additionally, numerical values of these parameters are summarized in Appendix C3 .
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Fig 6. 3 Champion solar cell performance. the J-V curve of the highest-efficiency device on A series
absorbers. Device parameters are presented in Table 6.2. Adapted from Ghrabeiki et al [132].
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Fig 6. 4 a) compares all the measured Voc with the extracted Au. b), ¢), and d) present the
distributions of Jsc, FF, and power conversion efficiency, respectively. Error bars indicate the standard
deviation across all measured devices. Adapted from Ghrabeiki et al [132].

Additionally, the J-V measurement of B1 sample is also provided in Appendix C3 .
Unfortunately, devices fabricated from the B2 absorber, which received ex-situ RbF-PDT,
resulted in shunted solar cells. Therefore, the device parameters for this particular sample are

not presented.

In Fig 6. 4 a, the extracted Ay and gVoc distributions of A-series devices are presented. It can
be observed that measured gV oc values follow a similar trend to the Au values. However, their
average values remain around 10 meV to 5 meV lower than Au. As explained earlier in Section
2.2.1, this discrepancy between two quantities is possibly associated with the non-radiative

recombination losses at the surface and interface regions, or to the presence of transport losses.

Once again it is worth mentioning that the Ay translates to the upper limit of the Voc. In the
ideal scenario, where the surface and interface recombination is effectively mitigated, and also
charge transport losses are minimal, the gVoc would be equal to Au. However, in the presence
of the interfacial non-radiative recombination, and additional transport losses, the gVoc falls
below the Au limit. Further details regarding the effect of interface recombination and transport
losses on the Voc have already been explained in Sections 2.2.1 and 5.2. Additional

information regarding these losses can be found in references [29, 53-55, 200].

In Fig 6. 4 b, it can be seen that FF values also show improvement with the introduction of
alkali ions into the material. This improvement can be explained with the improvements in
Voc. Eq 2.47 indicates that the FF is directly linked to the Voc, and enhancements in Voc

would result in a higher FF values for solar cells.

Regarding the Jsc, Fig 6. 4 ¢ shows that the A2 and A3 samples show Jsc in the similar range
with average values around 36 mA/cm?. On the other hand, the average Jsc of Al sample is
around 3 mA/cm? lower compared to the A2 and A3. This lower Jsc can be related to the
slightly higher band gap energy of Al sample compared to the two other ones. The band gap

energy of these absorbers will be discussed later in Section 6.2.
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Furthermore, the power conversion efficiencies of A-series solar cells are presented in Fig 6.
4 c. Overall, it can be seen that alkali ions lead to an enhancement in the efficiency of these
solar cells. The highest efficiency of around 18.8% is observed in the A3 sample containing

both Na and Rb.

The observed gain in the efficiency of these CIGSe solar cells is in strong agreement with
previous studies [18, 33, 65, 111], where alkali ions were shown to enhance overall device

performance, primarily due to improvements in Voc.

6.2 Tail states with alkali incorporation

Up to this section, the Ay values for all absorbers has been quantified independently using
absolute PL spectrum. Moreover, the device performances have been presented for both A-
series and B-series absorbers (see Table 6.2 and Fig 6. 4). In this section, the PL analysis is

used to quantify the Urbach energies for these samples.

In Fig 6. 1, it was illustrated that the PL spectra of the CIGSe samples are distorted by thin-
film interference emission peaks. The observed interference peaks appear because of the
smooth surface of these absorbers. The low surface roughness primarily results in specular
reflections of the emitted PL light beams at the interfaces and surfaces. Depending on the phase
difference between the reflected beams, constructive or destructive interferences can occur. A
detailed explanation of the underlying mechanism responsible for these interference fringes is

provided in the PhD thesis of Dr. Max Wolter [77].

In the high energy side of the PL spectrum, where the absorption is high enough, these
interference peaks do not appear. However, in the low energy ranges with small absorption, the
interference peaks distort the sub band gap decay wing of the spectrum. Therefore, for the
Urbach energy measurements it is necessary to effectively correct the PL spectrum and remove

the interference fringes.

To eliminate the interference effect, I used a method previously employed by Dr. Max Wolter
[77]. In this method, before performing PL measurements, the CIGSe absorbers are covered

with polystyrene (PS) microspheres.
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These PS spheres were acquired from Across organics. They are dissolved in ethanol and their
average size is around 1 um. Fig 6. 5 illustrates the deposition process of the PS spheres on
the top of CdS covered absorbers. The deposition process is straightforward: a few drops of
the ethanol solution containing PS spheres are pipetted onto the absorber surface, and within a

few minutes, the droplets dry, leaving the surface covered with white PS beads.

It is very important to note that PL measurements on the PS-covered samples are no longer
absolute, as the exact absorbed laser flux is unknown. However, for Urbach energy extraction,
only the PL spectrum shape is needed. Therefore, even without absolute spectrum, the Ev can

be extracted reliably.

—— Pipette

PS beads

CdS c)

CIGSe

Fig 6. 5 a) Schematic image showing deposition process of PS beads on the top of the absorbers. b)
showing samples without PS beads. ¢) showing samples covered with PS microbeads.

Additionally, it is crucial to mention that an optical lens is used during the Urbach energy
measurements to reduce the laser spot radius from 1.1 mm to 70 um. It will be shown in the
upcoming Section 6.3.3 that using this lens is essential for performing intensity-dependent

measurements.
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Fig 6. 6 a illustrates the transformed PL spectra of A3 sample using modified Planck’s
generalized law (according to Eq 5.3). Both PL spectra with and without the presence of PS
spheres are presented. In this figure, the PL spectrum of the PS-covered samples has been

rescaled to match the absolute PL spectrum of the absorber without PS coating.
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Fig 6. 6 a) Transformed (PL) spectra based on Eq 5.3 and the assumption A(E) = 1, comparing
absorbers with and without polystyrene (PS) spheres. The PL spectrum for the sample with PS
spheres has been scaled to the reference sample without PS. b) Extracted A (E) spectrum from PL
measurements performed on samples coated with PS microspheres. ¢) Corresponding first derivative
of APL(E), along with an applied Gaussian fit. Adapted from Ghrabeiki et al [132].

In Fig 6.6 a, It can be seen that the high energy slope remains unchanged after the PS coating.

On the other hand, in the low energy side, the interference fringes are effectively suppressed.
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The presence of PS spheres artificially increases the surface roughness, this effect reduces the
mirror-like specular reflection and promotes diffusive reflectance. As a result, the emitted PL
beams reflect at various angles from surfaces. Unlike the specular reflectance, the diffusive
reflection prevents formation of the constructive and destructive interferences because the

reflected beams have random phases.

For these samples, additional reflectance measurements were performed (see Appendix C2).
Absorbers with no PS coating show strong interference peaks in the reflectance spectrum. In
contrast, reflectance spectrum on samples covered with PS microspheres show significant
decrease in the amplitude of interference peaks. Moreover, in Fig 6. 6 b, the APL(E) spectrum
for A3 sample was extracted using the PL spectrum of the PS-covered absorber (See Eq 5.1).
Additionally, Fig 6. 6 ¢ shows the first derivative of AP*(E) spectrum. Similar to Fig 5. 1,
here also the average band gap energy (E_g) and broadening of the absorption edge (o,) are

determined using the Gaussian fit approach.

Similar measurements were performed on the four other samples. In Table 6.3 , the average
band gap energy of each absorber along with its corresponding qVOSCQ limit is presented. In the

upcoming discussions, this SQ limit will be used to evaluate the Ay deficit for each sample.

Table 6.3 Presents average band gap energy (E) and qVOSCQ for investigates samples in this chapter.

The SQ limit is calculated using Eq 2.47 with temperature of 296 K. Reproduced from Ghrabeiki et
al [132].

Sample name Eg (eV) qVOSCQ (meV)

Al 1.15 908
A2 1.10 861.3
A3 1.09 851.9
Bl 1.11 870.7
B2 1.11 870.7

It can be observed that sample A1, which contains no alkali elements (i.e., deposited on a
substrate with Na barrier), exhibits approximately 40 meV to 60 meV higher band gap energy

values compared to the other samples. This small increase in the band gap is possibly
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associated with slightly higher Ga concentration of this sample (see also Table 6.1 for

composition).

Furthermore, using Beer—Lambert’s law (Eq 2.13 with R(E) = 0), the absorption coefficient
a(E) for each sample was determined from extracted APL(E) spectrum. Fig 6. 7 a and Fig 6. 7
b present the o(E) for the A and B series absorbers, respectively.

Additionally, the Ev values for each sample were quantified from the exponential decay of
o(E) at the energies well below the band gap (a(E) = exp(£/Ev). All numerical Ev values are

summarized in Fig 6. 7 a and Fig 6. 7 b inset.
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Fig 6. 7 Absorption coefficient a(E) derived from the APL(E) spectrum for a) A-series and b) B-series
absorbers. These figures include examples of linear fits used for £y determination. Various fitting
ranges were employed for Ey extraction, and the average values, along with the errors corresponding
to standard deviations, are provided in each figure inset. Adapted from Ghrabeiki et al [132].

It can be observed that the introduction of the light alkali ion Na can effectively suppress the
Urbach tails, reducing the Eu values from approximately 13.7meV to below 12 meV.
Furthermore, addition of the heavier alkali element Rb to Na-containing samples leads to a
further reduction in Ev for the A3 sample, by around 0.5 meV. The effect of RbF PDT is more
pronounced in the B2 sample, where the Ev decrease of about 1 meV. In both A and B series,

the Rb introduction brings the Ev values close to 11 meV.

This observation is perfectly consistent with the previously published reports. Earlier studies

have also demonstrated that Urbach tails can be effectively suppressed by the addition of Na,
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with even greater reductions in the Urbach tails were observed when additional RbF PDT is

performed on the Na-containing absorbers [18, 33, 34].

Furthermore, as mentioned earlier in Section 2.5.4, the most recent reports have identified an

empirical linear relationship between the Voc deficit (Vodcef ) and Eu in the state-of-the-art

(SOA) CIGSe devices[33].

Analogous to the V<7 (Eq 2.56), the Au deficit (Au?e') can also be defined according to the

following formula:
Aplef = qv3? — A (Eq 6.1)

As previously mentioned in Section 2.2.1, since the Ay and Voc can be treated similarly, the

Au®el would be analogous to the Vo(f:ef deficit, and it can be used to compare absorbers

effectively.

In Fig 6. 8, the modified version of Fig 2. 12 is presented. Here, the qVOdCef and Ev for state-
of-the-art (SOA) CIGSe absorbers are compared with the Au?¢/ of A and B series absorbers.

The SOA samples here are presented with gray points, while A and B series absorbers are

presented with symbols, and the presence of alkalis is indicated using color codes.

It can be clearly seen that the A and B series absorbers do not follow the empirical trend of

SOA samples. Instead, they exhibit higher Au?®/ values compared to the qVOdCef of SOA solar

cells.

For both A and B series, it is observed that the addition of Na leads to a reduction in the Au%é/,
and the corresponding data points in the figure are moving closer to the empirical line with Na
addition. A further decrease in Au®¢/ is observed in the absorbers with both Na and Rb. Among
these samples, the A3 sample lies closest to the empirical line. However, it still shows

approximately 50 meV additional Au®®/ compared to the SOA sample with comparable Ev.

For SOA solar cells, it was proposed that tail states are the main limiting factor of the Voc [33].

This simply means that both radiative and non-radiative recombination via Urbach tails are the
dominant contributors to the Vodcef . Therefore, the data points that are located above the

empirical line indicate that, in addition to the losses in the Urbach tails, other mechanisms are
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likely responsible for further lowering the Au and Voc below their SQ-limit. This discrepancy
may be attributed to a lower p-type doping concentration compared to samples that follow the
empirical trend, or the presence of additional SRH recombination sites beyond the tail states,

such as presence of bulk deep defects or surface/interface recombination centers.
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Fig 6. 8 Comparison between the Vodce T values of state-of-the-art (SOA) solar cells and the Au%ef
values of the samples studied in this thesis. This figure is an adapted version of Fig 4 from reference
[33] reproduced using the CC BY 4.0 license. This figure was also used in my published work [132].

As presented earlier in Fig 6. 2 b, alkali ions lead to a reduction in the non-radiative losses and
an improvement in the Yr.. Once again, it is important to highlight that alkali ions decrease the
non-radiative losses by suppressing the SRH recombination activities (i.e., increasing lifetime),

and by increasing hole concentration (i.e., enhancing p-type doping level).

To get deeper insights regarding the origins of this decrease in the non-radiative losses (i.e.,

improvement in Ypz), TRPL measurements were performed to extract the effective lifetime

178



Normalized counts

T¢rf. The details of the TRPL measurements and extraction of 7,5 has already been presented

in Section 3.11.

Fig 6. 9 a and b present the TRPL decay profile for A series and B series absorbers,
respectively. Furthermore, the effective lifetime is extracted for each sample using

biexponential fit to each decay profile (see Section 3.11). Numerical values of 7,r; are

summarized in Table 6.4.
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Fig 6. 9 TRPL decay profiles for a) A-series and b) B-series absorbers, shown together with bi-
exponential fits (black curves) used for effective lifetime analysis. Adapted from Ghrabeiki et al
[132].

Table 6.4 Presence effective lifetime 7,55 for A series and B series absorbers extracted from TRPL

measurements. T,¢s here is the long decay component of biexponential fit.

Sample Name Topp (DS)

Al 16
A2 223
A3 655
B1 86
B2 173
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The TRPL measurements indicate that the Na presence significantly improves the carrier

lifetime. Additionally, further enhancement in the lifetime can be achieved by Rb addition.

The increase in the lifetime indicates that SRH recombination rate has been effectively

suppressed through alkali incorporation.

Notably, for some similarly processed absorbers, I conducted low-temperature PL
measurements. The results for low temperature PL are presented in Appendix C4. These
measurements reveal that the sample without any alkali elements exhibits a pronounced deep
defect PL emission at low energies. However, this defect is effectively suppressed and no
longer detectable when Na is present in the material. These analysis clearly demonstrate that
Na can possibly neutralize the deep defects in these absorbers, leading to an increase in carrier

lifetime.

It is very important to once again mention that the TRPL measurements presented here are
more reliable for qualitative comparison of absorbers. For quantitative lifetime assessment,
and to extract detailed lifetime values, however, more complicated measurements are needed,

including excitation-dependent and temperature-dependent analysis [159, 161].

Additionally, to assess the doping level in these absorbers, capacitance—voltage (CV)
measurements were performed on devices fabricated from the A series samples. For more

details regarding the CV analysis please see Section 3.5.

Fig 6. 10 illustrates the C-V profile of the A series solar cells. Moreover, the carrier
concentration for each absorber is determined from the minimum point of the C-V profile, and

the values are summarized in Table 6.5 .

These measurements show a significant enhancement in the doping concentration with Na

incorporation, followed by a smaller additional increase after RbF-PDT.
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Fig 6. 10 Apparent oping profile vs apparent depth obtained from low temperature CV measurements.
Adapted from Ghrabeiki et al [132].

Table 6.5 Doping concentration extracted from minimum point of C-V profile in Fig 6. 10. Errors

are due to 0.01 cm? uncertainty in the device area.

Sample Name Doping CV (cm™)

Al 6 (+0.50) x 101
A2 3 (+0.28) x 10'°
A3 3.8 (+0.36) x 1013

It is important to highlight that Kodalle et al. [22] previously reported CV measurements for
similarly prepared absorbers. Their extracted carrier concentration show a slightly stronger
increase upon Rb addition. However, their reported doping values are in the same range with

my reported values in Table 6.5 [22].

Among all investigated samples, the highest doping concentration is observed in the A3 sample
(with Na+Rb), which has a carrier concentration of approximately 3.8x10'> cm™. On the other
hand, for high efficiency CIGSe samples with similar band gap energies but higher Voc values,
one order of magnitude higher doping concentrations have been reported by C-V
measurements [11, 45, 46, 71]. This difference suggests that the additional A/ observed in
the Fig 6. 8 for samples in this thesis might primarily result from the low doping

concentrations.
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Unfortunately, the doping concentration of the B series absorbers cannot be compared here, as
the devices made from B2 sample were shunted, which could not be used for C-V

measurements.

In any case, the absorbers investigated in this thesis show the expected behavior upon alkali
addition. In both A and B series, suppression of Urbach tails and increase in the Ay can be seen
with alkali incorporation. In the following sections, the main focus will be on the origins of

these tail states.

6.3 Origin of the Urbach tails in CIGSe absorbers

So far, it was observed that Urbach tails in the CIGSe absorbers can be suppressed upon alkalis
addition. This observation is not something new, and it has been already reported multiple

times in previous studies [18, 33, 34].

In this section the primary reason behind the effect of alkalis and decrease in the Urbach tails

are discussed.

This section is divided into 3 sub sections: in Section 6.3.1 the possible correlation between
Urbach tails and grain boundaries (GBs) is investigated. In Section 6.3.2 intensity dependent
PL measurements were performed to analyze the effect of electrostatic potential fluctuations
to the tail states. Finally, Section 6.3.3 provides discussions and hypothesis regarding the origin

of the decrease in the Ev with alkali addition.

6.3.1 Grain boundary contribution to Ey

To gain deeper insights into the influence of the GBs, FM-KPFM measurements were
employed to monitor changes in the potential barrier at the GBs of each absorber. Details of
the KPFM measurements and band bending extraction methods have already been discussed

in Section 3.8 and references [133, 134].

As mentioned earlier in section 3.8, the band bending (i.e., electronic potential barrier) at the
GBs can be quantified by monitoring the changes in the contact potential differences (ACPD)

across the GBs.
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In previous discussions in Section 3.8, an example of downward band bending was illustrated
for a selected GB. Here, In Fig 6. 11, an example of upward band bending is illustrated for a
selected GB from A2 absorber.

Similar to Fig 3. 13, first the GB position is identified from topography map (Fig 6. 11a).
Subsequently, using the KPFM map the changes in work function (corresponding to ACPD)

are extracted from the same area (Fig 6. 11 b).
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Fig 6. 11 a) and b) illustrates an example of a selected GB from sample A2. This GB is marked with
black line. a) presents the AFM topography map, while b) shows the simultaneously measured KPFM
map. ¢) [llustrates the height and work function changes along this selected GB (i.e, black line), this
GB shows an positive potential barrier (i.e, upward band bending) with ACPD = 28 meV. Adapted
from Ghrabeiki et al [132].

In the line profile shown in Fig 6. 11¢, the topography measurement of this particular GB

shows a drop followed by a rise in the measured height across the GB, forming a valley-like
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pattern that corresponds to the GB position. The corresponding change in the work function
along the same line is also presented in Fig 6. 11¢, showing an increase followed by a decrease
across the GB. This observed change in the work function indicates that this selected grain

boundary exhibits an upward band bending profile.
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Fig 6. 12 a) Overview of the all obtained band bending values for all samples. b) Mean band bending
values across all GBs for absorbers with the presence of various alkali ions. ¢) Bar chart summarizing
the distribution of the positive, negative and neutral GB types for all investigated samples. Adapted
from Ghrabeiki et al [132].

Overall, to have reliable statistical results, the potential barriers of more than 340 GBs were

investigated.

Fig 6. 12 a illustrates the statistical distribution of all measured band bending values (ACPD)

for each distinct absorber. Positive ACPD values correspond to upward band bending, resulting
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from accumulation of negative charges (i.e., electron barrier), while negative ACPD values
correspond to downward band bending due to accumulation of positive charges (i.e, hole
barrier). GBs with ACPD values near zero, or those GBs with work function variations

attributed to facet-dependent effects, are classified as electrically neutral (ACPD = 0).

Furthermore, Fig 6. 12 b illustrates the mean band bending values (i.e., average ACPD) for
both upward and downward band bending for each absorber. Notably, these mean ACPD values
remain very small for all analyzed samples —around the thermal energy at room temperature
(26 meV)— with only minimal variations observed across different absorbers. Considering the
error bars and associated uncertainties, the presence or absence of alkali elements does not

significantly affect the mean band bending values.

Additionally, Fig 6. 12 ¢ shows the portion of GBs exhibiting positive, negative, or neutral
band bending for each sample. In sample A1, with the absence of alkali elements, most of the
GBs are electrically neutral (i.e., ACPD = 0). The incorporation of Na leads to a noticeable rise
in the share of GBs with positive potential barrier (i.e., positive band bending), although neutral
GBs with ACPD = 0 still represent the majority. This observed trend aligns with earlier studies,
which suggest that Na segregation at GBs promotes the formation of upward band bending

[90, 123].

Furthermore, B2 and A3 absorbers, which contain Rb, show a significant increase in the
number of GBs with negative potential barrier, accompanied by a clear reduction in the share

of GBs with positive potential barrier.

Up to now, with the use of the KPFM results and Urbach energy measurements, it can be seen
that KPFM data do not indicate any correlation between tail states and charged GBs. In Fig 6.
7, it was observed that introduction of alkalis leads to noticeable decrease in the Ev values.
However, KPFM analysis show that the magnitude of band bending remains very small for all
samples. Even in A1 sample, which contains no alkali ions, only very small band bending was

detected at the GBs, with neutral GBs being dominant.

Furthermore, with alkali incorporations, the number of neutral GBs decreases. This
observation clearly show that presence of alkali ions results in an increase in the share of

charged GBs.
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If Urbach tails were directly linked to the GBs, it would be expected to see reduced band
bending and fewer charged GBs in the alkali-containing absorbers—which is not observed

here.

However, it is very important to mention that the KPFM analysis are surface sensitive

measurements, and the extracted data primarily reflect the properties of absorber surface.

Overall, combination of PL and KPFM measurements leads to the conclusion that the

suppression of tail states with alkali incorporation is not primarily linked to the charged GBs.

This statement is further supported by previous findings of Dr. Omar Ramirez, where he
observed that alkalis can also decrease the Ev in the single-crystalline CIGSe films with no

GBs [34].

6.3.2 Electrostatic fluctuations in CIGSe absorbers

In section 2.3, where the tail states are first introduced, it was briefly mentioned that Urbach
tails originate from disorders within the semiconductor material. This disorders stem partly
from lattice vibrations associated with thermal effects and partly from disorders in the material.
The latter case can be further categorized into two types: (i) static disorder or frozen-in defects,
such as band gap variations caused by alloy composition fluctuations, and (ii) charged defects,
which induce Coulombic electrostatic potential fluctuations that lead to distortions in the band

edges.

Cody et al. [63] proposed following equation that can describe the Ev in a semiconductor with

the presence of lattice vibrations and static disorders [59, 63, 64]:

1+X 1

> o)

Here, So is a constant, T represents the semiconductor’s temperature, ks is the Boltzmann

constant, and 6 denotes the Einstein characteristic temperature, which is related to the phonon
vibration effects. The parameter X is dimensionless and independent of temperature; this
parameter reflects the strength of static, frozen-in disorders. A larger value of X indicates a
higher degree of static disorder within the material and result in the higher values of Ev. In an

ideal crystal structure, free from static disorders, X would be equal to zero.
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However, this equation does not provide any information regarding the behavior of Ev in the
presence of charged defects. Unlike the static disorder, charged defects can have interaction
with free carriers. As the temperature of the absorber increases, thermally generated free
carriers can effectively screen these charged defects, thereby reducing the magnitude of
electrostatic potential fluctuations and the Urbach energy [34, 66]. Similarly, an increase in the
incident laser intensity leads to a higher density of photogenerated mobile carriers, which can
also screen the charged defects, consequently reducing the strength of the electrostatic

fluctuations and decreasing the extent of the Urbach tails [34, 67].

Fig 6. 13 a schematically represents the effect of incident light intensity on the strength of
electrostatic fluctuations. Here, both conduction band and valance band edges are deformed
because of electrostatic fluctuations. As the incident laser flux increases, the screening effect

reduces the strength of these fluctuations.

Multiple reports have demonstrated the presence of electrostatic potential fluctuations in the
CIGSe absorbers [34, 66, 77]. As discussed in Section 2.5.1, CIGSe is a compensated
semiconductor, containing both acceptor states such as Vcu and donor states like Incu. These
defect states can become charged and interact with each other, leading to electrostatic
fluctuations in the band edges. Notably, previous studies have shown that the strength of these
fluctuations and magnitude of Ev are strongly influenced by the Cu concentration [34, 66, 96].

Cu-poor materials exhibit stronger electrostatic potential fluctuations and higher Ev [34, 66,

96].

These fluctuations are more pronounced at low temperature [34, 66], while the increase in the
temperature significantly reduces the magnitude of these electrostatic fluctuations, in the Cu-
poor materials, even at the room temperature (here 296 K), these electrostatic fluctuations are

present to some extent [34, 66].

To investigate the influence of electrostatic potential fluctuations on the Urbach tails, intensity-
dependent PL measurements were performed on the CIGSe samples. For these measurements,
it is crucial to change the incident flux substantially to see the effect of fluctuations. With the
small changes in the flux, this effect cannot be revealed. Therefore, an optical lens was

employed to reduce the laser beam radius from 1.1 mm to approximately 70 pm. By reducing
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the laser beam size, higher incident photon fluxes can be achieved without increasing the total

laser power.
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Fig 6. 13 a) Schematic figure illustrating that extent of electrostatic fluctuations diminish with
increase in laser excitation flux. b) a(E) of sample A3 derived from intensity dependent PL analysis.
¢) Average Ey values obtained at various laser excitation fluxes. As explained in the main text, the
rescaling factor is multiplied to each laser intensity. The Ey values highlighted region has been
already illustrated in Fig 6. 7. d) Normalized PL emission spectra of sample A3, illustrating a small
shift to the high energies with increase in laser flux. Adapted from Ghrabeiki et al [132].

It is important to mention that low temperature intensity dependent measurements have been
reported previously for CIGSe absorbers [34, 66]. However, here, I performed these

measurements at the room temperature. The main purpose of these measurements is to confirm

the presence of electrostatic fluctuations at significantly higher temperatures.

Fig 6. 13 b illustrates the intensity-dependent Ev measurements for A3 sample. These analysis

were carried out at a constant room temperature (296 K), and the incident laser flux was
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increased by an order of magnitude at each step. At each intensity level, a PL spectrum was
recorded, and the Ev was extracted using the method described earlier in Section 6.2. It is
worth mentioning that the absorber temperature remained stable throughout the intensity-
dependent measurements. Additional details regarding the influence of laser intensity on the

sample temperature are discussed in Appendix C5.

In Fig 6. 13 b, it is evident that as the laser intensity increases, the low energy side of the a(E)
becomes steeper, resulting in the lower Ev values. A similar trend was also observed for four
other samples. Fig 6. 13 ¢ presents a comparison of Ev values for all samples under increased
laser intensity. It is very important to note that, because the samples are covered with PS
spheres, and the coated PS layer is not identical for all absorbers, the absorbed laser flux is
different for each sample. To ensure a valid comparison, a rescaling factor needs to be applied
to the incident laser fluxes. This factor was determined by measuring the PL spectra of the
absorbers both before and after the PS coating. The PL spectra of the PS-coated absorbers were
then rescaled to align with those of the uncoated samples (as shown in Fig 6. 6), and the scaling
factor was calculated individually for each sample. This factor was then applied to the incident

laser intensities in Fig 6. 13 ¢ to facilitate the comparison between the samples.

This observed decrease in the Ev with increasing laser flux show that electrostatic potential
fluctuations are responsible for the formation of Urbach tails to some extent. Higher laser
fluxes generate more charge carries, which can screen the charged defects and flatten these

fluctuations, thereby reducing the magnitude of Urbach tails (Fig 6. 13 a).

Furthermore, as the laser flux increases, the PL spectrum exhibits a shift toward higher energies
(i.e., a blue shift). As illustrated in the Fig 6. 13 b for the A3 sample, higher laser intensity
leads to a slight blue shift in the PL spectrum. This blue shift is also associated with the
screening effect of charged impurities and the resulting flattening of the electrostatic
fluctuations, which results to higher-energies for radiative transitions [34, 66]. Similar behavior

was also observed for other absorbers.

If the band gap fluctuations were caused solely by static disorders, such as alloy fluctuations,
an increase in the laser excitation flux would not cause a blue shift in the PL peak and decrease

in Eu.
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Overall, these observations indicate that the electrostatic potential fluctuations exist in the
CIGSe absorbers even at the room temperature, and these fluctuations partly contribute to the

formation density of states (DOS) within the band gap.

Previously published temperature-dependent PL investigations have observed that the strength
of electrostatic fluctuations decreases in the presence of alkali ions [34, 77]. In the next section,
further details and hypotheses regarding the suppression of these fluctuations with the alkali

1on introduction will be discussed.

6.3.3 Why Ey decreases with alkali incorporation?

As discussed earlier in Section 6.3.2, the presence of charged defects are responsible for the

electrostatic fluctuations in the material.

Shklovsky and Efros [201] proposed the following equation that gives the mean depth of these

electrostatic fluctuations y,;:

2
2 3
q° N;
= —_ E .
p3

In this equation, the Ni represents the number of charged impurities, g represents the
elementary charge, € is the CIGSe relative permittivity, and p is the mobile carrier

concentration. The p here can be expressed as [98]:
p=po+p+dbn (Eq6.4)

Where po is net doping concentration (i.e, hole concentration) of the CIGSe semiconductor,
while 8p and 6n represent the photogenerated hole and electron concentrations, respectively.
As discussed in Section 2.1.2, since the electrons and holes are generated in pairs under

illumination, the §p would be same as dn (i.e., p = dn).

The decrease in the amplitude of electrostatic fluctuations with increasing laser flux can be
explained using Eq 6.3. As the excitation flux increases, more mobile charge carriers are
generated within the semiconductor, which results in a increase in both §p and én. This

increase, in turn, decreases the average amplitude of electrostatic fluctuations y,; [34, 98].
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Furthermore, similar behavior can be expected when the net carrier concentration (po) of the
material increases [34]. Similarly, with the increase in po, the charged impurities are screened,

leading to a smaller magnitude of electrostatic potential fluctuation according to Eq 6.3.

This model offers insight into why the introduction of alkali ions leads to a reduction in the Ev
of CIGSe absorbers. As previously shown in Section 2.5.3, the introduction of Na increases
the doping concentration of the absorbers, and even additional enhancement in doping is

observed with the involvement of heavier alkali ions.

This enhancement in the p type doping level with alkalis incorporation can effectively screen
the charged defects, thereby reducing the mean depth of electrostatic potential fluctuations,

Y- This reduction, in turn, leads to a decrease in the extent of Urbach tails.

Notably, Dr. Omar Ramirez proposed this hypothesis to explain the decrease in the Urbach
energy with alkali addition in single crystalline CIGSe samples [34]. Here, to get further

insights regarding this mechanism, some simple simulations are performed using Eq 6.3.

Let’s assume the case for a p-type compensated semiconductor where all acceptor states and
donor states are charged and contribute to the overall doping of the semiconductor. In this case

for po and Ny, it can be written:
Po = Na — Np (Eq6.5)

In this case the Eq 6.3 can be transformed into the following form:

2
qz (Ng + Np)3

Ver = 1 (Eq 6.7)
dmege 3
TEOE (N, — Np)3
Furthermore, the degree of compensation K can be defined by following formula:
Np
K=— Eq6.8
N, (Eq 6.8)

Notably, CIGSe absorbers are known to be heavily compensated. Some studies have reported

K values up to 0.99 for CGSe absorbers [99].
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In Section 2.5.3 it was mentioned that alkalis can increase the doping concentration by
promoting the formation of acceptor states such as Vcu, or by neutralizing donor states like

Il’lCu.

Now let’s simulate the first case, where only the acceptor states are introduced in the absorbers.
In Fig 6. 14, the effect of increasing net doping concentration and reduction in the
compensation was simulated by varying the acceptor concentrations N4 while keeping the
donor concentration Np constant. As N4 increases, leads to a rise in the net doping
concentration, resulting in a decrease in the y,; values due to screening effect (see Eq 6.3 and

Eq 6.7).
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Fig 6. 14 Modeling the effect of increased p-type doping resulting from increase acceptor defects (i.e,
increase in N,) : A reduction in v as a) the doping concentration rises, and b) when compensation
ratio K decreases. (For Simulation parameters See Appendix C6). Adapted from Ghrabeiki et al
[132].

In the next step, the other mechanism is illustrated, where the N4 is kept constant and Np is

reduced, similarly in Fig 6. 15 it can be seen that the depth of fluctuations y,; decreases with

the decrease in Np and K.
For these two cases, all simulation parameters are presented in Appendix C6.

In any case, regardless the mechanism behind the increase in the doping with alkalis, according
to the Eq 6.3 and assumptions in Eq 6.5 and Eq 6.6, both increase in the number of acceptor

states and passivation of the donor states can lead to decrease in the magnitude of y,;. This
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effect provides a possible explanation for the observed reduction in the Urbach tails upon the

involvement of alkali ions.
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Fig 6. 15 Simulations presenting the impact of increased p-type doping due to a rise in the donor
defects (i.e., increase in Np), showing a reduction in y,; both as the a) doping concentration increases
and b) as the K decreases. (For simulation parameters, see Appendix C6). Adapted from Ghrabeiki et

al [132].
Additionally, the most recent conductive atomic force microscopy (C-AFM) study by Sharma
et al. (C-AFM) [45] has shown that in addition to the increase the p-type doping level, alkali
ions also promote a more homogeneous doping distribution profile across the CIGSe absorbers.
In the Appendix C7, I show that this observation can be linked to a reduction in the amplitude

of electrostatic potential fluctuations. When y,,; decreases, a more uniform doping profile is

expected within the sample.

6.4 Conclusion and summary of Chapter 6

This chapter primarily focused on studying the origin of tail states in CIGSe absorbers. In
particular, it investigated the potential role of charged GBs in the formation of tail states within
the band gap. PL analysis indicated that Urbach tails are significantly suppressed upon the
incorporation of alkali elements. However, KPFM results did not support the hypothesis that
charged GBs are responsible for the reduction of tail states. Specifically, the electronic barriers
at the GBs remained small, and it was found that alkali incorporation increases the number of

charged GBs.
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Moreover, excitation-dependent PL measurements clearly showed that Ev decreases, and the
PL emission shifts to higher transition energies as the excitation flux increases. This behavior
is attributed to the screening effect of charged impurities through the generation of mobile free

carriers, which can diminish the extent of electrostatic fluctuations.

Moreover, increase in the hole concentration can also lead screening of charged defects and
decrease in the amplitude of y,;. Notably, the alkali-induced enhancement in hole
concentration contributes to this screening, effectively mitigating the impact of these charged

defects and thereby lowering the extent of electrostatic fluctuations and Urbach tails.
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7 Summary and conclusion

The main objective of this thesis was to investigate the limitations in the Voc of CIGSe devices
and to explore the relationship between tail states and grain boundaries. In this final chapter, I

summarize the key findings and overall results of this thesis.

In Section 4.1 of Chapter 4, the generalized detailed balance model was introduced using both

optoelectrical and purely optical formalisms.

Once again, | have to mention that optoelectrical measurements have been widely applied in
previous studies to investigate the Voc limitations in solar cells [28, 30, 31]. On the other hand,

the optical model has not received significant attention.

With the use of analogy between optoelectrical reciprocity (Eq 2.52) and Planck’s generalized
law (Eq 2.54), the generalized detailed balance model was extended to purely optical analysis,
where the A(E) and absolute PL spectrum was used to identify the radiative Au limit and all
Ap losses.

Overall, using the generalized detailed balance formalism allows us to quantify the Voc and

Au losses relative to the idealized SQ limit.
Both Voc and Au losses can be divided into different categories:

(1) Radiative losses (both §Au"%? and §V};2%) are induced due to the broadening of the
A(E)/QE(E) onset (see Eq 4.8 and Eq 4.15)

(i1) Generation Ay loss (§Apu%€™) in the thin-film absorbers originate from the reduction
in the generation flux density compared to the SQ generation flux density i.e.
FEol < FGSe%. (see Eq 4.7). Similarly, short-circuit Voc losses (§V5¢) in complete

devices occurs due to decrease in the Jsc compared to the SQ-Jsc limit i.e. Jg¢ <
J5$ (see Eq 4.14)
(iii)  Non-radiative losses (both §Au™ and §Vj¢) arise due to undesirable non-radiative

recombination activities within the absorber/devices (see Eq 4.10 and Eq 4.16)
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Following the introduction of theoretical formalism, in Section 4.2, detailed simulations have
been conducted to explore the influence of band gap inhomogeneities (fluctuations), sub-band

gap Urbach tails and limited absorber thickness on the A(E’) broadening and radiative losses.

Notably, the effect of tail states and Gaussian band gap distributions are combined together in
these simulations. The results indicate that increase in the Urbach energy and stronger lateral
band gap inhomogeneities can both enhance the A(E’) broadening and induce radiative losses
(Fig 4. 4 and Fig 4. 5). However, in the range of Urbach energies typically observed for CIGSe
absorbers, sub-band gap tail states have only a minor influence on the A(E) broadening. On
the other hand, band gap fluctuations are the dominant factor contributing to the broadening of
A(E) spectrum. Additionally, decrease in the material thickness can further enhance this

broadening and radiative losses (Fig 4. 10).

Subsequently, in Chapter 5, I used the generalized detailed balance formulas to quantitatively

assess all Voc and Ay losses for thin-film CIGSe samples.

In Section 5.1, with the use of directly extracted A(E) and absolute PL spectra, all the radiative,
generation and non-radiative Ay losses were quantified for number of CIGSe absorbers both

with and without Ga compositional gradient (see Table 5.2 ).

Moreover, experimental results demonstrated that the final Ay of the absorbers can be
determined using the generalized detailed balance model by adding up the radiative,

generation, and non-radiative losses (see again Table 5.2).

The quantified values of Ay from loss analysis have been compared with those extracted
independently from linear fit to high energy slope of PL spectrum. Notably, this comparison
shows that the numerical Ay values extracted from both methods exhibit very good agreement

(see Fig 5. 7).

Similar analysis were conducted on CIGSe devices where Voc losses and final internal voltage

(Vi) was determined using combination of absolute EL and direct QE(E) analysis.

Overall, both optoelectrical and purely optical analysis show that absorbers containing Ga

compositional gradient can show approximately 10 meV to 20 meV increase in the absorption
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edge broadening. This enhanced broadening, in turn, induces 5 meV to 16 meV additional

radiative losses (see Table 5.2 and Table 5.4)

The observed increase in both broadening and radiative losses in graded absorbers can be

associated with the narrow width of notch region.

Moreover, CL analysis in Fig 5. 11 revealed that graded CIGSe absorbers might possibly show

more pronounced lateral band gap inhomogeneities compared to the ungraded ones.

My own observation was further confirmed by the literature review and metanalysis of
literature data, where meta-analysis results in Fig 5. 13 showed that gradient is the main

contributor to the A(E)/QE (E) broadening.

The meta-analysis results also indicate that band gap graded (BGG) absorber have average
broadening parameter around 45 meV. This average broadening values is further decreased to
around 30 meV with employing hockey stick gradient (HSG) profile, and even a slightly

smaller values can be seen for absorbers with no gradient (see aging Fig 5. 13).

In CIGSe absorbers, both in this study and in state-of-the-art technology, the non-radiative loss

component remains the primary loss that reduces the Voc.

In Chapter 5, for the best case, the non-radiative loss was around 200 meV. On the other hand,

the record CIGSe solar cell show non-radiative losses around 100 meV [11].

It is important to note that considerable work is still needed to further reduce the contribution
of non-radiative recombination. However, this does not mean that mitigating radiative losses

is less important.

For the latest record efficiency CIGSe device, I found a broadening parameter of around 30
meV from published QE(E) data. Simulations based on the error function model show that
this amount of broadening would induce approximately 18 meV radiative losses (see Fig 4. 3).
If this broadening can be reduced to values close to GaAs technology with ~ 10 meV
broadening parameter (see Fig 5. 13), approximately 15 meV can be gained in the Voc. This

amount of Voc increase can directly result in 0.5 % efficiency improvement in these devices.

Overall, from the Chapter S results, it can be concluded that if we want to mitigate the radiative

losses, next generation CIGSe solar cells should feature with uniform band gap profile.
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However, in the absence of gradient, it is important to use alternative passivation approaches
for the back surface recombination. The most recent works of Dr. Taowen Wang, shows that
effective back surface passivation can be successfully achieved by employing a selective hole
transport contact [100, 109, 180]. With the use of this selective contact, we can avoid the band
gap gradient, and prepare samples with uniform band gap profile with effectively passivated

back interface.

The last chapter of this thesis primarily studies the effect of alkali ions on the Urbach tails and
grain boundaries of CIGSe absorbers. Although in Chapter 4 I showed that tail states have
only a small influence on the radiative losses, they can further reduce the Voc of devices by

contributing to the detrimental non-radiative SRH recombination process.

Recent studies proposed that the radiative and non-radiative losses through Urbach tails are the

primary limiting mechanism for the performance of state-of-the-art CIGSe devices [33].
In Chapter 5, the discussions were mainly focused on the origin of these Urbach tails.

Consistent with previous reports, my measurements also demonstrate that alkali ions reduce
the Urbach energy and lead to increase in Voc and efficiency [33, 77, 111]. PL analysis revealed
that, with the presence of Na and Rb, the Urbach energy can approach to values as low as 11

meV (Fig 6. 7).

However, FM-KPFM analysis did not confirm the idea that the reduction of Urbach tails is
caused by grain boundary passivation effect. The band bending in all samples, both with and
without alkali incorporation, showed only small values. Furthermore, alkali incorporation
neither reduced the magnitude of band bending nor decreased the number of charged grain
boundaries (Fig 6. 12).On the other hand, excitation-dependent PL measurements showed that

higher laser intensities result in lower Urbach energies.

This observation clearly indicates that electrostatic potential fluctuations contribute to the
formation of tail states in CIGSe absorbers (Fig 6. 13).The reduction of the Urbach energy can
be explained using previously proposed mechanism based on increase in the p-type doping
level [34]. According to this mechanism, the enhanced carrier concentration leads to screening
of charged defects and flattening of these electrostatic fluctuations, thereby reducing the

Urbach tails.
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Appendix of Chapter 4

Appendix Al. Solution to error function integral

In this part, solution to the integral in Eq4.20 where the A'¢ (E , Eéoc) is defined by step

function (Eq 4.21) is presented.

For the Gaussian distribution of local band gap P(Eéoc) (Eq 4.18), the lower limit of the

integral can be reliably extended to —oc. This is because the Gaussian function approaches to

zero in the range from —oo to 0. Therefore, its contribution to the integral is negligible.

With this approach, the Eq 4.20 can be written as:

A(E) = J. AlOC(E, EéOC)P(EéOC)dEéOC (Eq A1.1)

—00

By considering Eq 4.18 and Eq 4.21, the equation above (Eq A1.1) transforms to the following
form [166, 167]:

loc _ 17 2
A(E) = f c exp (— M) dE}°c (Eq A1.2)

—o0 Og V2T 207

loc_7—
Now, by defining x = Ega—Eg, the Eq A1.2 can be written as:
g

E-F-

a1 2
AE)=| 7 —=exp X ) ax (Eq A1.3)
—w 2T 2

Subsequently, the integral above (A1.3) can be broken into the following form:

g

A(E) fo ! < x2>d +f % 1 ( x2>d (Eq A1.4)

= —€eX _— X —eX _— X .
ovzm P72 o vz P\T72 1

The first term of Eq A1.4 is integral over Gaussian distribution (i.e., probability distribution),

if the full integral range is considered (i.e., from —oo to +0), this result would be 1. However,

here only integral extends from —oo to 0. Therefore, its result would be %
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Furthermore, according to error function definition (i.e., erf(z) = fOZ%exp(—zz) dz), the

second term would be 1 erf <E_E>.
2 \/Ecrg

Therefore, the overall result of Eq A1.4 can be written into the following form:

A(E) 1.1 f(E _E_g> (Eq A1.5)
=—+—er .
2" 2 \ V2o, 1
Considering the fact that erf is an odd function, the equation A1.5 can be rearranged into:
A(E) 1 1 f(E_g_E> (Eq A1.6)
=———er .
2 2" \Vzo, 1
1 E,—E
= —erfc| -2
2 ( V2a, >

The equation above is complementary error function (erfc) from, which is same as Eq 4.22 in

the main text.
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Appendix A2. Radiative limit from Rau-Werner method

Rau and Werner [166] proposed equations to calculate the V4% by considering a Gaussian

band gap distribution (according to Eq 4.18).

2

vrad — 5~ 297 (00) (Eq A2.1)
97 2kT -

Here the Joo is defined according to the following formula:

4

— O'
2(2KT)? + 2(kT)2E, + kTE," — 20,°E, — 0,2kT + —l (Eq A2.2)

]00 kT

h32

And Jsc is simply defined by:

Jse = q f AE)DyndE (Eq A2.3)
0

Eq A2.3 assumes no collection loss, therefore A(E) = QE(E). In this context the V334 would

be same as Au"%4.

In this appendix, I compare my calculations results for Ay (here same as qV32%) in Fig 4.
3 with the values extracted from the Eq A2.1. Although they also used a Gaussian distribution
rad

model for the band gap to perform the calculations for Vj2¢, their calculation models differ

slightly from the approach presented in Section 4.1.1.

By using these equations, the Au"*?, was calculated for o in the range of 0 meV to 100 meV.

Here also E_g = 1.1 eV and T = 296 K is considered.

Fig A2.1 illustrates the calculated Au"*® using the Eq A2.1. It can be observed that the obtained

results completely align with the values that were reported in Fig 4.3.

rad

Furthermore, some studies use simplified approximation to obtain the Au"**, which involves

using the following assumption for SQ limit [46, 167, 173]:

Q2 ~ E, — kyTin (]O") (Eq A2.4)
SC
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And by using this assumption and Eq A2.1 the Au"® can be estimated as [173]:

ag”
T (Eq A2.5)

A‘urad ~ qVOSCQ —

In Fig A2.1 the Au"®? values are also compared for this simplified case with the exact
calculated results. It is evident that as the oy increases, these simple approximations lead to the

underestimation in Au"%?. This is because the Eq A2.4 is only a good approximation for small

39

og values, and as og increases, the right-hand side of Eq A2.4 gets larger than the gV,

therefore approximating it with qVOSCQ would result in underestimation of Au"%4,

B Generalized detailed balance (Eq 4.3)
900 - - - Wener & Rau (Eq A2.1)
® Approximation (Eq A2.5)

850{ " "=

— “'\
%E, 800+ 8.,
£ [N
g 750+ ‘5\
= |
<700- N
o

0 20 40 60 80 100
g [meV]

Fig A2.1 Comparison of the Au"%¢ calculated from Eq 4.3 (in main text), Eq A2.1 and Eq A2.5. Her
Gaussian distribution of band gaps were assumed (see Eq 4.18)
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Appendix of Chapter 5

Appendix B1. SIMS measurements for F-BGG, G-NG, E-BGG and
D-NG samples

SIMS measurements were performed on the selected CIGSe to evaluate the Ga distribution
across the thickness. The details of SIMS measurements has already been provided in Section

3.12.

In Fig B1.1, for samples F-BGG and G-NG, it can be observed that the SIMS measurements
are completely in agreement with the cross sectional CL analysis. The CL measurements of F-

BGG Fig 5. 11, and CL measurements of G-NG sample can be found in Appendix B9,

respectively.
a) F-BGG b) G-NG
—Ga
—Cu
= In =
S, —Se S,
P P
c |
-0 -
(@] (@]
O (@]
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c) E-BGG d) D-NG
= =
5, S A
el _
SV 8 V,
0 2000 4000 6000 8000 0 2000 4000 6000 8000
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Fig B1.1. SIMS measurements showing Cu, In, Ga and Se distribution profile over the absorbers
depth for a) F-BGG, b) G-NG, ¢) E-BGG and d) D-NG absorbers. The F-BGG and G-NG absorbers
are prepared on Mo substrate, while E-BGG and D-NG samples are prepared on SLG. (The samples

surface is at sputter time = 0)

In Fig S. 11, for F-BGG sample, it was observed that CL emission peak shifts to higher energies
when moving toward the back contact, confirming the presence of Ga gradient. On the other
hand, in Fig B9.1 in Appendix B9, for G-NG sample, it can be seen that the CL emission peak

remains nearly unchanged through the depth.
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Appendix B2. Absorptance spectra for the D-NG and E-BGG
absorbers

The A(E) spectra extracted from PL and direct measurements for samples D-NG and E-BGG

are presented in the following Fig B2.1. These samples are introduced in Table 5.1 .

a) D-NG b)

E-BGG

1.0 1.0
5081 '," @08 A
< / g '
8 0.61 | 9 0.6- [
[ c !
3 ! I |
20.4+ " a04 |
2 o
N [ PL b ! PL
£0.2] . A 202{ A

_? -=-A Y - A
0.0== : : : 0.0 : : .
1.0 1.2 14 1.6 1.0 1.2 14 1.6
Energy [eV] Energy [eV]
c) d)
dAPLgE dAPLdE

5 = Gaussian fit ' = Gaussian fit
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£ ]o, =36+ 1meV Q2 Jo, =40+ 2 meV

2- 3
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Fig B2.1. a) and b) [llustrating the absorptance spectra for D-NG and E-BGG absorbers. ¢) and d)
shows the 1% derivative of AP*(E) spectra along with the E; and g, for D-NG and E-BGG
samples.These derivatives are extracted from smoothed AP (E) curves. These samples were prepared
on SLG substrate (See Table 5.1 ).

Additionally, as an example, Fig B2.2 compares the first derivative of 4(E) for B-NG absorber,

obtained from both A4"(E) and APL(E) measurements.
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It can be observed that both derivative curves have the same maximum position (i.e same
values of E_g). However, the curve derived from A%" (E) falls lower than APX(E), and becomes
distorted at lower energies. This deviation occurs because A% (E) becomes already distorted
and unreliable near the onset energy (see Fig 3. 11). Therefore, in all previous figures, only

APL(E) has been used to assess the broadening, as it provides a more reliable shape.

— From APL
> di
® 1=----From A9'
e AL
<C ,' ‘\
O /] \
= ’ \
g / \
= ) \
(O] Y \
D T Y/ \\
I’ ~s~_-
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Energy [eV]

Fig B2.2. Illustrates the first derivative of APX(E) and A%" (E) spectra for B-NG absorber.
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Appendix B3: Comparison between laser generation flux and Sun
generation flux

In Chapter 4, all equations for generalized detailed balance model were presented by
considering the on sun radiation spectrum AM 1.5 g [40] (see also Fig 2. 2). However, in
Chapter 5, the Yr. was obtained using incident laser light rather than sun radiation. By
considering the fact that sun spectrum covers the wide energy range and laser emission is
monochromatic emission in a single wavelength, the final absorbed flux for a sample can be
different under sun emission and laser emission. Here, it will be shown that this discrepancy is

very small for CIGSe samples, and has almost no influence on the final values of obtained Apu.

As mentioned earlier in Section 5.1.1, the incident laser flux (FL%%") is calibrated to have flux

equal to one sun SQ generation flux (FGSe%). Therefore, for FE%€" it can be written:
Fraser ~ F3° = | @, dE (Eq B3.1)
Eg

As explained in Section 5.1.1, by having the A(E) spectra of samples, the laser generation flux

(FE4se™y would be:
Fer®™ = A(Eraser) Fine (Eq B3.2)
Here, the A(E;45er) is the numerical value of A(E) at the laser emission energy.

On the other hand, the sun generation flux for a sample with known 4(E) was given by Eq 2.19
(F§un = [7 A(E) ®gyndE):

Since for samples prepared on SLG substrate, separate transmittance and reflectance
measurements are performed, and the A(E;4z.-) can be independently determined through

these measurements (see Fig 3. 11).

Furthermore, as already been explained in Section 5.1.1, the full range A(E) can be
reconstructed by combination of photospectrometric and PL measurements (see Fig B3.1 and

Fig5.1)
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Fig B3.1. Full range A(E) extracted from direct photospectometric measurements A% (E)

and PL measurements APL(E).

With using the full range A(E) in Fig B3.1, and AM 1.5 g [40] emission spectrum (Fig 2. 2),

FS¥™ has value of

s calculated according to Eq 2.19. For this particular sample, the F3.}

the FS4" i
photons
—25—1)'

2.35x10'7 (

cm
hotons
p—)ad

On the other hand, by having the calibrated incident laser flux of ~ 2.62x10'7 (Cm_zs_1

photons

A(Ejgser) = 0.91, the FE would be 2.38x10!7 (5—.-7) according to Eq B3.2,

By comparing the sun generation flux and laser generation flux, it can be written:

}7Laser
% ~ 1.01 (Eq B3.3)
Gen

It can be seen that the difference is small, and considering the fact that the logarithmic term of

Ypr is calculated for §Au™", this extremely small discrepancy is negligible in final result.
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Appendix B4. Au values from linear fit method and from
generalized detailed balance analysis

Table B4.1. Numerical values of Au calculated from Eq 5.3 by considering both A(E) = 1 and
A(E) = A%"(E). Additionally, Ay values extracted from generalized detailed balance model using
loss analysis according to Section 5.1.1

Au extracted method
Sample Name | Fit A(E) =1 | Fit A(E) = AYT(E) Loss analysis
A-NG 656.6 660.9 661.6
B-NG 655.8 661.9 662.0
C-BGG 671.0 678.0 677.0
D-NG 653.0 659.4 659.1
E-BGG 614.0 620.1 621.5
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Appendix BS. Device performance for F-BGG, G-NG and H-NG
samples

The statistical distribution of photovoltaic parameters for devices made from F-BGG, G-NG
and H-NG absorbers are presented in the following tables. As a reminder, the J-V curve of the

solar cell with highest efficiency on each individual sample is presented in Fig 5. 8.

Table B5.1 Statistical distribution of photovoltaic parameters for sample F-BGG

Sample No  Voc(mV)  Jsc(mA/cm?) FF PCE (%)

F-1 637 35.0 76.7 17.1
F-2 642 34.3 78.9 16.9
F-3 642 34.8 75.1 16.8
F-4 642 32.9 76.8 16
F-5 643 35.3 77.2 17.5
F-6 648 355 76.7 17.6
F-7 643 33.5 75.9 16.4
F-8 646 31.1 76.3 15.3

Table B5.2 Statistical distribution of photovoltaic parameters for sample G-NG.

Sample No  Voc(mV)  Jsc(mA/cm™) FF PCE (%)

G-1 607 31.2 76.0 14.4
G-2 606 33.0 74.6 14.9
G-3 607 334 75.3 15.3
G-4 607 30.8 75.2 14.1
G-5 608 33.7 76.1 15.6
G-6 604 33.7 75.8 154
G-7 602 32.7 75.6 14.9
G-8 604 30.6 75.3 13.9

Table B5.3 Statistical distribution of photovoltaic parameters for sample H-NG.

Sample No  Voc(mV)  Jsc(mA/cm™) FF PCE (%)

H-1 474 40.8 71.1 13.7
H-2 473 39.9 71.7 13.5
H-3 460 38.6 70.8 12.5
H-4 468 39.8 68.3 12.7
H-5 472 36.2 71.1 12.1
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Appendix B6. EL spectra, Absorptance and broadening analysis

The EL spectra used for low energy QE(E) reconstruction in Fig 5. 9 is presented in the
following Fig B6.1.

H-NG F-BGG

@, Normalized

0.8 1.0 1.2 1.4
Energy [eV]

Fig B6.1. Normalized EL emission of samples F-BGG, G-NG and H-NG.

Additionally, as mentioned previously in Section 5.2, within the energy range where PL and
EL measurements are performed, the PL and EL emission spectra exhibit a similar shape.
Consequently, the QEEL (E) and AP (E) spectra for these solar cells also have the same spectral

shape.

As an example, Fig B6.2 illustrates the normalized PL and EL spectra for the F-BGG sample,
while Fig B6.3 presents the rescaled AL (E)spectra to QEEL(E) for the same sample.

Since APL(E) and QEEL(E) share the same spectral profile, the broadening of the QE(E)

spectra is expected to be same as the A(E’) broadening.

Furthermore, this characteristic allows for a reliable extraction of the Urbach energy using
Beer-Lambert’s law (see Eq 2.13 and Eq 2.39). Given that the QE (E) follows the same decay

profile as A(E), thus, it can be written:
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A(E) < QE(E) < 1 — exp(—ad)

Furthermore, by analyzing the decay profile of the extracted  in the sub band gap region, the
Urbach energy can be obtained from exponential decay of « in the energy ranges deep within

the bandgap (see Fig B6.3)

a) b)
" 10°]
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Fig B6.2 a) Normalized PL and EL spectra for F-BGG sample, and b) AP*(E) rescaled to QE (E) for
same F-BGG sample. The PL measurements here is performed from sample covered by CdS/Window
using PL setup 2 (see section 3.1.1)

g

1014 . -
09 10 1.1 1.2

Energy [eV]

Fig B6.3. Illustrates the Urbach energy Ey extracted from QEEL(E) measurements
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In Fig B6.4 the first derivative of QEFL(E) and QE (E) for a solar cell from F-BGG sample
is illustrated, where a Gaussian fit is performed to demonstrate that the broadening values are

similar.

It is important to note that, in the discussions related to Fig 5. 9 b, the average value of gyg
was presented. Where this average oy was extracted using multiple Gaussian fits over various
fitting ranges, with the standard deviation representing the errors bars. However, here, in Fig

B6.4, only a single fit is shown for comparison purposes.
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Fig B6.4. First derivative of QEFL(E) and QE" (E) along with the Gaussian fits.
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Appendix B7. EL under different injection

It was previously shown that it is essential to measure the Yr. under one sun illumination
intensity (see Fig 5. 3). Here, it will be shown that for Yzz measurements, it is also crucial to

use an injected current corresponding to Jsc (one-sun current).

Here, in this appendix, the EL measurement under different injected current density is
discussed. First, In the Fig B7.1, the representative dark and illuminated J-V curves are
illustrated. The dark J-V measurements are performed in the solar simulator setup and also
separately in the EL setup (see Section 2.4.2). It can be seen that the dark J-V characteristics
obtained from the EL setup closely matches those measured using the solar simulator.
However, small discrepancies are always possible due to differences in the contact resistance

between the two setups.
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Fig B7.1 a), b), and ¢) show representative J-V curves for samples F-BGG, G-NG, and H-NG,
measured under dark and illuminated conditions using a solar simulator, as well as dark J-V
measurements from the EL setup. EL measurements shown here were performed on cells F-5, G-3
and H-1 from Table B5.1, Table B5.2 and Table B5.3 respectively.
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Fig B7.2 a) Yg. as a function of increasing injection current density. One sun injection (Jsc) for each

sample is shown by star symbol. b), ¢), and d) EL spectra under increasing injection current density

for samples F-BGG, G-NG, and H-NG, respectively. The arrow indicates the direction of increase in

the injection current density. EL spectra from just single point is illustrated here and statistical errors
due to inhomogeneities are not included.

At each injected current density (J), the Yer is calculated using the Eq4.17. In these
measurements, the one-sun equivalent injection corresponds to the short-circuit current density

(Jsc) injection. In the Fig B7.2 a, the YEz is displayed as a function of increasing injection
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current density,. Meanwhile, in Fig B7.2 b-d the corresponding EL spectra for each sample
under increased injection current density are presented. In contrast to the PL measurements for
CIGSe absorbers, where a continuous increase in Ypr is observed with rising excitation
intensity (Fig 5. 3), here, in Fig B7.2, it can be observed that Yz initially increases, reaches a

maximum point, and then decreases as the injection current density (J) continues to rise.

The origin of this behavior requires further investigation. However, it can be speculated that
this observation is probably due to increase in the internal series resistance with increase in

injection current as reported by Rau et al. [200].

In Fig 5. 10 in the main text the V;, V;;, and Voc of investigated solar cells were presented. Here,
in the following Table B7.1 the numerical values of V;;, V;,, and Voc for investigated solar cells are

presented.

Table B7.1 Comparison of Vy;, V;,, and Voc. The measurements were performed on different cells.
The table presents average values Errors in Vi, are due to Yz, inhomogeneities and EL calibration

CITOorS.

Sample Name — Vy; (meV) Vin (meV) Voc (meV)
F-BGG 664.1 6.1 654.5+11.0 642.8+3.0
G-NG 637.1+6.3 618.1+7.0 605.6+2.0
H-NG 507.6+50 489.8+9.0 4694+5.1
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Appendix B8. PL measurements on CIGSe/Cds and
CIGSe/CdS/Window configuration

To enable a more accurate comparison between PL and EL analyses, additional PL analysis
were carried out on CIGSe/CdS and CIGSe/CdS/Window stacks for F-BGG, G-NG, and H-
NG samples. The samples with a window layer (but without Ni: Al grids) were measured using
PL setup-2 with a beam expander. For more details regarding the PL setup and PL

measurements see Section 3.3.1.

The non-radiative losses extracted from both EL and PL measurements (8V3/ and §Au™") are

presented in Fig B8.1.

]evEe
[ ]8Au™ CIGSe/CdS
— SAU™ CIGSe/CdS/Window

T
T & ™
I

=250- I

T
-

-
2]

o & O

Fig B8.1. Non-radiative losses (6"} and §Au™) extracted from EL and PL measurements. Errors in
SV are due to inhomogeneities and also calibration errors.

For PL measurements, Eq 4.11 and Eq 4.10 were used to calculate the Yr. and (6Au™),
respectively. In Eq 4.11 it is clear that for accurate YPL determination, the numerical value of

A(E) is needed. Since, I did the measurements with red laser, here the A(E) = A(Ejgser)-

222



However, since the samples were prepared on Mo, transmittance measurements could not be
performed to directly extract A(Ej,z.). Instead, it was estimated using A(Ejqeer) = 1 —

R(E4ser) approximation.

The 1 — R(E) spectra for CdS covered samples are illustrated in Fig B8.2, while for
Cd/window configuration, the 1 — R(E) profile along with the full range QE (E) of the devices

are presented in Fig B8.3.
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Fig B8.2. 1 — R(E) measured for CdS covered absorbers
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Fig B8.3. QE(E) and 1 — R(E) profile for a) F-BGG, b) G-NG and ¢) H-NG samples. 1 — R(E) was
measured from CIGSe/CdS/Window configuration.
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Appendix B9. SEM and CL measurements

For sample F-BGG, the panchromatic PL image and a depth line scan were shown in Fig 5.

11.

In this appendix, the panchromatic CL image, depth line scan, and the evolution of CL spectra
through the absorber depth are presented for G-NG and H-NG samples in Fig B9.1 and Fig B9.2

respectively.

Unlike, the F-BGG sample, both non graded G-NG and H-NG samples show constant CL

emission peak through their entire depth.

Additionally, Fig B9.3 and Fig B9.4 illustrates the surface and cross-sectional SEM images,
along with the corresponding panchromatic CL map from the same regions of F-BGG, G-NG
and H-NG samples.

All the following measurements are provided by Yucheng Hu from Cambridge University.
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Fig B9.1. a) [llustrates panchromatic cross section CL intensity image for G-NG absorber, line scan
direction and area is shown by white arrow. b) CL emission spectra through the line scan. ¢) Heat map
indicating the CL emission peak evolution through the direction of line scan arrow.
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Fig B9.2. Same as previous figure, a) shows panchromatic cross section CL intensity image of the H-

NG absorber, with the line scan direction and area indicated by a white arrow. b) CL emission spectra

along the line scan. ¢) Heat map illustrating the CL emission peak position and its intensity along the
line scan arrow direction.
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Fig B9.3. Illustrates the surface SEM images and the corresponding panchromatic CL intensity maps
for F-BGG, G-NG and H-NG samples deposited on Mo.
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Fig B9.4. The cross-sectional SEM image and the corresponding panchromatic CL intensity map
from same area for samples deposited on Mo are illustrated. Variations between the patterns observed
in the panchromatic CL and SEM images are noticeable (bending). According to our colleagues from
Cambridge university, this bendings are due to charge induced drift effects occurring during the long

duration of measurements.

228



Appendix of Chapter 6

Appendix C1. Ammonia cleaning effect

Fig C1.1 illustrates the (SEM) images of the A3 sample before and after ammonia etching.
Prior to the etching process, surface traces, can be observed on the sample. These traces are
possibly RbF residues.

However, after cleaning with ammonia, the surface appeared significantly cleaner, indicating
the effectiveness of the ammonia etching in removing residual surface contaminants.

(a) RbF PDT (b)  Ammonia etched

Fig C1.1 FESEM image illustrating that ammonia etching removes surface residual from RbF PDT.
This figure is taken from Ghrabeiki et al [132].
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Appendix C2. Reflectance measurements:

Fig C2.1 presents the reflectance measurements for absorbers with and without PS microbeads.
Interference fringes are visible in both cases; however, their amplitude is reduced when the PS
beads are used. Additionally, an overall increase in reflectance is observed for the PS-coated
samples, which can be attributed to the enhanced diffuse reflection caused by the white PS

layer.

0.7 R CIGSe/CdS
06l N [°7°° R CIGSe/CdS/PS beads

0.9 1.0 1.1 1.2
Energy (eV)

Fig C2.1. Reflectance measurements for CdS covered absorbers with and without PS spheres.
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Appendix C3 .Device performance of A1,A2,A3 and B1 samples

All the devices parameters investigated in chapter 6 are summarized in the following tables.

All the following tables are taken from my published work under CC BY 4 license [132].

Table C3.1 Photovoltaic parameters for A1l solar cells.

Cell No Voc (mV) Jsc (mA/cm?) FF PCE (%)
Al-1 515 34.1 58 10.1
Al-2 526 34.0 66.4 11.8
Al-3 522 334 65.2 11.3
Al-4 524 32.7 65.8 11.2
Al-5 519 335 64.7 11.2
AI-6 524 31.8 66.9 11.1

Table C3.2 Photovoltaic parameters for A2 solar cells.

Cell No Voc (mV) Jsc(mA/cm?) FF PCE (%)
A2-1 622 34.1 69.7 14.7
A2-2 627 36.0 74 16.7
A2-3 625 34.1 75 16
A2-4 624 36.4 72.2 16.4
A2-5 617 36.2 72.8 16.2
A2-6 617 36.3 72 16.1

Table C3.3 Photovoltaic parameters for A3 solar cells.

Cell No Voc (mV) Jsc (mA/cm?) FF PCE (%)
A3-1 673 36.1 77.4 18.8
A3-2 674 355 74.9 17.9
A3-3 675 354 76.1 18.1
A3-4 674 354 75.6 18
A3-5 674 35.1 75.2 17.7
A3-6 674 36.5 74.2 18.2
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Table C3.4 Photovoltaic parameters for B1 solar cell. For JV curve see Fig C2.1

Cell No Voc(mV) Jsc (mA/cm?) FF PCE (%)
BI-1 587 34.6 71.7

14.5

40|
<304 ‘Q
£ Y
O °
E 20/ Sample name : 0:?
= B1:Na .
*
10 :
\
?
0 . . . —
0 150 300 450 600
Voltage (mV)

Fig C3.1. J-V measurement of the solar cell made from B1 sample. The parameters has
already been illustrated in Table C3.4. Reproduced from Ghrabeiki et al [132].
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Appendix C4. Na incorporation and defect passivation

Fig C4.1 illustrates the low temperature PL spectrum of samples with no Na and containing Na.
These samples had similar deposition process to the ones that I have already discussed in the

main text. But they are not from A and B series.

In any case, it can be observed absorbers without Na show a deep level defect, and Na leads to

passivation of the deep level defect.

Name: Alkali
W/O Na
—— With Na

T=140K

PL Flux [eV-'cm™?s™]
=)

RN

o
—
~

09 10 11 12
Energy [eV]

Fig C4.1 PL measurements at 140 K were conducted on samples both with and without sodium (Na)
incorporation. These analysis were conducted on absorbers covered with PS microspheres (See Fig 6.

S)
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Appendix CS. Laser intensity and Temperature

As discussed in Section 5.1.2, the temperature of the absorbers can be estimated by monitoring

the high-energy slope of the modified photoluminescence (PL) spectrum, as described by
Eq 5.3.

In this section, the high-energy slope of the PL spectra of sample A3 is investigated under
varying laser intensities. All the following PL measurements were done on absorbers covered

with PS-spheres. Similar investigations have also been done for four other samples.

a) b)
14 ' ' | _ Fitting Range
—
o 2
® 0.13 S
N o
© =
o] —
Z 0.014 =
- Laser
Laser Intensity 1 Intensity
09 1.0 1.1 1.2 09 1.0 1.1 1.2 1.3
Energy [eV] Energy [eV]
c)
310
R * 3
_308- Measurement Temperature =296 K | .’
<306+
[}
§ 304
© 302
qé—SOO— Extracted from fit
2298y 1 ‘. -
296+ - - —"=— T T T —
294 ; . .
0.01 0.1 1 10

Relative Intensity (I/1;)

Fig C5.1 a) Normalized PL spectra of the A3 sample measured under increased laser intensities, (I/Io)
ranging from 0.01 to 5. b) PL spectra transformed according to the modified Planck’s generalized law
(Eq 5.3), with linear fits applied to the high-energy slopes for temperature extraction. ¢) Extracted
temperatures as a function of relative laser intensity, obtained from the linear fits shown in part (b).
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All these measurements are performed on samples covered with polystyrene (PS) layer (see Fig 6.
5). Adapted from Ghrabeiki et al [132].

In Fig C5.1 a, the normalized PL spectra of sample A3 are presented under increased laser
intensities. Here, the relative laser intensity (I/10) is increased from 0.01 to 5. It is important to
mention that in the main text, only spectra corresponding to I/Io between 0.01 and 1 were

discussed in Fig 6. 13.

From the normalized spectra, a shift of the PL peak toward higher energies is observed as the
laser intensity increases. Additionally, at I/Io = 5, a noticeable flattening of the high-energy

slope can be seen.

In Fig C5.1 b, the PL spectra are plotted based on the modified Planck’s generalized law
(Eq 5.3). To assess the temperature, a linear fit is applied to the high-energy region of each
spectrum. Subsequently, from the slope of this linear fit the temperature is extracted (See

Section 5.1.2 for more details).

In Fig C5.1 ¢, the extracted temperature values obtained from the linear fits are presented for
each laser intensity. It is observed that when the relative intensity (I/Io) is in the range of 0.01
to 1, the temperature remains close to room temperature (approximately 296 K). However, as
the intensity increases to I/Io = 5, the temperature rises by approximately 14 K. A similar trend

has been observed for other samples as well.

Therefore, based on this analysis, it can be concluded that in the intensity range used for
evaluating the Urbach energies in the main text (Fig 6. 13), the absorber temperature remains

effectively constant.
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Appendix C6. Simulation parameters

In Section 6.3.3 simulations have been performed to show the impact of increase in the p type
doing level on the magnitude of electrostatic potential fluctuations. Two separate cases were
presented:

Table C6.1 represents the simulation parameters for the first case, where the donor
concentration(Np) is fixed and acceptor concentration (Na) increases (See Fig 6. 14).

In this case Np has constat concentration of 1x18 cm™, while Na increases from 1.0001x18
cm™ with the steps of 1x14 cm™.

Table C6.1 Illustrates simulation parameters for y,;, for the case when Np is constant and Na
increases. Reproduced from Gharabeiki et al[132]

Parameters comments
. Starting with 1.0001x18 cm-3, increase
Acceptor densit Na | = ,
coeptor denstty A with the steps of 1x14 cm™
Donor density Nb 1x18 cm™ Constant value
Dopin
P g' po Na-Np
concentration
Charged defect
qiged feee Ni Na+Np
concentration
D N
egree O.f K K =D
compensation Ny
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In the second case, for Fig 6. 15, the N4 is assumed to stay constant at 1.0001x18 cm™, while
the Np is decreasing from 1 x18 cm™ with steps of 1x14 cm™. In Table C6.2 the simulation
parameters for this case are summarized .

Table C6.2 Illustrates simulation parameters for y,;, for the case when Na is constant and Np
decreases. Reproduced from Gharabeiki et al[132]

Parameters comments
) 1.0001x18
Acceptor density Na constant
cm-3
. Starting with 1 x18 cm-3, decrease with
D densit 1\ J ’
onor denstty ° the steps of 1x14 cm™
Dopi
plng‘ po Na-Nbp
concentration
Charged defect
qiges e Ni Na+Np
concentration
D N,
egree O.f K K =D
compensation Ny
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Appendix C7. Homogeneity in doping with alkali incorporation

Previous studies have illustrated that the incorporation of alkali ions can result in a more
homogeneous doping concentration profile for CIGSe absorber [45]. This observation can be
explained with the model of electrostatic potential fluctuations. In the following discussions it
will be shown that the reduction in the mean depth of electrostatic potential fluctuations (y,;)

results more uniform doping profile.

Fig C7.1 presents the electrostatic potential fluctuations within the absorber, here both the
valence band edge (Ev) and conduction band edge (Ec) fluctuate spatially. Here, two adjacent
points (point 1 and 2) are illustrated within the absorber, this neighboring points can be either
between two separate grains or inside a single grain. This adjacent points exhibit a potential
difference of /" in their band gap. This 7, is directly linked to the average depth of electrostatic

fluctuations y,;. A reduction in /" is therefore expected to result in a lower y,;, and vice versa.

(a) (b)
Energy Ec

.......... E,

Ep
Erp

E"/l ----- .
Ey ] ............ Ey
Ey,

Spatial coordinate

Fig C7.1 Illustration of electrostatic potential fluctuations in an absorber material a) before increase in
the doping. b) after increase in the doping. This figure is reproduced from Ghrabeiki et al [132].

In Fig C7.1 a, the E}; and Ey,, are valence band edge for point 1 and 2 respectively before
increase in doping, and Fig C7.1 b presents the Ej,;and Ej,, the valence band edge of point 1

and point 2 after increase in doping.

Fig C7.1 b presents the case where overall doping concentration increases, in this case Fermi

level shifts down toward valence band. As discussed in the main text, enhancements in the
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carrier concentration leads to reduction in average amplitude of electrostatic fluctuations y,;,

which would subsequently lower I' values between two points (see Section 6.3.3).

Under this simplified scenario, using Eq 2.2, the hole concentration (i.e., p-type doping level)
at each point can be expressed as:

EVl - EF

Ey, — EF)
R a— E—— Eq(C7.1
KT (Eq C7.1)

)and p, = Ny exp( kT

p1 = Ny exp(

Here, p; and p, represent the hole concentrations at points 1 and 2, respectively. Ey,; and Ey,
are the valence band energies at those points. The potential difference between the two (I")can

be expressed as:
I'=Ey, —Ey, (Eq (C7.2)
Taking the ratio of the hole concentrations yields:

P1 (EVl — EVZ)

r
) KT = exp (—) (Eq C7.3)

This equation clearly shows that a smaller potential difference 7, leads to a smaller % ratio,
2

which translates to more homogeneous doping profile throughout the absorber material.
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