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Abstract

Thin film solar cells based on polycrystalline Cu(In,Ga)Se2 (CIGSe) absorbers have reached a
maximum conversion efficiency of 22.8% on the laboratory scale, already exceeding efficiencies
of solar cells based on polycrystalline silicon. However, many questions about the exact surface
and near-surface composition remain and a complete picture of the formation of the interface to
the CdS buffer layer is still under debate. In this work, first, the interface formation between CIGSe
and CdS was investigated by means of hard x-ray photoelectron spectroscopy (HAXPES)
depending on the Cu concentration of the CIGSe. For this purpose, a Cu-poor and a Cu-rich
absorber with bulk Cu to In+Ga ratios of 0.80 and 0.95, respectively, were compared. It was shown
that the Cd diffusion into the Cu-poor absorber is a two-step process, where Cu atoms are actively
exchanged by Cd impurities during the diffusion process; whereas in the Cu-rich sample, the Cu
atoms are not directly involved in the diffusion process. In addition, it was observed that by having
a lower activation energy for Cd diffusion in the Cu-poor samples, Cd atoms completely
disappeared from the near-surface region after an annealing process up to 400 °C, whereas a small
amount of Cd could be still measured within the same depth of Cu-rich sample after the same
annealing process. Another difference in the interface formation of Cu-poor and Cu-rich
CIGSe/CdS samples upon the annealing process was found to be a Ga diffusion towards the CIGSe
surface. In contrast to the Cu-rich sample, a significant Ga diffusion towards the CIGSe surface

was observed in case of the Cu-poor samples at elevated temperatures.

Second, the impact of KF post-deposition treatment of CIGSe on the CIGSe/CdS interface was
investigated by means of depth-resolved HAXPES. Besides a strong intermixing at the interface,
an increased Cu depletion due to the KF-PDT was observed in combination with an increased
accumulation of Cd and S. A general shift of about 0.15 eV to higher binding energies of the CIGSe
valence band at the absorber surface as well as the CIGSe and CdS related core levels was measured
on the KF treated sample. This phenomenon was attributed to the impact of additional cadmium,
which acts as donor and releases further electrons into the conduction band of the absorber. Then,
the electrons accumulate at the CdS surface after having passed the interface region. This additional
surface charge leads to a pronounced shift in the photoemission spectra as observed on the KF

treated C1GSe absorber compared to the non-treated absorber.






Kurzfassung

Chalcopyrit-Diinnschichtsolarzellen haben im Labormalfistab einen maximalen Wirkungsgrad von
22.8 % erreicht. Allerdings bleiben viele offene Fragen iiber die genaue Oberfliche und
oberflichennahe Zusammensetzung, und ein vollstindiges Bild von der Ausbildung der
Grenzfliche zum CdS-Pufferschicht wird noch diskutiert. In dieser Arbeit wurde zunédchst die
Grenzflachenbildung zwischen CIGSe und CdS mittels HAXPES (engl. hard x-ray photoelectron
spectroscopy) in Abhangigkeit von der Cu-Konzentration des CIGSe untersucht. Es wurde gezeigt,
dass die Cd-Diffusion in die Cu-armen Absorber ein zweistufiger Prozess ist, bei dem Cu-Atome
wihrend des Diffusionsprozesses aktiv durch Cd-Stératome ausgetauscht werden; wohingegen in
der Cu-reichen Probe die Cu-Atome nicht direkt am Diffusionsprozess beteiligt werden. Dariiber
hinaus wurde beobachtet, dass Cd-Atome nach einem Temperprozess bis zu 400 °C durch eine
niedrigere Aktivierungsenergie aus dem oberflichennahen Bereich von Cu-armen Probe
vollstandig verschwunden sind; wohingegen eine kleine Menge von Cd innerhalb der gleichen
Tiefe der Cu-reichen Probe nach dem gleichen Temperprozess gemessen werden konnte. Ein
weiterer Unterschied in der Grenzflichenbildung von Cu-armen und Cu-reichen CIGSe/CdS-
Proben beim Tempern wurde gefunden: Eine Ga-Diffusion in Richtung der CIGSe Oberfliache. Im
Gegensatz zur Cu-reichen Probe wurde eine signifikante Ga-Diffusion bei erhéhten Temperaturen

im Falle der Cu-armen Proben beobachtet.

Zweitens wurden die Auswirkungen der KF-PDT (engl. post-deposition treatment) von CIGSe auf
die CIGSe/CdS-Grenzflache mittels tiefenaufgeloster HAXPES untersucht. Neben einer starken
Vermischung an der Grenzfliche wurde eine erhohte Cu-Verarmung aufgrund der KF-PDT in
Kombination mit einer erhhten Akkumulation von Cd und S beobachtet. Eine Verschiebung des
CIGSe-Valenzbandes an der Oberfldche von etwa 0,15 eV zu hoheren Bindungsenergien sowie der
CIGSe- und CdS-bezogenen Kernniveaus wurde an der KF-behandelten Probe gemessen. Dieses
Phianomen wurde den Auswirkungen von zusétzlichem Cadmium zugeschrieben, das als Donator
wirkt und weitere Elektronen in das Leitungsband des Absorbers freisetzt. Dann akkumulieren die
Elektronen an der CdS-Oberfldache, nachdem sie den Grenzflachenbereich passiert haben. Diese
zusdtzliche  Oberflaichenladung  filhrt zu  einer  deutlichen  Verschiebung  der
Photoemissionsspektren, wie sie auf dem KF-behandelten CIGSe-Absorber im Vergleich zum

unbehandelten Absorber beobachtet wird.
11






1 Introduction

The world population is growing and correspondingly demand for energy is steadily rising.
Currently, most of the available energy is generated from coal, oil and gas. When these so-called
fossil fuels are burned during the production of the electricity, they emit large amounts of COg,
which is one of the greenhouse gases that contributes to global warming. One way to fight against
the global warming is to turn our interest into clean and renewable energies as an alternative to

fossil fuels.

Photovoltaic devices, which directly convert the sun light into electricity, are some of the most
promising renewable energy sources [1]. Nowadays, silicon-based solar cell devices dominate the
photovoltaic market [2]. However, thin film solar cells based on Cu(In,Ga)Se. (CIGSe)
chalcopyrite are among the most promising candidates to provide low-cost solar electricity because
of their long-term stability [3], high efficiency [4], low energy pay-back time [5] and flexibility in
the device design [6]. Indeed, thin film solar cells based on polycrystalline CIGSe absorbers have
reached a maximum conversion efficiency of 22.8 % on the laboratory scale, already exceeding the

efficiencies of solar cells based on polycrystalline silicon [7].

With 22.8 % conversion efficiency, CIGSe-based solar cells present the best efficiencies among
thin film devices [7]. Although the CdS buffer layer is widely accepted to be leading to the best
efficiencies, the latest record conversion efficiency has been achieved by the use of a Cd-free
Zn(0,S,0H) buffer layer [7]. This achievement encourages the replacement of the CdS buffer layer
without efficiency loss, as the usage of Cd-containing compounds in electronic devices is undesired
because of its toxicity. However, state of the art CIGSe thin film devices still contain a thin layer
of CdS and they are widely used as a reference material for the evaluation of their Cd-free

counterparts. Therefore, the investigation of CdS containing structures is still a current topic of
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research, which could help to shed light on the unknown device properties and thus open new ways

to enhance the efficiencies of any kind of CIGSe-based solar cells.

The first aim of this thesis is to investigate the properties of the CIGSe/CdS interface, which plays
a crucial role in the achievement of high conversion efficiencies in the CIGSe-based thin film solar
cells.

Another feature of the current record CIGSe solar cell is that a KF post-deposition treatment (KF-
PDT) is applied on the CIGSe film under a Se atmosphere. After the achievement of the record
efficiency of 20.4 % for the first time by the usage of KF-PDT [8], it has been leading to further
improvements in the efficiencies. Investigation of the impact of the KF-PDT on the CIGSe/CdS

interface is the second aim of this thesis.
This work is organized as in the following:

The theoretical background for the scientific interpretation of the experimental results of this work

is given in Chapter 2 and Chapter 3:

Chapter 2 covers the basic material properties of Cu(In,Ga)Se; and CdS compounds. It starts with
a brief description of the structure of a CIGSe-based chalcopyrite thin film solar cell. This is
followed by a review of the fundamental features of the CIGSe absorber materials, including their
crystal structure, phase diagram, defects, and their band gap dependency on the composition. The
heterocontact formation between the absorber layer and the CdS buffer layer is then presented with
an energy band diagram. The role of the chemical bath deposited CdS buffer layer and the KF post-
deposition treatment of the CIGSe layer are briefly discussed in the last part of the Chapter 2, which
helps later to interpret the experimental results.

Chapter 3 describes the experimental methods that are used within this thesis. It starts with the
presentation of the sample preparation methods for the CIGSe absorber layer by a three-stage
coevaporation process and for the CdS buffer layer by chemical bath deposition. This is followed
by a detailed description of all samples that are investigated in this work. Finally, sample
characterization methods, such as (standard and hard) x-ray and ultraviolet photoelectron

spectroscopies, as well as their experimental setups are described.

The experimental results of this thesis are given in Chapter 4 and Chapter 5:
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Chapter 4 discusses the differences in the Cd diffusion from chemically deposited CdS into the
Cu(In,Ga)Se> films depending on their Cu concentration. The motivation for this chapter is given
with DFT calculations on the Cd diffusion into Ga-free CulnSe; and CulnsSes, as well as their Ga-
containing counterpart materials; where distinguished mechanisms as well as corresponding
activation energies for the Cd diffusion in both cases are theoretically calculated [9-11]. The DFT
calculations were carried out by the ComCIGS-II project partners J. Kiss and H. Mirhosseini from
the Max-Planck-Institute for Chemical Physics of Solids. The experimental proof of the theoretical
calculations is performed by means of hard x-ray photoelectron spectroscopy on two differently
grown CIGSe+CdS samples with the relative Cu concentrations of [Cu]/([In]+[Ga])=0.80 and 0.95,
respectively. Although both absorbers have a Cu-poor composition, they are labeled in Chapter 4
as Cu-poor for [Cu]/([In]+[Ga])=0.80 and Cu-rich for [Cu]/([In]+[Ga])=0.95 to indicate the

differences in the relative Cu concentrations.

Chapter 5 deals with the experimental results on the impact of the KF post-deposition treatment
(KF-PDT) of the CIGSe film on the interface formation between the CIGSe and the CdS
heterojunction partners. Compositional and electronic depth-profile analyses, including the
interface region, of CIGSe+CdS and CIGSe+KF+CdS samples are performed using HAXPES. In
order to distinguish the effect of the CdS on the surface properties of the CIGSe from the effect of
the KF-PDT, the uncovered CIGSe and CIGSe+KF samples are investigated as well using standard
XPS and UPS. In addition, the results of the variation of the surface chemistry and electronic

properties due to the KF-PDT are discussed.

Finally, Chapter 6 gives a summary of the theoretical and the experimental results on the atomic
interdiffusion at the Cu(In,Ga)Se./CdS interface, and the impact of the KF post-deposition

treatment of the CIGSe film on the interface formation at the CIGSe/CdS heterostructure.
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2 Material Properties of Cu(In,Ga)Se, and
CdS Compounds

In this chapter, the stacked layer structure of Mo/Cu(In,Ga)Se2/CdS/i-Zn0/Zn0:Al thin film solar
cells is first briefly presented. The focus is then directed onto the material properties of the
Cu(In,Ga)Se> (CIGSe) absorber films; including their crystal structure, their phase diagram, defects
in CIGSe films and their composition-dependent band gap energy. This is followed by the
description of the basic material properties of the CdS buffer layer. Then, the electronic band
diagram of a CIGSe-based thin film solar cell is presented. Finally, the role of a chemical bath-
deposited CdS buffer layer in the stacked layer structure and the effect of a KF post-deposition
treatment on the CIGSe-based solar cells are briefly described.

2.1 Structure of CIGSe-Based Thin Film Solar Cells

This section deals with the stacked layer structure of Mo/Cu(In,Ga)Se2/CdS/i-Zn0/Zn0O:Al thin
film solar cells. Figure 2.1 depicts (a) a schematic view of the stacked layer sequence of a CIGSe-
based thin film solar cell with the various components and (b) a SEM cross-section image of a real
CIGSe solar cell.

Soda lime glass is typically used as a substrate with a thickness of about 2 mm. The substrate is
coated with a ~500 nm thick molybdenum film by sputtering. The Mo layer serves as a back
contact. The CIGSe chalcopyrite absorber is deposited on top of the back contact by means of a
three-stage coevaporation process (see Section 3.1.1 for details). The thickness of the absorber

layer is about 2 pm.
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(a) Ni/Al grids (b)
N N

‘Glass substrate ~2 mm

Figure 2.1 (a) Schematic and (b) SEM cross section view image (from [12]) of a CIGSe-based
thin film solar cell.

The so-called buffer layer CdS is deposited on top of the CIGSe by means of chemical bath
deposition (CBD). Details on the CdS deposition process is given in Section 3.1.2. The thickness
of the CdS layer is approximately 50 nm. Although the state of the art CIGSe thin film solar cells
contain CBD-CdS buffer layers, alternative buffer layers together with different deposition
techniques are intensively investigated [13]. The main function of the buffer layer is to provide a
favorable band alignment at the absorber/window interface. This is for instance done by the Cd
diffusion from the buffer layer into the absorber, which converts the absorber surface from p to n-
type [14,15].

The p-n junction is formed between the p-type CIGSe absorber and the n-type CdS buffer layer
together with an n-type double window layer of ZnO, which consists of a thin layer of intrinsic
ZnO and highly doped Al:ZnO with the thicknesses of about 100 nm and 400 nm, respectively.
The double window ZnO layer, which is sputter-deposited on top of the CdS buffer layer, serves
as a transparent conductive oxide (TCO) and permits the incoming light to pass through and to
reach the underlying absorber film. A Ni-Al grid is evaporated on top of the window layer and
provides the front contact of the device.

18



2.2 Crystal Structure of CIGSe

The Cu(In,Ga)Se. (CIGSe) compound crystallizes in a tetragonal chalcopyrite structure [16,17]. It
is a ternary I-111-V1, compound, which consists of a group | element (Cu), group 111 elements (In,
Ga) and a group VI element (Se). The group number 111 is used in Chapter 4 and Chapter 5 to
abbreviate In+Ga elements, where the Cu and Ga concentrations are defined with respect to the

group Il elements as Cu/lll and Ga/lll, respectively.

@ Cu
® hGa

J Se

Figure 2.2 Chalcopyrite unit cell of a Cu(In,Ga)Se> compound with the lattice parameters of a
and c. Cu, In (or Ga) and Se atoms are presented by green, purple (or blue) and yellow spheres,
respectively.

The unit cell of the tetragonal chalcopyrite structure is shown in Figure 2.2. This crystal structure
can be derived from the cubic sphalerite (zincblende) by doubling the unit cell [18]. In this
structure, each Cu and In/Ga atom is coordinated to four Se atoms, whereas each Se atom is
coordinated to two Cu and two In/Ga atoms in a tetrahedral way. In this compound, Cu and In/Ga
metals are denoted as cations, whereas Se atoms are denoted as anions. In contrast to the zincblende
structure, the different bonding lengths between the cations and group V1 anions cause a distortion
of the lattice constants a and ¢ [17]. The ratio of the lattice constants c/a is 2 for an undisturbed
crystal structure and varies linearly with the Ga content x, with the relation a(x)=(—0.17x+5.782)
A and c(x)=(0.589x+11.619) A [19,20].
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2.3 Phase Diagram of CI1GSe

The possible phases in the Cu-In-Se system are indicated in the ternary phase diagram in Figure

2.3-(a). Thin films of Cu-In-Se prepared under an excess supply of Se, that is, normal conditions

for thin film growth of Cu(In,Ga)Se., have compositions that fall on, or close to, the tie-line

between Cu,Se and In.Sez. The chalcopyrite CulnSe: is located on this tie-line as well as a number

of phases called ordered defect compounds (ODC), because they have a lattice structure described

by the chalcopyrite structure with an ordered insertion of intrinsic defects [21].

(a)

Cu,Se

(b)

In,Se,

Temperature [°C]

In,Se

Cu

In

800 | 785 —
700 - ]
‘\,:\ Cu,Se (HT)
600 - Sy, —
500 —
400 —
300 | —
at
Cu,Se (RT)
200 / —
/134
100 | [ |" [
15 20 25
Cu [at.%)]

30

Figure 2.3 (a): Ternary phase diagram of the Cu-In-Se system. Thin film composition is usually
near the pseudobinary Cu,Se-InzSes tie-line (taken from [21]). (b): Pseudobinary InoSes-CuzSe
equilibrium phase diagram for compositions around the CulnSe> chalcopyrite phase, denoted a.
The 3-phase is the high-temperature sphalerite phase, and the 3-phase is an ordered defect phase
(ODC). CuzSe exists as a room-temperature (RT) or high-temperature (HT) phase [21,22].

Figure 2.3-(b) displays a phase diagram of the CulnSe; along the CuSe—In2Sesz pseudo binary

section as a function of Cu concentration and temperature [22]. The diagram is given between the

Cu concentration of 15 at.% and 30 at.%, where a Cu concentration of 25 at.% corresponds to
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[Cu]/[In]=1. The Greek letter a in the Figure 2.3-(b) labels the chalcopyrite type CulnSe> phase,
whereas B and 0 represent the ODC phase and the high temperature sphalerite phase, respectively.
The a-phase exists as a single phase for Cu concentrations between ~23 at.% and ~25 at.% for
temperatures up to ~800 °C. This implies that in the corresponding temperature regime, the
chalcopyrite structure (o) remains as a single phase with a Cu concentration tolerance of about 3

at.%, resulting in significantly Cu-poor C1Se compounds.

The single a-phase field for CulnSe; at low temperatures is relatively narrow and does not contain
the composition 25 at.%. At higher temperatures, around 500 °C, where CIGSe thin films are
usually grown, the phase field widens toward the In-rich side. Typical average compositions of
device-quality films have Cu-poor compositions with 22 to 24 at.% Cu, which fall within the

single-phase region at growth temperature.

For a Cu content between ~16 at.% and ~23 at.%, the a-phase coexists with a B-phase, which
represents the ODC with the composition of CulnsSes [23]. Although the B-phase consists of Cu
vacancies Vcy and antisite defects Incy [24], it crystallizes in a similar structure as the a-phase. For

a Cu content below ~16 at.%, the B-phase is stable as a single phase.

For the experimental investigations in this work, three types of CIGSe films are used. They are
named as Cu-rich CIGSe, Cu-poor CIGSe and standard CIGSe (for details see Section 3.1.3). The
Cu-rich CIGSe film is prepared with a bulk [Cu]/([In]+[Ga]) (CGI) ratio of 0.95, which
corresponds to a Cu concentration of ~24 at.%. Considering the phase diagram in Figure 2.3-(b),
the Cu-rich CIGSe film consists of a single a-phase. On the other hand, the Cu-poor CIGSe film is
grown with a bulk CGl ratio of 0.80, which corresponds to a Cu concentration of ~21 at.%. Figure
2.3-(b) implies that the Cu-poor CIGSe film consists of two phases (i.e. Cu(In,Ga)Se. and
Cu(In,Ga)sSes). Finally, the standard C1GSe film has a bulk CGI ratio of 0.88, which is equivalent
to a Cu concentration of ~23 at.%. Although its Cu concentration slightly deviates from the
stoichiometric composition of Cu(In,Ga)Se», Figure 2.3-(b) indicates that the standard CI1GSe film

still consists of a single a-phase.
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2.4 Defects in CI(G)Se

Cu(In1x,Gax)Se2> (CIGSe) is a p-type semiconductor and its p-type character is governed by
intrinsic defects. Although a number of intrinsic defects exist in CIGSe, some of the most relevant
intrinsic defects in CIGSe together with the Cdcy extrinsic defect are listed in Table 2.1.

Table 2.1 Some relevant intrinsic and extrinsic point defects in the ternary compounds CulnSe>
and CuGaSe,. The type indicates the electronic character of the corresponding defect (A:
acceptor, D: donor). Defect transition energies of divalent donors (+/0) and acceptors (0/—) in
CGSe and ClISe relative to the CBM, Ec, for the donors and to the VBM, Ev, for the acceptors
are adapted from [25,26]. The formation enthalpies AH of the neutral defects in CISe and CGSe
are taken from [25,26].

Defect | Type | Energy©'s¢[eV] | Energy©®S¢[eV] | AHC'Se[eV] | AHCCS¢[eV]
Veu A | Ev+0.03[25] | Ev+0.01[25] | 0.60[25] | 0.66 [25]
Vi A | Ev+0.17[25] | Ev+0.19[25] | 3.04[25] | 2.83[25]
Cum | A | Ev+0.29[25] | Ev+0.29[25] | 1.54[25] | 1.41[25]
lllcw | D | Ec0.25[25] | Ec—049[25] | 3.34[25] | 4.42[25]
Cui D | Ec-0.20[25] | Ec-021[25] | 2.88[25] | 3.38[25]
Cdeu | D | Ec-0.00[26] | Ec-0.06[26] | —0.90[26] | —0.51 [26]

The formation enthalpy of the listed point defects shows a dependence on the Ga to In ratio (x).
The lowest formation enthalpy of the Cu vacancies Vcy among the intrinsic defects implies that the
Vcy is the dominant defect within the CIGSe. The acceptor-like type of the V¢, defect (energy
position close to valence band) is responsible for the intrinsic p-type conductivity of the CIGSe. In
case of Cu-poor grown CIGSe, Vcu acceptors easily form a neutral defect pair 2Vey+Inc,®t
together with Inc,?* donors [24]. This indicates that the neutral CIGSe can be obtained even for
non-stoichiometric composition due to a high degree of self-compensation of point defects.
However, a small excess of Vcy acceptors due to the low formation enthalpy results in p-type
doping of the CIGSe.
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The negative formation enthalpy of the Cdcy extrinsic donors indicates that it can form rather easily
due to the Cd diffusion into CIGSe when the CdS buffer layer is deposited on top of the CIGSe.
The Cd diffusion into CIGSe, thus the formation of Cdcy defects is considered to be the reason for

the type inversion (from p-type to n-type) of the CIGSe surface [8,27,28].

Zhang et al. [29] calculated the intrinsic defects in CulnSe; (CISe). A summary of their results is
schematically shown in Figure 2.4 including additionally the defect transition energy of Cd

extrinsic defects, calculated by Persson et al. [26].

Conduction Band ~  »
Qo Qe Q\\\Q Q® 0\}\ \Qg» Obo 06\0
Lo T T o |
0/+ (0/+)
g4 (0/+) | - ( ,,,,, ) ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
_ (3-12-) (+/2+)
> -
2, 06 @)
>
@
[«B]
c (2-1-)
Lu 0'4 O N — el
(-/0)
02 O A ('/0) ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
(-/0) (-/0)
0.0
Valence Band

Figure 2.4 Defect transition energy levels of some intrinsic and extrinsic defects in CulnSe;
(adapted from [26,29]). The corresponding charge states for the transitions are indicated in
parentheses.

The most shallow intrinsic defect level in CISe is formed by the V¢, acceptor defect with
E(—/0)=Ev+0.03 eV. As this defect also has a low formation enthalpy at Cu-poor composition (see
Table 2.1), it appears to be responsible for p-type doping [30]. The In vacancy (Vin) is the next
deeper acceptor level at E(—/0)=Ev+0.17 eV. All the other defect levels are relatively deep,
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including the two Vi, acceptor levels at 0.41 eV and 0.67 eV above the valence band Ev,
respectively. The Cui, antisite has two deep acceptor levels at 0.29 eV and 0.58 eV above Ev. In
addition, the Incy antisite defect with two energy levels at 0.25 eV and 0.34 eV, and the Cui
interstitial defect with one level at 0.20 eV below the conduction band Ec appear as the deep donors.
Persson et al. [26] calculated the transition energy levels for Cdcy donors and Cdin acceptors at
E(0/+)=Ec—0.00 eV and E(—/0)=Ev+0.00 eV, respectively.

Wei et al. [25] calculated the effect of the Ga concentration on the defect properties and they found
that the acceptor levels remain almost the same for the CulnSez (CISe) and the CuGaSe, (CGSe)
compounds (see Table 2.1). However, donor levels are deeper in CGSe compound. Persson et al.
[26] showed a trend that CGSe has somewhat deeper Cdcy donors than CISe, and this trend is more

pronounced for Cdin acceptors.

2.5 Band Gap Energy of Cu(lnix,Gax)Se:

Cu(In1x,Gax)Se2 (CIGSe) is a direct band gap semiconductor [31]. The band gap energy E4 of
CIGSe can be tuned from ~1.0 eV of CulnSe; (i.e. x=0) to ~1.7 eV of CuGaSe; (i.e. x=1) by
changing the Ga concentration [32]. The band gap energy of CIGSe can be expressed as a function
of x [33]:

Eg = (1 —x)Eg(CulnSe,) + xEg(CuGaSe;) — bx(1 — x) (2.1)

where b refers to the “bowing coefficient” and takes values between b=0.15 eV and 0.24 eV [34],
X corresponds to the Ga concentration, Eq(CulnSe2)~1.04 eV [35,36] and E¢(CuGaSe2)~1.65 eV
[36].

The band gap energy of the CIGSe as a function of Ga concentration ratio ([Ga]/[In]+[Ga] or X) is
shown in Figure 2.5, demonstrating that the variation in Eg is related to a variation in conduction
band minimum (CBM or Ec).
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Figure 2.5 The band gap energy of Cu(Inix,Gax)Se> as a function of Ga/(In+Ga) atomic ratio
X. The dependence of the valence band energy Ev and the conduction band energy Ec on the Ga
ratio x [37].

It is shown in Figure 2.5 that the valence band maximum (VBM or Ev) is not influenced by the
variation of Ga concentration [37]. This is due to the fact that the CBM consists of the In/Ga s,p
orbits and the VBM consists of hybrid orbitals of Cu-d and Se-p [29]. This means that a variation
in the Cu concentration would influence the position of the Ev and thus the band gap energy Eg.
The strong repulsion of the Cu-d and Se-p orbitals pushes the VBM towards the conduction band
and results in a lower band gap energy [38]. Therefore, a reduction of the Cu content leads to an
increase in Eq by lowering the p-d repulsion [39]. As a result, the CIGSe compounds with a high

amount of Cu vacancies Vcy exhibit a higher band gap energy [38,40,41].

2.6 Basic Properties of CdS

CdS is a binary 11-VI group compound semiconductor. It crystallizes in a hexagonal wurtzite
structure or in a cubic zinc blende structure with lattice parameters a=4.137 A, ¢=6.716 A and
a=5.825 A, respectively [42]. However, the most common form is the hexagonal wurtzite structure
[43]. CdS is an n-type semiconductor and has a direct band gap of 2.42 eV, giving it a transparent,
sunny yellow appearance [44].

25



Weight Percent Sulfur

0 10 20 30 40 50 60 100
1600 T T 4 T T . T IIII II 4 T . II 4 4 1
1405°C |
14001 L .
1200 N * L,+L,
S 1000- \ 1000°C
s 595 99.9
o
g 800
Q w2
o, 4 8
E) 600 =
4004 ~321°C
2000 (cd) 115°C (BS)
0 ~95.5°C (otS)
0 10 20 30 40 50 60 70 8 90 100
Cd Atomic Percent Sulfur S

Figure 2.6 Assessed phase diagram of Cd-S as a function of sulfur concentration and
temperature (taken from [45]. Symbols are experimental points from [46].

The assessed phase diagram of Cd-S system is given in Figure 2.6. In the Cd-S system, aCdS has
essentially the stoichiometric composition with 50 at.% S and melts congruently. The melting point
of aCdS is in the order of 1405 °C [47]. The detailed explanation of the phase diagram in Figure
2.6 can be found in [45]. Nevertheless, the abovementioned basic information on the phase
formation of CdS as a function of temperature will be revisited in Chapter 4, where the annealing-

assisted diffusion of Cd into CIGSe is discussed.

2.7 Electronic Band Diagram of CIGSe-Based Thin Film Solar Cell

Figure 2.7 shows a schematic band diagram of a CIGSe-based thin film solar cell. The band
diagram is determined by the electron affinities y (energy difference between the conduction band
minimum CBM and the vacuum level Evac), Fermi levels and the band gap energies [48]. Because
of the large band gap energies of the ZnO window layer and the CdS buffer layer (~3.3 eV and 2.4
eV, respectively) most of the light is transmitted to the CIGSe layer without being absorbed in the
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window layer. The band gap energy of the CIGSe absorber is strongly influenced by its
composition and has a strong impact on the band discontinuities.

Cu(In,Ga)Se, Cds Zn0O
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Figure 2.7 Schematic electronic band diagram of a Cu(In,Ga)Se,-based thin film solar cell
including the valence band maximum Evewm, the Fermi energy Er and the conduction band
minimum Ecgm.

Band discontinuities occur at the interfaces due to the differences in the position of the valence and
conduction bands of the corresponding layers with respect to the Fermi level. The band
discontinuities at the absorber/buffer interface play a crucial role in the carrier transport, thus the
performance of the solar cell. The presence of a spike-like AEc (CBM of the CdS is energetically
higher than that of the CIGSe) between the values 0 eV-0.4 eV is reported to be beneficial by
reducing the recombination of the electron-hole pairs at the CIGSe/CdS interface [49,50].
However, the formation of a cliff-like AEc (CBM of the CdS is energetically lower than that of
CIGSe) is undesirable due to the reduction of the energy barrier for the carrier recombination at
the interface [51].

2.8 The Role of CBD-CdS Buffer Layer

The deposition of a thin CdS buffer layer by chemical bath deposition (CBD) between the CIGSe
absorber and the ZnO window layer is an important step to produce high efficiency solar cells [52].
One of the most important features of the CBD-CdS is the etching of the CIGSe surface oxides in
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the chemical bath prior to the CdS formation [53]. The surface coverage of the CBD-CdS is
satisfactory even within the early stage of the CBD, corresponding to the deposition of a few
nanometers of CdS [54]. The good coverage of the CIGSe surface by CdS could help to protect the

CIGSe surface from sputtering damage during the ZnO deposition.

It has been proposed that the deposition of CdS may lead to a reduction of defects at the interface
[55,56]. It can be also beneficial on the band alignment between the absorber and window layers
[57]. The formation of a spike-like conduction band offset was reported between 0.3 eV and 0.7
eV [58,59], which could help to reduce the recombination of charge carriers at the CIGSe/CdS

interface.

It has been observed that Cd may diffuse into the absorber during the chemical bath deposition and
may result in an n-type inversion at the absorber surface [3,52,60-62]. The diffusion of Cd atoms
into the C1GSe absorber upon the Cu concentration is the subject of the Chapter 4 of this thesis.

2.9 The Effect of KF Post-Deposition Treatment

Incorporation of sodium into the absorber is known to play an important role for the performance
optimization of the Cu(In,Ga)Se2 (CIGSe)-based thin film solar cells. The beneficial effect of Na
incorporation on the conversion efficiency was first reported more than twenty years ago [63].
Since that, many research groups published a number of studies on the role of the Na (some
examples: [64—69]). However, the main effect of it is still not fully understood. On the other hand,
the effect of different alkali metals (Li, Na, K, Rb and Cs) as well as their fluoride compounds on
the CIGSe absorber has been widely studied theoretically and experimentally by different research
groups [70-74]. After the achievement of a world record conversion efficiency of a KF treated
CIGSe-based thin film solar cell grown on a flexible substrate by Chirila et al. [8], the new research
interest turned on the investigation of the effect of the KF treatment on the CI1GSe absorbers. Some
of the possible effects of the KF treatment are summarized in Chapter 5 as a motivation to that

chapter, where the influence of the KF on the formation of CIGSe/CdS interface is investigated.
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3 Sample Preparation and Characterization
Methods

The materials that are subject to investigation in this work are Cu(In,Ga)Se, (CIGSe) absorber
materials and CdS buffer layers. In this chapter, first, the preparation techniques of the CIGSe films
by a three-stage coevaporation method and the CdS layer on top of the CIGSe by chemical bath
deposition (CBD) are briefly described.

As the surfaces of the CIGSe films as well as the interface at CIGSe/CdS are studied by means of
x-ray and ultraviolet photoelectron spectroscopies (XPS and UPS, respectively), then, the
fundamentals of the characterization techniques are shortly explained. The more profound details
on the XPS and UPS can be found in references [75-80].

In addition, the experimental setups for the XPS and UPS measurements are presented.

3.1 Preparation of Cu(In,Ga)Se, Thin Films and Cu(In,Ga)Se2/CdS
Heterostructures

The preparation methods of the CIGSe films by the three-stage coevaporation process as well as

their post treatments by KCN and KF, additionally CBD technique for the deposition of the CdS

as a heterocontact partner of the CIGSe are briefly described in the following. The detailed

description of the samples under investigation is given in the end of this section.
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3.1.1 Cu(In,Ga)Sez2 Absorber Films: Growth and Post Treatments

The photovoltaic absorbers that are investigated in this work are polycrystalline Cu(In,Ga)Se:
(CIGSe) thin films with a thickness of approximately 2 um. They are grown on molybdenum coated
soda-lime glass (SLG) substrates using a three-stage process [12,81,82]. The three-stage process is
a coevaporation process under vacuum conditions (basis pressure: 10~ mbar), where the production

of the CIGSe layer is based on the temperature-induced interdiffusion of the evaporated elements.

The deposition rate of the individual elements is controlled with optical real-time methods, where
the scattering of the laser light is used [12]. The three-stage coevaporation process is schematically

described in Figure 3.1.
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Figure 3.1 Schematic description of the three-stage process. Below: the course of the substrate
temperature. Above: deposition rates of individual elements normalized to selenium [19], (after
[12,82])

In the first stage of the process, In and Ga are deposited sequentially at a substrate temperature of
330 °C to form an (In,Ga)-Se precursor layer, while the whole process occurs under Se atmosphere
at a basis pressure of about 10" mbar. In the second stage, Cu and Se are provided at an elevated
substrate temperature of 525 °C, where the shutters of the In and Ga sources are closed. The
chalcopyrite phase is formed in this second stage because of the Cu diffusion in the (In,Ga)-Se
precursor layer. The stoichiometric composition is obtained at the end of the second stage, where

the integral composition of [Cu]/([In]+[Ga]) (CGI) is approximately 1. After reaching the
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stoichiometric composition, the further evaporation of Cu and Se is responsible for the formation
of Cu-Se secondary phases during the second stage, which segregate on the surface of the layer
during the growth process. During the third stage, only In and Ga are provided simultaneously
under Se atmosphere to form Cu-poor material with a composition ratio of CG1=0.80-0.90, which
is the optimum concentration interval for high efficiency CIGSe solar cells, at least in our lab,
therefore denoted as standard absorber. In addition to the Cu-poor content of the material, the Ga
concentration with ratio of [Ga]/([In]+[Ga]) (GGI1)=0.27-0.36 is desired for high efficiencies
[82,83].

The integral Cu concentration of the CIGSe film in the three-stage process is controlled with the
duration of the second and third stages. The evaporation of In, Ga and Se beyond the stoichiometric
composition (i.e. 1-1-2 composition) of the compound in the third stage results in a Cu-poor CIGSe
absorber, whereas by shortening the third stage accordingly, relatively Cu-rich absorbers can be
also produced. The Cu-poor and Cu-rich samples that are investigated within Chapter 4 are
prepared by this method.

Potassium fluoride post-deposition treatment (KF-PDT)

Within the Chapter 5, the impact of potassium fluoride post-deposition treatment (KF-PDT) on the
interface properties of CIGSe/CdS material system is investigated since this post-treatment
approach improves the photovoltaic performance in CIGSe PV technology [7]. For this purpose, a
KF-PDT is applied on a standard CIGSe absorber. The KF-PDT is performed in a separate UHV
evaporation chamber for 20 min at a substrate temperature of 330 °C in the presence of KF and Se
molecular beams, which were the PDT conditions for the record efficiency solar cell at the time of

the experiment [8].

KCN etching of the CIGSe films

The KCN-etching is well known to be used in preparing well-defined CIGSe films. It removes
surfaces oxides (e.g. Ga20z, In203) and sodium from the surface away [84,85]. It has no major
effect on the solar cell efficiency of Cu-poor grown samples [12] or leads to improvements in some
cases [86,87]. In case of Cu-rich grown samples, the usage of KCN-etching before the chemical

bath deposition of CdS is necessary in order to remove copper-selenide phases from the surface
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[88-90]. The KCN-etching does not affect the chalcopyrite phase and it has no influence on the

surface composition of Cu-poor grown samples [88,90,91].

The CIGSe samples that are used in Chapter 4 are etched in a 10 % KCN containing aqueous
solution for three minutes at room temperature. They are then rinsed with deionized water and dried
in a nitrogen gas stream. Finally, they are either rapidly transferred to the corresponding UHV
based analysis system for XPS-UPS measurements using a small transport box flooded with

nitrogen or they are further processed in a wet chemical bath for the CdS deposition.

3.1.2 Chemical Bath Deposition of the CdS

The most established buffer layer in high efficiency CIGSe PV technology is CdS [92]. In this
work, the CdS buffer layer is deposited (as commonly done) by a chemical bath deposition (CBD)

technique. The experimental setup for the CBD is schematically illustrated in Figure 3.2.
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Figure 3.2 Schematic illustration of the experimental setup for the chemical bath deposition of
Cds.

Before starting the deposition process, Cd and thiourea solutions are prepared. For this purpose,
0.44 g of cadmium acetate dihydrate (Cd(C2H30-)2:2H20) salt is mixed with ammonium hydroxide
solution (25 %) to a total volume of 100 ml. This 0.02 M solution is used as a Cd source in the
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CBD. Additionally, a thiourea solution is prepared by mixing 7.08 g of thiourea (H-NCSNH>)
together with deionized water to a total volume of 100 ml. This 0.96 M solution is used as a sulfur
source. Although the Cd salt is rapidly and almost spontaneously soluble in the NHz-based solution;
the special laboratory bottle, containing the thiourea solution should be shaken for a while in order

to dissolve the salt in the deionized water at room temperature.

First, a clean 200 ml double-walled glass container is connected to a warm water supplier. 50 ml
of deionized water is added to the glass container. Then, 11.25 ml of Cd and 30 ml of thiourea
solutions are added to the water, respectively and mixed together with a magnetic stirrer. Finally,
58.75 ml of deionized water is added to the bath in order to have a total volume of 150 ml bath.
The chemical bath is now basically ready for the usage but still at room temperature. During the
preparation of the solution in the glass container, the temperature of the water supplier is set to 60
°C. To start the deposition process, the sample is dipped into the bath and the valve of the
thermostat is opened to make the 60 °C water flow into the double-wall. The deposition time starts
after opening the valve. The standard deposition time is eight minutes to obtain a complete buffer
layer for standard solar cells. In this case, the thickness of the CdS layer lies between 50-60 nm.
However, the samples that are investigated in Chapter 4 and Chapter 5 are dipped into the bath for
less than one minute, which leads to a CdS thickness of 5-10 nm. This is a strategy to make the
CIGSe substrate, CdS over layer and the corresponding interface accessible with hard x-rays. After
removing the sample from the CBD bath, the sample should be immediately rinsed with deionized

water and dried in a nitrogen stream.

Simultaneous ammonia etching during the CBD process

It is well known that an ammonia containing solution cleans the CIGSe surfaces by partially
removing some surface oxides (e.g. Gax0s3, In20z), although it is not as strong as KCN
[27,61,85,93-95]. Since the CdS deposition in this work is done in an ammonia containing
chemical bath, it is thought that the etching effect of the chemical bath due to NH3 and the CdS
deposition should occur in a competitive way, at least in the first stage of the CBD. Indeed, the first
stage of the CBD with some ten seconds corresponds to the total deposition time of CdS on CIGSe
samples, which are investigated in Chapter 4 and Chapter 5. To determine the ammonia etching in
the chemical bath, the same bath is prepared, but now without adding the Cd and thiourea into the

solution (i.e. 11.25 ml of ammonia 25 % and 30 ml of deionized water instead of Cd and thiourea
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solutions). The sample is dipped into the bath for the same time as the real CBD of CdS. To have
a comparable process to the real CBD process, the sample is rinsed with deionized water and dried

in a nitrogen stream. Such samples are investigated in Section 5.2.

3.1.3 Detailed Description of the Samples under Investigation

The samples that are subject to investigation within this work are listed in Table 3.1 with some key

properties. They are divided in three categories:

Table 3.1 List of the samples under investigation within this work.

# | Sample Name Properties Where
. CGI1=0.95; KCN-etched;
- +

1| Gurrich CIGSevCd3 t(CBD-CdS)=45s Chapter
CGI1=0.80; KCN-etched; 4

2 | Cu-poor CIGSe+CdS {(CBD-CdS)=45s

3 | Standard CIGSe+CdS CGI=0.88; t(CBD-CdS)=50s Section

4 | Standard CIGSe+KF+CdS CGI=0.88; KF-20min; t(CBD-CdS)=50s 5.1

5 | Standard CIGSe CGI1=0.88

6 | Standard CIGSe+KF CGI=0.88; KF-20min Section

7 | Standard CIGSe (CBD-etched) CGI=0.88; CBD-etched 5.2

8 | Standard CIGSe+KF (CBD-etched) | CGI=0.88; KF-20min; CBD-etched

Preparation of the samples #1 and #2

The CIGSe thin films are grown on molybdenum coated soda-lime glass (SLG) substrates using a
three-stage coevaporation process. Details on this process are given in the previous section. The
Cu content of the samples is chosen to be CGI=0.95 (sample #1) and CGI=0.80 (sample #2)
(representing the Cu to In+Ga ratio) for Cu-rich and Cu-poor samples, respectively. The samples
are grown on 5 cm x 5 cm large SLG substrates, which are cut down to a size of 10 mm x 10 mm
and mounted on the sample holder for the subsequent HAXPES measurements. In order to remove
segregated CuxSe or surface oxide phases, the samples are etched in a KCN-containing aqueous
solution (5 %) for 3 min at room temperature. Afterwards, they are rinsed with deionized water and
dried in a gaseous nitrogen stream. Thin CdS layers are then deposited on top of them by the
standard CBD process, as explained in the previous section. The samples are simultaneously dipped
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into the chemical bath for 45 s, leading to ultrathin CdS layers in the thickness range of less than
10 nm as estimated from the standard CdS deposition process. Finally, these samples are transferred
to the UHV based analysis chamber for HAXPES measurements using a special transport box

flooded with nitrogen. The samples #1 and #2 are investigated in Chapter 4.

Preparation of the samples from #3 to #8

The CIGSe thin films are prepared on molybdenum-coated soda-lime glass substrates using a three-
stage coevaporation process. For the experiment in Section 5.1, two standard (Cu-poor) CIGSe
samples are grown on 5 cm x 5 cm large SLG substrates with bulk compositions of [Cu]/([In]+[Ga])
= 0.88 and [Ga]/([In]+[Ga]) = 0.32, as determined by x-ray fluorescence. Directly after finishing
the absorber preparation process, sample #3 was stored in nitrogen atmosphere in order to minimize
the impact of air exposure, whereas on the sample #4 a KF-PDT is applied. The post-deposition
treatment is performed ex-situ in a separate UHV evaporation chamber for 20 min at a substrate
temperature of 330 °C in the presence of KF and Se molecular beams. Afterwards, thin CdS layers
are deposited using the standard CBD process. Both samples (sample #3 and #4) are simultaneously
dipped into the chemical bath for 50 s at 60 °C, leading to ultrathin CdS layers in the thickness
range of less than 10 nm as estimated from the standard CdS deposition process. Afterwards, they
are rinsed with deionized water and dried in a nitrogen gas stream. Prior to the wet chemical CdS
deposition process, both samples are cut into small pieces of 4 mm x 8 mm size in order to be able
to mount them both on one sample holder. The CIGSe+CdS and CIGSe+KF+CdS samples are then
rapidly transferred to the UHV based analysis system dedicated for HAXPES using a small

transport box flooded with nitrogen.

The influence of the usage of an NHs-containing solution in the chemical bath for CdS deposition
is studied in Section 5.2. For this purpose, the same samples as in the Section 5.1 (now sample #5
and sample #6) are first measured in their as-grown state without CdsS layer on top (i.e. CIGSe and
CIGSe+KF). The samples are then measured after a dedicated etching process in the chemical bath
(i.e. CIGSe (CBD-etched) being sample #7 and CIGSe+KF (CBD-etched) being sample #8).

Details on the preparation of the ammonia-containing solution can be found in the previous section.
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3.2 Microstructure Characterization Methods

In order to analyze the microstructure of the CIGSe films and CIGSe/CdS-heterostructures, x-ray
photoelectron spectroscopy and ultraviolet photoelectron spectroscopy were applied. Theoretical
background, set-ups available for the analyses as well as the data of the specific material parameters

used for the spectral analyses will be described in the following sections.

3.2.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also referred to electron spectroscopy for chemical
analysis (ESCA) is a surface sensitive spectroscopic method based on the photoelectric effect. In
this technique, a sample is irradiated by a beam of x-rays with a known energy. The x-ray photons
can transfer their entire energy to core level electrons in the material. After the absorption of
photons with enough energy, the electrons can escape the atom and the material. The emitted
photoelectrons are detected and counted depending on their kinetic energy by an electron
spectrometer. It is the kinetic energy of the photoelectrons that gives the information about the

binding states of the atoms in the material.
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Figure 3.3 Schematic illustration of (a): creation of a photoelectron by an incident x-ray with
energy of hv, (b): emission of a photon with energy of /v’ by the relaxation of an outer electron
into the hole, (c): emission of an Auger electron by the secondary x-ray with energy of iv'.
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The XPS method is based on the photoionization process. Some possible phenomena that occur in

this process are illustrated in Figure 3.3.

In Figure 3.3, the black, white and blue spheres represent the electrons, the holes and the excited
electrons that escape the material, respectively. The vertical axis represents the energy axis,
whereas some characteristic energy levels, e.g. Fermi level, vacuum level are shown as horizontal
lines. Figure 3.3-(a) shows the photoionization process, where an electron in a specific core level
with a binding energy of BE is excited to a kinetic energy level above the vacuum level by a photon
with enough energy of hv. In this process, the kinetic energy of the excited electron (photoelectron)

is given by [96]:
KE=hv—BE—-W (3.2)

Where h is the Planck constant, v is the frequency of the photon and W is the work function of the
material. After the formation of a photoelectron, another core level electron can be relaxed into the
hole by releasing a characteristic fluorescence radiation with energy of /v’, as shown in Figure 3.3-
(b). The energy of the fluorescence radiation 4v' is then enough to ionize another core level
electron, which is then called Auger electron, as shown in Figure 3.3-(c). The XPS analysis of any
sample in this work is mainly based on the measurement of the photoelectrons and the Auger

electrons.

A typical XPS survey spectrum of a Cu(In,Ga)Se, sample, which is used as substrate material in
this work, is given in Figure 3.4. The spectrum consists of mainly the characteristic core level
photoelectron peaks (Cu 2p1/2, Ga 2ps2 etc.) and the Auger electron peaks (In MNN, Se LMM etc.).
The upwards bending shape of the spectrum from right to left hand side is due to the secondary
electrons that form a background. These are electrons, which lose energy in the photoionization
process by inelastic collisions, hence they do not carry a specific and therefore a characteristic

energy of a core level.
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Figure 3.4 A typical XPS survey spectrum of a Cu(In,Ga)Se2 sample measured with Mg Ka. x-
ray source (hv=1253.6 eV).

The spectrum in Figure 3.4 is recorded using an X-ray source of Mg Ko, which gives rise to an x-
ray energy of 1253.6 eV. In addition to Mg Ka, another x-ray source of Al Ka with 1486.6 eV
energy is used in this work as excitation energy in the photoionization process. Beside the Mg Ka
and Al Ko laboratory sources, tunable synchrotron-based x-rays are used in this work as well,

which allow to select a desired excitation energy.

In the measurement of the spectrum in Figure 3.4, photoelectrons are counted by the spectrometer
according to their kinetic energies. The count of the electrons is reflected in the vertical axis with
intensity in unit of (Counts). By convention, the XPS core level spectra are plotted with binding
energy (BE) in the horizontal axis in eV units, as shown in Figure 3.4. It is the BE that gives
characteristic information and remains unchanged for a core level with the same chemical
environment even under different excitation energies. Since the spectrometer counts the

photoelectrons according to their Kinetic Energy (KE), it has to be converted to BE.

As it was shown in Equation 3.2, the KE of a photoelectron is related to its BE with the photon
energy (#v) and the work function of the material (W). Basically, the Equation 3.2 is used for the
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conversion of KE to BE, however the W in there might be confusing because it is the work function
of the sample, which is defined as the minimum energy required by an electron at the Fermi level
to escape the material (W = Evac — Er). In the XPS measurement, the sample is in electrical contact
to the spectrometer and therefore they are thermodynamically in equilibrium. Thus, their Fermi

levels are energetically aligned, as shown schematically in Figure 3.5.

Photoelectron
o Ein

4

KE

E

vac

w N ESPec
CB

—
=
7
=
a
o
<
a
2}

E F |  TTTTTTETETETETTTTS EF
VB

BE hv hv
IS

oo

Energy (eV)

o

Figure 3.5 Schematic illustration of the energetic situation of a photoelectron and the work
function of the spectrometer, where their Fermi levels are aligned due to electrical contact [97].

It can be clearly seen in Figure 3.5 that the “effective” work function that the electron is exposed
to, is reduced by AW, as a result of the work function of the spectrometer (Wspec). Adding the

additional term (AW) to the equation 3.2 gives:
KE = hv — BE — Wy, (3.3)

Wspee 1S usually determined by measuring clean Au or Ag metals in the calibration of the
spectrometer. After the calibration, it is assumed that the spectrometer remains stable for a long
time under ultra-high vacuum. However, the calibration of the XPS spectra in this work is done at
each measurement by measuring additionally a clean gold foil on the manipulator, which has a core
level binding energy of BE (Au 4f7,)=84.0 eV according to reference [75]. Once the measured
XPS spectrum is calibrated, its BE gives information about its binding state and the chemical

environment, which can be estimated by a comparison of BE with the literature values that are
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widely available for instance online in the NIST database [98]. The comparison of BEs should be
done carefully though, since some other factors can affect the measured BE, for instance charging
of the sample due to its bad conductivity or a bad electrical contact of the sample to the

experimental setup.

Another feature that contributes to the XPS spectra is the Auger electron, which arises because of
the Auger decay as shown in Figure 3.3-(b) and (c). Since the origin of an Auger electron is the
secondary x-ray (Av"), its Kinetic energy is fixed and characteristic, and does not depend on the
energy of the incoming x-ray (4v). Therefore, the Auger spectra are plotted in KE as convention.
In general, the Auger electrons are more sensitive to the chemical environment of an atom than
photoelectrons [99]. The so-called modified Auger parameter o provides valuable information
regarding the chemical state of an atom in a sample, which is calculated by the addition of the BE

of photoelectron and the KE of Auger electron [100]:

o' = BE (photoelectron) + KE (Auger electron) (3.4)

The advantage of o’ in the determination of the chemical state is that the o' is a fixed value for a
specific compound and is not affected by the surface dipoles and band bending; and systematical
errors in determining the work function of the spectrometer do not play a role due to canceling of
each other in the addition. Another advantage is that the o’ is independent of the excitation energy
(hv), since the BE (photoelectron) and KE (Auger electron) are independent of 4v. Details on the
modified Auger parameter concept can be found in [101]. Similar to BE of core level electron, a

widely used database of o’ can be found in [98,102].

Spectrometer

The count of photoelectrons according to their kinetic energies is schematically illustrated in Figure
3.6. In the x-ray tube, electrons are accelerated onto a magnesium or aluminum anode under a
potential energy in the range of 10-15 keV. The accelerated electrons hit the target anode and
produce x-ray radiation and Bremsstrahlung. The X-ray radiation contains Mg Kas 2 and Al Kaa 2
lines with a line width of 0.70 eV and 0.85 eV, respectively. The spectral lines have the energy of
Mg Ka1=1253.6 eV, Mg Ka,=1253.4, Al Ka1=1486.6 ¢V and Al Ka,=1486.2 eV [103]. The usage
of a crystal monochromator enables to select only Mg Kai or Al Kai. However, for each

photoelectron peak that results from the routinely used Mg and Al Ka x-ray photons, there is a
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family of minor peaks (satellite peaks) at lower binding energies with intensity and spacing
characteristic of the x-ray anode material. For instance, the most intense satellite peaks of Mg Ka
appear in the XPS spectra for Kas and Kas emissions at a displacement of 8.4 eV and 10.1 eV, and
with a relative height of 8.0 % and 4.1 %, respectively [77]. Most of the energy of the incident
electrons to the anodes is released in form of heat, therefore Mg and Al anodes have to be cooled

down with surrounding water flow to prevent any degradation.

Once an electron has been ejected from the sample, its kinetic energy is measured most commonly
by a concentric hemispherical analyzer (CHA) [75,76]. The spectrometer is composed of three
main components: (1) electron optics, which retard the incident electrons; (2) the analyzer, which
has one inner and one outer metal hemisphere, which selects the electrons with respect to their
Kinetic energies; (3) a detector, which counts the electrons. The width of the entrance slit influences
the count rate and the resolution of the measurements. In between the outer and the inner
hemispheres, an electric field is applied such that the outer one is more negative and the inner one
IS more positive with respect to the potential at the center [104].

Hemispherical analyzer

Outer Inner
hemisphere hemisphere
Entrance -

slit

Electron Detector

optics
X-ray source
UV source

o
\“\‘Q\e

sav

Figure 3.6 Schematic illustration of a photoelectron spectrometer, including its components:
hemispherical analyzer, electron optics and detector.

The potential at the center is called pass energy (Epass). The setting of the Epass will allow only
electrons with a narrow energy window to pass through the analyzer and reach the detector. The
electrons having much higher kinetic energy than the Epass hit the outer hemisphere and those
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having much lower Kinetic energy are drawn onto the inner hemisphere. These electrons are lost
within the analyzer and do not contribute to the measurements. The pass energy (Epass), the width
of the entrance slit (s) as well as the radius of the hemispherical analyzer (Ro) are the responsible
parameters in the determination of the energy resolution of the analyzer (AE), which is expressed
with the following equation [75]:

S Epass

AE =
2'R0

(3.5)

Information Depth in XPS

X-ray photoelectron spectroscopy is a very surface sensitive technique. Although the x-rays can
penetrate about 1000 nm into the sample, the smaller distance of electrons that they can travel
through the sample without losing energy, limits the information depth in XPS. The distance that
an electron can travel without undergoing inelastic collisions is called inelastic mean free path
(IMFP) (1) of an electron. The A is a function of the kinetic energy of the photoelectrons and does
only slightly depend on the type of the material. The relation of the A and the KE of an electron
shows a similar trend in a large number of materials, expressed by the so-called universal curve of
the IMFP, as shown in Figure 3.7 [105].

The A values within this work are calculated by the TPP-2M formula [106] using the QUASES
code [107]. The A value has a direct influence on the information depth (ID) of the XPS technique.
For an electron intensity of lo, emitted at a depth of d below the surface, the intensity at the surface
is attenuated according to the Lambert-Beer law:

I(d) = I,e~%/AKE) (3.6)

where Is is the attenuated intensity of electrons, lo is the initial intensity of electrons, d is the
thickness and A is the IMFP of electrons. The ID is defined as the depth from which 95 % of all
photoelectrons are scattered by the time they reach the surface, which gives a value of
approximately 3A. Most of the A values lie between 1-3.5 nm for Al Ka radiation, which results in
an ID of approximately 3-10 nm. The Equation 3.6 can be used to identify the thickness of an
overlayer as well, which attenuates the photoelectrons below it.
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Figure 3.7 Universal curve of the inelastic mean free path (IMFP) (L) of electrons in a material
as a function of photoelectron kinetic energy (adopted from [105]). Data points: Experimental
data points for different materials, black line: mathematical model, red dashed line:
extrapolation.

Quantitative Analysis of XPS Data

The quantitative analysis of the measured XPS data includes mainly two steps. In the first step; the
secondary electron background is subtracted from the XPS peak as shown in Figure 3.8. This is an
important step to make the peaks with different binding energies comparable because the
background steadily varies from low to high binding energies, as shown in the survey spectrum in
Figure 3.4. The choice of the background type is another crucial point. Although different types of
backgrounds, such as linear, Tougaard or Shirley background are available, the Shirley background
gives usually the best results and is widely used in literature. Therefore, the background subtraction
within this work is done by subtraction of a Shirley function [108] from the measured XPS peak,

as shown in Figure 3.8.

In the second step, a software-controlled peak fitting routine is applied to the measured data to
simulate basically the intensity and the position of the photoemission peak. For this purpose, the
computer program “PeakFit” is used in this work [109]. There, photoemission signals are fitted

using a Voigt profile, which is a convolution of a Gaussian and a Lorentzian profile, and widely
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used at peak fitting in literature. The signal intensity of an individual peak is then calculated as the

area of the Voigt profile, as shown in Figure 3.8.
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Figure 3.8 Example of quantitative analysis showing the raw data as-measured (black line), the
Shirley back ground (red line), removal of the Shirley back ground (green circles) and the peak

fitting by a Voigt profile (blue area). The integrated blue area gives the intensity of the
corresponding peak.

The intensity of an individual photoemission peak is influenced by many factors; therefore, it has

to be normalized to these factors before any comparison between two different peaks. The intensity
of a peak is given [110]:

[=C-n-ly-do/dQ(hv) - T(Exin) - A(Exin) (3.7)
The explanation of each factor is given in the following:
C is the concentration of the element.
n is the number of scans, which is done during the measurement of the XPS signals.

lo is @ measure of the incoming beam flux during the measurement. This is especially important to
consider in the HAXPES measurements at the synchrotron, since the ring current, thus the

incoming x-ray intensity in the synchrotron, steadily declines after each injection of electrons into
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the ring. lo during the HAXPES measurements in this work is recorded using an N2 ionization

chamber, which is attached between the experimental setup and the x-ray source.

do/dQ is the partial subshell photoionization cross section. It describes the probability that a photon
with a certain energy will be absorbed by an electron in a certain shell of a certain atom. The values
are tabulated in [111,112] for some energy values. The cross section values in this work for a
certain excitation energy (4v) are then calculated using the tables in [111,112] and the best fit of
the given values. The calculated subshell photoionization cross section values, which are used in
Chapter 4 and Chapter 5 are listed in Table 3.2

Table 3.2 Calculated subshell photoionization cross section values for some selected core levels
and photon energies for the quantitative analysis in this work. The values are given in unit of kb
(=102 cm?).

Core Tovar—€V) | 2030 | 3000 | 4000 | 5000 | 6000
Cu 2psn 17.32 | 551 | 230 | 1.16 | 0.66
In 3dsp2 1242 | 406 | 1.74 | 0.90 | 052
In 3par2 13.73 | 613 | 327 | 198 | 1.30
Ga 2psn 2291 | 745 | 314 | 159 | 0.91
Se 2par2 3270 | 11.19 | 4.80 | 2.45 | 1.40
Cd 3dsp2 11.24 | 367 | 1.58 | 0.62 | 0.47
S1s -~ | 1457 | 684 | 377 | 231

T(Exin) is the transmission function of the photoelectron spectrometer, which describes the
sensitivity of the spectrometer to the photoelectrons according to their kinetic energies. It can be
either provided by the device supplier or determined experimentally. For the experimental
determination, different peaks of a clean sample such as Au, Cu etc. are measured. Using the
calculated cross section values and Equation 3.7, T(Ekin) can be calculated in a way that the
intensities (1) of different core level peaks give the same value. In this work, a transmission function

of
T(Egin) = 840.2335 - (Eyp) 29748 (3.8)

is used for the spectrometer at the CISSY setup (see Section 3.3.1), which is experimentally
determined by Tschoke [113]. The T(Ekin) of the analyzer at the HIKE setup (see Section 3.3.2) for
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HAXPES measurements is provided by VG-Scienta-Gammadata and described by the following
polynomial [19]:

Ekin

T(Exin) =1—0.041-x+9.4-107%*-x2-1.0-107°-x3 +3.9-1078-x*; x = (3.9

Epass

MEkin) is the inelastic mean free path (IMFP) of the photoelectrons as described previously. The
MEkin) values in this work are calculated by the TPP-2M formula [106] using the QUASES code
[107]. The calculated IMFPs for some selected core levels and excitation energies and the
corresponding information depths (ID=32) are listed in Table 3.3. The normalization of the XPS

signal intensities with A provides a comparison of the elements within the same sampling depth.

Table 3.3 Calculated inelastic mean free paths of some selected photoelectrons and excitation
energies and the corresponding information depths (ID). The Av is given in eV, A and ID in nm,
respectively.

hv (eV) 2030 3000 4000 5000 6000
LIDm) gl | A | A D] A | D
Core level
Cu 2par 215 | 6.4 | 352 | 10.6 | 485 | 145 | 61.1 | 183 | 734 | 22.0
In 3dsr2 A I VT D78 IET N I I I R I
In 3psz 254 | 7.6 | 388 | 11.7 | 51.9 | 15.6 | 64.4 | 19.3 | 76.6 | 23.0
Ga 2par 186 | 56 | 32.7 | 98 | 46.1 | 138 | 58.8 | 17.6 | 71.1 | 21.3
Se 2pa 136 | 41 | 283 | 85 | 41.9 | 12.6 | 549 | 165 | 67.3 | 20.2
Cd 3dsp 201 | 87 | 423 | 12.7 | 55.2 | 16.6 | 67.6 | 20.3 | 79.7 | 23.9
S 1s ~ | - 1126 38 | 278 | 83 | 415 | 124 | 544 | 163

In this work, the normalization of a measured XPS signal is done using the previously mentioned
normalization factors in order to have a concentration profile within a certain information depth

using the following formula:

[(measured)
n-lo - do/dQ(hv) - T(Ekin) - A(Exin)

I(normalized) = (3.10)
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3.2.2 Ultraviolet Photoelectron Spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) allows analysis of valence electron states. Excitation
energies lower than 100 eV mark the ultraviolet range of photoelectron spectroscopy. The method
that uses this energy range of excitation energy is referred to as UPS. In this technique, ultraviolet
radiation of a helium discharge lamp is commonly used, resulting in excitation energies of 21.22
eV and 40.82 eV from the He | and the He Il emission lines, respectively. The resolution of the He
I and He Il sources are 3 meV and 17 meV, respectively. The high resolution of especially He |
allows high resolution measurements of the valence band edge [114], which is usually limited by

the energy resolution of the spectrometer [115].

A typical valence band spectrum of a Cu(In,Ga)Se> sample is shown in Figure 3.9-(a), which is

recorded under He | radiation source.
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Figure 3.9 (a): Valence band spectrum of a Cu(In,Ga)Se, sample measured with He | (21.22
eV), (b) and (c): the right and the left hand side of the spectrum corresponding to the valence
band and the secondary electron edges, respectively.

The work function of the material can be determined by the secondary electron edge, which is
shown as an enlargement of the high binding energy side of the spectrum in Figure 3.9-(c). The
work function W is then calculated by the following equation:

W = hv — Eq.. — Ep (3.11)

47



where Esec is the position of the secondary electron cutoff, 4v the excitation energy (He 1=21.22
eV) and Er the Fermi level. The Fermi level is determined by measuring a clean gold sample, which
is in electrical contact to both the sample and the manipulator. In UPS measurements, usually a
potential in the range of Vpias=10-15 V is applied to the sample to speed up the low kinetic energy
electrons for them to reach the spectrometer and contribute especially to the secondary electron
cutoff. Therefore, the applied bias voltage should be considered in the conversion of the measured
kinetic energy of photoelectrons to the corresponding binding energy by simply adding it up to the

excitation energy.

The valence band maximum (VBM) can be determined using the band edge of the spectrum at the
low binding energy side. It is commonly determined by a linear extrapolation of the valence band
onset with respect to the background level (see Figure 3.9-(b)). In most cases, the VBM is
determined with an error of about £0.05 eV that strongly depends on the shape of the corresponding

edge.

3.3 Experimental Setups for XPS-UPS and HAXPES Measurements

3.3.1 CISSY Setup for XPS and UPS

The XPS and UPS measurements in this work using laboratory radiation sources are performed at
the CISSY (derived from CIS+Synchrotron) setup. It is schematically shown in Figure 3.10. It
consists of two x-ray sources of Mg Ka (1253.6 ¢V) and Al Ka (1486.6 e¢V), and two UV-light
sources of He | (21.22 eV) and He 11 (40.82 eV). The main vacuum chamber consists of analysis
chamber, preparation chamber and load-lock chamber; which are operated under a pressure of
about 5-10"° mbar. The operation under the UHV conditions allows to minimize the contamination

of the sample surface.

The photoelectron detection in the CISSY is done with a hemispherical CLAM 4 electron analyzer
provided by Thermo VG Scientific. The sputter chamber, which is directly attached to the
preparation chamber allows to prepare some TCO layers (i.e. ZnO, CuQO) by magnetron sputtering
and their in-system characterization with XPS-UPS without breaking UHV conditions. Recently,
two additional chambers were attached to the analysis chamber: the PVVD chamber, in which some

alkali metals (Na, K) and their fluoride compounds (NaF, KF) can be deposited on a CIGSe sample;
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the SPV chamber, which provides surface photo voltage measurements under UHV and the

opportunity to combine SPV and XPS-UPS measurements of the same sample without air

exposure.
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Figure 3.10 Hllustration of ultra-high vacuum system CISSY setup.

The sample transfer to the CISSY is done via the load-lock chamber, where eight samples can be
stored under UHV. Additionally, the glove box allows the transfer of samples to the analysis
chamber without air contact after a dedicated surface treatment under N2 atmosphere. An additional
feature of the CISSY is that it can be moved to the synchrotron and attached to a beamline through
the beamline flange as illustrated in Figure 3.10.

3.3.2 HIKE Setup for HAXPES

The hard x-ray photoelectron spectroscopy (HAXPES) measurements in this work are performed
at the HIKE (derived from High Kinetic Energy photoelectron spectrometer) endstation, which is
operated at the KMC-1 (Kristal Monochromator) located at the BESSY 1l synchrotron facility. The
HIKE endstation has been available for user operation starting from 2006 [116]. It can provide

variable photon energies between 2010 and 12000 eV [117]. The monochromatic synchrotron
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radiation is directed to the endstation through a slit and a N2 filled ionization chamber. The
incoming light intensity lo is measured by the ionization chamber, which is proportional to the
ionization current [117].

The experimental chamber is operated under UHV conditions with a basic pressure of about 9-10™
mbar. The size of the samples has to be maximum 10 mm x 10 mm in order to mount them on the
Omicron type sample holder. The sample transfer is done through a load-lock system, which
contains a sample magazine that accommodate up to six samples. The analysis system at the HIKE
endstation consists of a hemispherical photoelectron spectrometer R4000 manufactured by Scienta
Gammadata, which is optimized for high kinetic energy applications. It is a high-resolution electron
energy hemispherical analyzer with a 200 mm radius (Ro). It consists of an electron spectrometer
supporting high voltage power supply cabinet and a personal computer for instrument control, read-
out and data management. The spectra that are measured within this work, are recorded at a
constant pass energy of 200 eV. The x-ray beam is horizontally polarized hitting the sample in
grazing incidence geometry under an angle of 3° towards the surface. The generated photoelectrons
are detected in the polarization plane perpendicular to the beam. The beam flux was kept constant
for all measurements (top-up mode of the storage ring). The spot size of the beam on the sample is
in the range of 2 mm in length and several um in height, which reduces the influence of the surface
roughness and inhomogeneity on the accuracy of the measurements. The entrance slit of the

electron analyzer is fixed to 0.5 mm.
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4 Cd Diffusion into Cu-rich and Cu-poor
Cu(In,Ga)Se2 Absorbers

It is widely accepted that the best efficiencies in Cu(In,Ga)Se, (CIGSe)-based thin film solar cells
can be achieved by growing the CIGSe absorber under Cu-poor conditions [15,39,118-121]. It has
been recently reported that the insertion of a Cu-poor compound Cu(In,Ga)sSes at the CIGSe/CdS
interface leads to an improvement in the photovoltaic performance [122]. The improvement in the
performance was attributed to a higher Cd diffusion from CdS side into the Cu-poor compound,
which in turn causes a type inversion on the CIGSe surface from p- to n-type conductivity because
of the Cd (donor) doping into the Cu(In,Ga)zSes compound [122]. Despite the improvement of the
conversion efficiencies in the CIGSe-based solar cells due to the Cd diffusion into the CIGSe, there
is still a lack of information on the underlying diffusion mechanisms of the Cd into the CIGSe.
Therefore, a better understanding of the diffusion of the constituent atoms around the CIGSe/CdS

interface is required for further improvements.

The aim of this chapter is to investigate the mechanism of Cd diffusion into the CIGSe compounds
depending on their Cu concentration. In the first section of this chapter, density functional theory
considerations on the Cd diffusion into the CIGSe absorbers with respect to their Cu composition
are summarized, where the qualitative as well as quantitative differences in the diffusion
mechanisms are shown in case of “Cu-poor” and “Cu-rich” absorbers. In the following sections,
the experimental proof of the theoretical considerations is done using photoelectron spectroscopy

techniques.
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4.1 Mechanism of the Cd Diffusion into Cu-rich and Cu-poor CIGSe

Absorbers: Theoretical Considerations

The objective of this section is to present ab-initio density functional theory (DFT) calculations on
the Cd diffusion into the Cu(In,Ga)Se> compounds with respect to their Cu concentration. The DFT
calculations were carried out by the ComCIGS-II project partners J. Kiss and H. Mirhosseini from
the Max-Planck-Institute for Chemical Physics of Solids [11]. The experimental proof of the DFT
calculations is the main motivation of this chapter and will be shown later in the second section

using photoelectron spectroscopy methods.

Kiss et al. [9-11] carried out ab-initio density functional theory (DFT) calculations to study the
correlation between the diffusion properties of Cd dopants with the copper concentration of the
Cu(In,Ga)Se> absorber material. Details on the theoretical methodology can be found in [9,10]. As
model systems in the theoretical calculations for “Cu-rich” compounds they investigated CulnSe;
and to represent the “Cu-poor” absorber material they investigated the CulnsSeg ordered vacancy
compound (OVC).

E,=2.13eV

Figure 4.1 Diffusion mechanism of Cd impurities in “Cu-rich” CulnSez absorber material. The
Cd impurity is shown in red, the Cu, In and Se atoms are presented by green, purple and yellow
spheres, respectively. (a) shows the Cdcy substitutional defect, from where Cd first moves (blue
arrow) to a Cd; interstitial position shown in (b). The Cd; can diffuse along the hexagonal
channels in CulnSe,, indicated by red arrows shown in (c) [11].

a) Cd diffusion in the “Cu-rich” CulnSe2 compound: They studied first the diffusion mechanism

and the underlying activation barriers of Cd impurities in “Cu-rich” CulnSe> using the nudge elastic
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band (NEB) method [123]. In this material, they investigated the formation energies of different
Cd substitutional and interstitial defects. They found that the most stable energy configuration for
Cd impurities is to occupy Cu positions in the +1 charge state (Cdcy"). The formation energy of
such a defect is —1.21 eV, where the negative formation energy suggests that a low concentration
of Cdc,* defects can be formed spontaneously. Considering that the CIGSe absorber materials have
preferentially a Cu-depleted surface in the monolayer scale [119], this means that even in the Cu-
rich material there is a relatively high number of V¢, defects present. Hence, one can expect that
during the deposition of the CdS buffer layer such Vcy vacancies will be first occupied by Cd
impurities, forming highly stable Cdcy* defects [27]. Therefore, to simulate the material transport
of Cd in the “Cu-rich” material, they carried out NEB calculations [123] in large supercells of
CulnSe; consisting of 224 atoms, where a Cu atom was substituted by a Cd impurity.
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Figure 4.2 Activation energies for the diffusion of Cd in “Cu-rich” CulnSe2> material. The
reaction coordinate is the distance between the Cartesian coordinates of the Cd atom and its
original starting position along the diffusion path. The first part of the path shown with blue
corresponds to moving Cd from a substitutional to an interstitial position, and the second part
schematized with red color shows the diffusion of Cd along the hexagonal channels [11].

The atomic structure for the Cdc,* defect is shown in Figure 4.1-(a). They investigated different
diffusion paths, and they found that the most favorable is to transfer the Cd atom from the Cdc,*
defect into a Cdi; interstitial defect. This migration path from the Cdc," to Cdi is schematized by the
blue arrow in Figure 4.1-(a). The activation energy calculated for this part of the path is 2.13 (see

the path shown in blue in Figure 4.2). The atomic structure of the Cdi defect is presented in Figure
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4.1-(b). Once Cd occupies the Cdi position, it can diffuse rather easily along the hexagonal channels
formed by three anions and three cations of the CulnSe; structure, which are running along the
[110] direction in that crystal. The potential energy surface for the diffusion path along these
hexagonal channels is rather flat (see the red path shown in Figure 4.2), and the reaction barrier is
2.18—1.95=0.23 eV.

b) Cd diffusion in the “Cu-poor” CulnsSes compound: To assess the activation energies for the
diffusion of Cd in the “Cu-poor” material, Kiss et al. [9-11] performed NEB calculations in the
CulnsSeg phase. In comparison to the stoichiometric CulnSe», in the OVC phase there are ordered

arrays of pristine V'cy defects present in that material [9] (see Figure 4.3-(a)).

Cu-poor

E,=0.94 eV E,=0.45¢eV

Figure 4.3 Diffusion mechanism of Cd impurities in “Cu-poor” CulnsSeg absorber material.
The Cd impurity is shown in red, the Cu, In and Se atoms are presented by green, purple and
yellow spheres, respectively. (a) shows the CulnsSes OVC compound. (b) presents the Cd
impurity sitting in a pristine V'cy Site, which are shown by gray color. For the diffusion of Cd,
first a Cu atom is displaced into a nearby V'cy position (indicated by the green arrow) leaving
behind a V"¢, vacancy. Next, the Cd impurity occupies this V"cu vacancy (c), which is indicated
by an orange colored arrow. (d) presents the situation, where Cd sits in this V"¢, site [11].

In a doped system containing Cd impurities these empty sites can be occupied either by Cd or by
Cu. A more detailed discussion regarding the structure of the OVC compounds and on the
energetics of the Cd insertion is presented in [9]. Considering that V'c, defects are building blocks
of the OVC phases, and there are two of these defects present in every formula unit, one can expect
that Cd impurities originating from the CdS buffer layer will first populate these sites. Therefore,
in the current work calculations have been carried out on a system, where one of these pristine V'cy

sites are occupied by a Cd impurity (see Figure 4.3-(b)). The —2.08eV insertion energy of Cd at
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this site calculated with the HSE functional [124] indicates that occupying V'cy sites by Cd is
energetically highly favorable.

In the CulnsSeg OVC compound the diffusion mechanism of Cd was investigated in [10], and it
was found that the diffusion of Cd is a two-step process. First, a Cu atom is displaced into one of
the V'cy sites (see the green arrow in Figure 4.3-(b)), leaving behind a V"¢, vacancy (see Figure
4.3-(c)). The activation energy computed for this part of the diffusion path is 0.94 eV (see the part
of the reaction path shown with green color in Figure 4.4). Compared to the ordered structures, the

system with the V"¢, vacancy is 0.27 eV higher in energy in CulnsSes.
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Figure 4.4 Activation energies calculated with the NEB method for the diffusion of Cd in the
“Cu-poor” CulnsSeg material. The reaction coordinate is the distance between the Cartesian
coordinates of the Cd atom and its original starting position along the diffusion path. Along the
double-hump profile, the first part of the path shown with green corresponds to the displacement
of a Cu atom to a V'cy site, leaving behind a VV*cy vacancy. The part in orange color depicts the
diffusion path of Cd into this newly created V"cy site [11].

In the second step, the Cd impurity will leave the V'cy site, and it moves into the V¢, defect left
behind by Cu (see the orange arrow in Figure 4.3-(c)). By repeating these two reaction steps, Cd
diffuses along the “Cu-poor” OVC material. For the second reaction step, they calculated an
activation energy of 0.45 eV (see the part of the diffusion path shown in orange color in Figure

4.4). The resulting defect complex, where Cd occupies a Cu substitutional site, and the Cu which

55



was originally sitting there now is located in a pristine V'cy site, is 0.39 eV lower in energy

compared to the ordered CulnsSes compound.

¢) Comparison of Cd diffusion in “Cu-rich” and “Cu-poor” compounds: Kiss et al. [11]
conducted the same theoretical calculations on the Cd diffusion into the counterpart materials
containing Ga (i.e. CuGaSe, and CuGasSesg). By comparing the reaction barriers along the Cd
diffusion paths between the different materials, they concluded that the activation energies are
rather similar between CulnSe; and CuGaSez. The same applies between CulnsSeg and CuGasSes.
Nevertheless, there is a clear qualitative difference between the diffusion mechanism in the “Cu-
rich” compared to the “Cu-poor” compounds. Namely, in the “Cu-rich” CulnSe; and CuGaSe; the
Cu atoms are not directly involved in the diffusion, but they indirectly play a role as Vcu defects,
where Cd impurities are being incorporated. In contrast to the “Cu-rich” compounds, in the case of
the “Cu-poor” CulnsSeg and CuGasSeg phases Cu atoms are being actively exchanged by Cd
impurities during the diffusion process. In addition to the qualitative difference, the two diffusion
mechanisms are also quantitatively well distinguishable from the perspective of the activation
energies. This is because, in the “Cu-rich” compounds the rate limiting step of the diffusion is the
transfer of Cd from the Cdcy substitutional sites to the Cd; interstitial positions, with an activation
energy in the order of 2.1 eV. For comparison, in the case of the “Cu-poor” materials the kinetics
of the diffusion is controlled by the displacement of Cu atoms into the pristine V'cy positions. This
process has an activation energy in order of 0.9 eV, which is half of that of the former process with
activation energy of 2.1 eV. Hence, based on the calculated energy profiles, the theoretical
calculations suggest that the diffusion of Cd can take place considerably easier in the “Cu-poor”

phases compared to the “Cu-rich” materials.

In the following section, evidences of the above-presented DFT calculations on the Cd diffusion

are shown using hard x-ray photoelectron spectroscopy.

4.2 Composition-Dependent Cd Diffusion into C1GSe Absorbers

In the standard production of a Cu(In,Ga)Se2 (CIGSe)-based thin film solar cell, a CdS buffer layer
is deposited by chemical bath deposition at around 60 °C [28,61] on top of the CIGSe absorber,
which is usually grown by a three-stage coevaporation process at 550 °C [12,125]. In some cases,

annealing of the CdS-containing cells at 200 °C was observed to improve the device efficiency
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[126]. However, Kijima et al. [127] showed in an annealing experiment in vacuum that CIGSe

solar cell devices with chemical bath deposited CdS buffer layers were stable only below 320 °C.

Despite the high efficiency of CIGSe-based solar cells, there is still a lack of information on the
local chemical changes across the CIGSe/CdS interface, where the photo-generated charge carriers
are separated. Using different spectroscopic techniques, many groups suggested that the
CIGSe/CdS interface is highly intermixed [27,60,128,129]. It was shown that the CIGSe/CdS
interface is Cu-depleted [118,130], which represents the Cu-poor phase of the absorber. The Cu-
poor phase at the CIGSe surface is generally accepted to be ordered vacancy compound (OVC) of
the CIGSe [15,120,121,131]. It was proposed that the best efficiencies can be achieved by growing
the CIGSe absorber layer under Cu-poor conditions [39,118]. The structure and the depth of the

strongly Cu-poor region in CIGSe solar cells is still under debate.

It was shown that the Cd atoms can be present in the Cu-poor phase even at low temperatures
[9,27]. Additionally, deposition of CdS at elevated temperatures may induce an additional Cd
diffusion into the Cu-poor absorber [129]. Similarly, the diffusion of Cd into the absorber is to be
expected, when the CIGSe/CdS layers are annealed at elevated temperatures [62]. It was reported
that the diffusion of Cd atoms into the CIGSe layer may result in an n type region, which can form
a buried p-n junction in the CIGSe absorber layer [132]. It was observed that the excess diffusion
of Cd further into the CIGSe absorber may degrade the device performance [127]. Since the
underlying diffusion mechanisms of Cd in CIGSe are still unclear, a better understanding of the
diffusion of the constituent atoms around the absorber/buffer interface is required for further
optimization of the device properties. However, there is a limited data available in literature dealing
with the diffusion mechanism of the dopants [133-137].

In the previous section, it was theoretically shown that the diffusion mechanisms of Cd into the
CIGSe compounds differ fundamentally from each other depending on their Cu concentration. In
order to investigate this phenomenon, the Cu-rich CIGSe+CdS and the Cu-poor CIGSe+CdS
samples (i.e. sample #1 and sample #2 in Table 3.1, respectively) are investigated in this section
using hard x-ray photoelectron spectroscopy. Details on the sample preparation process can be

found in Section 3.1.3.

The diffusion of Cd into the CIGSe can take place through the grain (bulk diffusion) or along the
grain boundaries (grain boundary diffusion). However, it was reported that the grain boundary
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diffusion of Cd in CIGSe is negligibly small compared to the bulk diffusion of it [28,138]. For that
reason and due to the limitations of the photoelectron spectroscopy method, grain boundary

diffusion of Cd is not considered in the interpretation of the experimental data in the following.

In Figure 4.5, survey spectra of CdS covered CIGSe samples recorded at room temperature are
shown in the binding energy range up to 2500 eV for an excitation energy of 3000 eV. The

thickness of the CdS film is in the range of less than 10 nm.
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Figure 4.5 XP survey spectra of chemical bath deposited Cu-rich (black) and Cu-poor (red)
CIGSe/CdS samples at 3000 eV excitation energy (corresponds to an information depth of
between 4 nm and 12 nm depending on the core level signal), measured at room temperature.

Using the excitation energy of 3000 eV in Figure 4.5, results in an information depth of between 4
nm and 12 nm depending on the type of the core level signal (see Table 3.3). Two types of absorbers
were investigated, namely Cu-poor and Cu-rich ones as already mentioned. Since the thickness of
the CdS film is limited to a few nanometers only, photoemission signals originating from the C1GSe
absorbers are present in both spectra due to the increased kinetic energy of the considered electrons
that goes along with an increased information depth. In addition, cadmium and sulphur related

peaks appear in the spectra as expected. Moreover, small quantities of carbon and oxygen are
58



detectable on the wet-chemically treated CIGSe/CdS samples due to the usage of aqueous solutions
for the deposition of CdS - an indication that carbon and oxygen are incorporated into the CdS film
during the growth. This aspect is not considered in the following, thus neglected.

Figure 4.6 shows top view images of bare Cu-poor (a) and Cu-rich (b) CIGSe samples as well as
their CdS coated pendants (al and b1) obtained with SEM. These samples are similar to ones which
are treated in this chapter but they were used for another annealing experiment [62]. However, they
reflect similar surface properties, since they have surface concentrations of [Cu]/([In]+[Ga]) =0.79

(Cu-poor) and 1.03 (Cu-rich) which are close to the ones of the samples that are used in this chapter.

Figure 4.6 SEM top view images of (a): Cu-poor CIGSe, (b): Cu-rich CIGSe, (al): Cu-poor
CIGSe/CdS and (b1): Cu-rich CIGSe/CdS films. The images were taken after the last annealing
step in UHV at 400 °C (after Umsiir et al. [62]).

As it can be clearly seen, the CIGSe samples are polycrystalline. In contrast to the Cu-poor sample,
the Cu-rich sample shows an increased roughness attributed to the KCN-based etching process that
is known to remove superficial CuxSe phases. The morphology of the Cu-rich sample is dominated
by cavities surrounded by linked structures, which seem to be equally truncated on the same height.
On closer inspection, the grains appear very large with dimensions of up to several um and with
grain boundaries forming deep valleys. The Cu-poor sample is less affected by the KCN etching
process leaving facets, which are smoother but somehow stronger declined with respect to the
surface on the microscopic scale. The truncation of the topmost layer as observed on the Cu-rich
sample is not visible on the Cu-poor one. In both cases, step-like structures with several nm
dilatations are observed, pointing to a [112] orientated faceting of Cu-poor areas on the grain [131].
With energy dispersive X-ray spectroscopy (EDX) attached to the SEM system, no Cd could be
detected on the CdS coated CIGSe samples, indicating that the amount of Cd is below the detection
threshold of the EDX system.

59



For a more detailed analysis of the XP spectra, the Cu 2pzp2, In 3ds2, Ga 2pap, Se 2psp2, Cd 3dsp
and S 1s core level peaks were measured with higher resolution. In Figure 4.7, the according spectra
are shown for room temperature (RT) and for various annealing steps ranging from 180 to 400 °C,
all taken at 3000 eV excitation energy. Initially, XPS measurements were done at room temperature
(RT). Then, the samples were heated up to 180 °C within approximately 10 min and kept at this
temperature level while XP spectra were recorded. After the first annealing step, the temperature
was ramped to the next level with about 5 °C/min where subsequent XPS measurements were
performed in the same manner as before. All spectra were corrected with respect to their binding
energy using the position of the Au 4f7;, peak at 84.0 eV [75]. For an improved representation, all
peaks were normalized to the background with some offsets added to separate the individual
spectra. In Figure 4.7-(a), various Cu 2ps/, spectra of the two samples (labelled in red and black)
are presented together in one graph. Compared to the Cu-poor CIGSe/CdS sample, the black curves
of the Cu-rich CIGSe/CdS sample exhibit an increased signal intensity for all annealing
temperatures. In first view, the other constituents of the absorber own similar features in terms of
the signal intensity and the energetic position in the course of the annealing process. For
temperatures up to 260 °C, the dependency of the Cd 3ds/» peak on the annealing process is similar

for both, the Cu-poor (red lines) and Cu-rich (black lines) samples.

However, for temperatures above 260 °C the Cd 3ds/, peaks of the Cu-poor sample decrease more
rapidly and vanish completely at around 360 °C. For the Cu-rich sample, the Cd 3ds> peaks are
only damped with ongoing annealing and they are still present even at 400 °C. In contrast to the
Cd 3ds2 signal, the S 1s peak intensities are less affected in both cases. There is still sulfur on the
surface in a reasonable amount. However, compared to the other peaks, the energetic position of
the S 1s peaks seems to be highly affected by the annealing process. This implies a variation of the
chemical environment of the sulfur atoms. Together with other findings, this point is discussed in

the Section 4.3 with a detailed analysis of the core level spectra given elsewhere in this work.
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Figure 4.7 XP spectra of the (a) Cu 2pzs2, (b) In 3dsp, (€) Ga 2ps/2, (d) Se 2ps/2, (¢) Cd 3dsy2, and
(F) S 1s photoemission signals of the CdS/CIGSe samples recorded at the HIKE end-station at
BESSY |11 using 3000 eV excitation energy (see Table 3.3 for the information depths of this
specific excitation energy). The measurements were performed at room temperature (RT) and
after a series of in-situ annealing steps up to 400 °C in UHV.
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Various spectra of the near valence band region for different annealing temperatures are presented

in Figure 4.8-(a). The spectra are aligned according to the gold reference and they are normalized

to the In 4ds/, peak intensity for a better comparability.
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Figure 4.8 (a): XP spectra of In 4d, Ga 3d, Cd 4d, and valence bands for CIGSe in the course
of the in-situ heating experiment. All spectra are recorded at hv = 3000 eV and they are
normalized to the In 4ds peak for better comparability. (b)-(c): Magnification of the valence
band onsets with linear extrapolations, as two examples to show how the Evew-Er values are
determined, which are visualized in Figure 4.14 (g). The spectra in (b) and (c) are first
normalized to zero and then some offset is added between two spectra for better visibility.

At a first glance, the shape and the position of the In 4d/Ga 3d peak as well as the structure of the
valence band up to 8 eV (composed of mainly Cu-Se bonds) look similar in Figure 4.8-(a).

Assuming the same In concentration in both samples, the Cd 4d peak of the Cu-poor sample appears
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to be slightly higher in the near surface region than the one of the Cu-rich sample. This difference
might be interpreted in terms of a more pronounced Cd diffusion into the Cu-poor CIGSe absorber,
which already takes place at an early stage of the chemical bath deposition process of CdS at about
35 °C. Liao et al [129] reported that the Cd diffusion into CulnSe, during the CBD process is
negligible. However, Nakada et al [27] found a direct evidence of Cd diffusion into Cu(In,Ga)Se;
thin films during the CBD process of CdS films, being more pronounced in the Cu-poor phase of
the substrate; which supports the above interpretation. In the course of the ongoing annealing
process, the intensity difference in the Cd 4d diminishes at about 240 °C, indicating a higher
mobility of Cd in the Cu-poor sample, which already happens at relatively low annealing
temperatures. Continuing the annealing process, the Cd 4d photoemission signal of the Cu-poor
sample decreases much faster compared to the one of the Cu-rich sample and vanishes completely
towards the end of the annealing process, whereas traces of Cd on the Cu-rich sample still can be
detected at 400 °C. This finding is directly connected to a significant dependence of the Cd
diffusivity on the composition of the CIGSe absorber [27].

The resolution of HAXPES measurements in Figure 4.8-(a) is sufficient to assign the valence band
maximum (VBM) with respect to the Fermi level. It was determined by linear extrapolation of the
valence band onset with respect to the background level assuming a maximum error of = 0.05 eV
that strongly depends on the shape of the valence band edge. Two examples for the determination
of the VBM with respect to the Fermi level are given in Figure 4.8-(b) and (c) for room temperature
and 400 °C. The variation in the energetic position of the VBM will be discussed together with the
binding energy position of the core level peak in Section 4.3.

Figure 4.9 represents atomic concentrations of the near surface elements Cu, In, Ga, Se, Cd, and S
for all applied annealing steps in both samples. They were calculated from the corresponding
photoemission core level peaks obtained for 3000 eV excitation energy assuming a homogeneous
element distribution in the detected volume close to the surface. Under the assumption of a
homogeneous element distribution; the depth, from where the concentration values were obtained
was calculated to be approximately 12 nm, which is the information depth of In 3ds/, photoelectrons
(see Table 3.3). Before starting the evaluation, all spectra were corrected with respect to their
binding energy using the position of the Au 4f7,> peak at 84.0 eV [75]. After subtraction of a Shirley
background, the spectra were integrated to determine the respective line intensities. Then, they
were normalized to the corresponding inelastic mean free path A (calculated by the TPP-2M
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formula [106] using the QUASES code [107]), the transmission function of the analyzer T, the
partial subshell photoionization cross-sections do/dQ2, which are tabulated in [111,112], and the
intensity of the exciting x-ray beam lo to make them comparable to each other. This approach yields
the normalized intensity of the corresponding photoemission peaks and eliminates all the energy-
dependent factors, which allows the calculation of the respective atomic concentrations in a given
depth.

(@) [Cul/([In+[Gal)ou=0.95

S 1 hv=3000eV
© "7 | Cu-rich CIGSe/CdS

(b) [Cul/([In]+[Ga])buik=0.80
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Figure 4.9 Concentrations of the Cu, In, Ga, Se, Cd and S species of the CdS coated, (a) Cu-
rich and (b) Cu-poor CIGSe samples. The concentration values were calculated from the line
intensities of the corresponding core level peaks which were recorded at 3000 eV excitation
energy. The concentrations are so calculated that the sum of them gives 100 %. Assuming a
homogeneous element distribution in the detected volume, the concentration values are obtained
from a depth of about 12 nm. Solid lines are guides for the eye only.
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Another representation of the atomic concentration of the near surface elements is given in Figure
4.10. There, the evolution of the atomic concentration of each species is shown with respect to their

concentration at room temperature, where the concentration of each species was set to 100%.
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Figure 4.10 Evolution of atomic concentration of the Cu, In, Ga, Se, Cd and S species of the
CdS coated, a) Cu-rich and b) Cu-poor CIGSe samples with respect to the room temperature
measurements as the reference. Solid lines are guides for the eye only.

The most striking result is the complete disappearance of the cadmium signal from the CdS-coated,

Cu-poor CIGSe surface after annealing at about 340 °C. This is in strong contrast to the observation

on the Cu-rich surface, where Cd remains even after annealing at 400 °C. Since both samples were

prepared simultaneously and heated under the same conditions, which gives rise to an identical

CdS buffer layer thickness, this can be ruled out to explain the different temperature dependence
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of the disappearance of the Cd signal. In addition, desorption is unlikely since the applied annealing
temperatures are far away from the evaporation temperature of CdS which is strongly correlated to
the partial pressure of the material that is insignificant at 400 °C [139]. This argumentation is also
supported by the presence of sulfur on both samples, which then should also vanish like Cd since
CdS is known to evaporate congruently. Therefore, it is assumed that the disappearance of Cd on
the CIGSe surface is due to the diffusion of Cd into the CIGSe bulk material of the Cu-poor grown
sample where Cd ions are believed to occupy empty Cu sites. On the Cu-rich sample, the density
of Cu vacancies is smaller, allowing less Cd to penetrate into the bulk region of the absorber. Thus,
the disappearance of Cd on the Cu-poor surface is interpreted as a dilution process of Cd up to a
concentration of about 0.1 at.%, which is not detectable by XPS anymore [140]. In contrast, Cd is
still visible on the surface of the Cu-rich sample within the detection limit of XPS. The diffusion
of Cd into CIGSe is subject of several papers, both theoretical [3,9,10,141,142] and experimental
[15,27,28,59,120,128,129,138,143-156], and it is assumed that the occupation of Cu*-sites by Cd?*

IS an important step within the interface formation [51].

In order to visualize the dependence of the Cd diffusion on the type of the substrate within the
selected temperature regime, Figure 4.11 shows the first derivative of the Cd concentration curves

for the Cu-poor and Cu-rich CIGSe+CdS samples over the annealing temperature.
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Figure 4.11 Derivative of the Cd concentration curve of the Cu-poor and Cu-rich CIGSe+CdS
samples over the annealing temperature. Solid lines are guides for the eye only.
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The red curve representing the derivative of the Cd concentration/temperature curve of the Cu-poor
CIGSe+CdS sample has a minimum at 280 °C, which represents the point of inflection of the
original curve (see the red curve in Figure 4.9-(a)). In comparison, the black curve of the Cu-rich
CIGSe+CdS sample has its minimum at 320 °C, which is significantly higher. Using a simple
estimation based on the ideal gas equation, these temperature values can be converted into a “free”
energy using E=KT with k as Boltzmann constant. By doing this, energy values of 48 meV and 51
meV are obtained for the Cu-poor and Cu-rich CIGSe+CdS sample, respectively. Although the
energy difference at 3 meV is small, a clear tendency for an increased activation energy of Cd
diffusing into the Cu-rich sample compared to the Cu-poor sample is concluded. It is evident that
the Cd diffusion strongly depends on the [Cu]/([In]+[Ga]) ratio.

In Figure 4.9 and Figure 4.10, the concentrations of the Se and S species vary within their
corresponding information depth in a similar way during the annealing of both the Cu-poor and
Cu-rich CIGSe+CdS samples. However, the concentration curves of the Ga, In and Cu species
behave differently for Cu-poor and Cu-rich samples.

The Ga concentrations for both samples are almost constant at 5 % up to 280 °C and increase to
9 % and 6 % after the final annealing step at 400 °C for the Cu-poor and Cu-rich sample,
respectively (Figure 4.9). This corresponds to an annealing induced increase in Ga concentration
by 80 % (Cu-poor) and 10 % (Cu-rich) relative to the room temperature measurement, as it can be
clearly seen in Figure 4.10. At this point, it is clear that the Ga atoms within two different samples
at hand behave fundamentally different, which is probably influenced by the Cu content of the
substrate material like in the case of Cd diffusion. Different scenarios for Ga diffusion in both
samples and possible binding partners after the diffusion processes will be discussed later on in
this chapter together with the shift in binding energy of Ga 2p and the variation of its full width at
half maximum (FWHM).

The In concentration of both samples is 12 % at room temperature. It increases continuously with
temperature to 17 % for Cu-poor sample when annealing up to 320 °C (Figure 4.9-(b)). This
corresponds to a relative increase of about 40 % (Figure 4.10-(b)). Further annealing up to 400 °C
does not influence the In concentration that much and it remains almost constant at 17 %. In case
of the Cu-rich sample, a significant variation in the In concentration is not observed between room
temperature and 320 °C and it slightly increases to 14 % at 400 °C (Figure 4.9-(a)). Besides, the
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evolution line of the In concentration in Figure 4.10-(a) follows the shape of the Ga line.
Accordingly, the slight increase in In concentration between 320 and 400 °C is attributed to a
dilution of the CdS overlayer, which attenuates the XPS signals of the substrate. Therefore, a
significant diffusion of In in this specific Cu-rich sample is not expected. On the other hand, many
research groups [128,143,149,151] reported In diffusion from Culn(Ga)Se; into the CdS layer,
whereas Soo et al. [147] observed no In migration in a heterojunction between CdS and CulnSe:
single crystals. That means there is a strong correlation between the In diffusion and the type of
the substrate material, like it is shown in Figure 4.9 and Figure 4.10 at least at the interface between

Cu-poor/Cu-rich CIGSe and CdS and between the selected temperature regime up to 400 °C.

The Cu concentration of the Cu-rich sample is about 15 % for the measurement at RT and
remains almost constant up to 320 °C. Afterwards, the Cu concentration starts to increase slightly
and reaches a value of about 17 % towards the end of annealing process at 400 °C (Figure 4.9-(a)).
On closer inspection, the evolution line for the Cu concentration in Figure 4.10-(a) exhibits a
smoother transition than the In and Ga lines during the annealing, especially between 320 °C and
400 °C, which can be a marker for a tendency of the formation of a Cu-poor surface in a
thermodynamically unbalanced state. The Cu concentration of the Cu-poor sample starts at about
10 % under RT conditions, which is significantly smaller than on the Cu-rich sample. Indeed, the
Cu concentration (green line in Figure 4.9-(b)) behaves unexpectedly during the annealing process.
At the beginning (180 °C) it has the same value as for the RT measurement and in the following it
remains almost constant until 240 °C. Starting from 240 °C, the Cu concentration increases
continuously and reaches a maximum value of 15 % at 320 °C. Then, it starts to decrease after 320
°C and finally drops down to 12 % at 400 °C. The unexpected behavior of the Cu concentration on
the Cu-poor sample during the annealing process is discussed in the following together with the

Cd diffusion and the variation of Ga concentration in the last stage of the annealing process.

Figure 4.12 compares the [Cu]/([In]+[Ga]) (CGI) and [Ga]/([In]+[Ga]) (GGI) ratios as a function
of annealing temperature for both samples under investigation. In case of the Cu-rich sample, the
CGI and the GGI remain almost constant (0.88 and 0.31) between 180 °C and 400 °C, which stands
for a constant Cu/lll and Ga/lll distribution within the probed depth. In case of the Cu-poor
CIGSe+CdS sample, the CGl ratio follows a wave, similar to the evolution of the Cu concentration
with increasing annealing temperature (see Figure 4.9-(a)). The GGl ratio of the Cu-poor sample
has almost a constant value of 0.3 up to 240 °C and decreases slightly to 0.26 at 320 °C.
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Surprisingly, the GGI value starts to increase continuously after 320 °C and reaches a value of 0.36
at the end of the annealing process at 400 °C. This increase in GGI is due to the increase of the Ga
concentration (see Figure 4.10-(a)) and it is probably because of a Ga diffusion towards the CIGSe
surface during the last stage of the annealing process. If this is the case, this would also explain the
reduction of the partial Cu concentration on the surface (see Figure 4.9-(a)) and thus give a reason
for the wave-like shape of the CGlI ratio of the Cu-poor sample (see Figure 4.12 (left)). However,
these unexpected findings concerning the Ga concentration and the according CGI values can be

also explained by a diffusion of Cu towards the back-contact region of the thin film solar cell.
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Figure 4.12 Selected concentration ratios as derived from normalized intensities.
[Cul/([In]+[Ga]) (CGI) (left) and [Ga]/([In]+[Ga]) (GGI) (right) obtained with an excitation
energy of 3000 eV as a function of the annealing temperature. Solid lines are guides for the eye
only.

Schroder et al. [157] studied the Ga diffusion in epitaxial Cu(Inx,Gaix)Se2 layers on (111)B-
oriented GaAs as a function of the Cu/In ratio. They used the GaAs substrate as Ga source and
performed the CISe deposition without any direct Ga supply from effusion cells. They found a
higher Ga diffusivity in the CISe material when moving the Cu/ln ratio away from the
stoichiometric point into the Cu-poor regime. They claimed that in case of Cu-poor (Cu/ln < 1.0)
ClSe, Ga atoms occupy Cu-vacancies forming Gacy™ defects, which in turn causes the formation
of further Vcy defects in order to maintain charge neutrality. These findings also explain the
different evolution of the Ga concentration in our experiment during the annealing process

depending on the usage of Cu-poor or Cu-rich CIGSe (Figure 4.10).
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In case of the Cu-rich sample, the CGl ratio is very close to one - there are not enough Cu vacancies
for Ga available to diffuse into the bulk. For that reason, the Ga concentration in Figure 4.9-(a) and
the CGI-GGl ratios in Figure 4.12 are more or less unchanged during the annealing. In case of the
Cu-poor sample, two stages can be identified. In the first stage (up to 320 °C) the Ga concentration
remains constant and the Cu-vacancies are mainly occupied by Cd atoms, forming Cdcy" defects.
In the second stage (between 320 °C and 400 °C), Cd atoms diffuse further into the “bulk” leaving
the initial Cu-vacancies behind. Now, Ga atoms occupy the new V¢, sites by diffusion towards the
surface. On the other hand, although the 30 % increase (from 0.27 to 0.35) of the GGl ratio in the
second stage (Figure 4.12) can be explained by the diffusion of Ga into Vcy sites, the 67 % decrease
(from 0.66 to 0.44) of the CGI ratio cannot be explained only by the Ga diffusion process. For that
reason, although highly speculative at this point, it can be concluded that the Ga diffusion towards

the CIGSe surface causes the formation of new Ve, defects as discussed by Schroder et al. [157].

The wave-like evolution of the Cu concentration in the Cu-poor sample in Figure 4.9-(a) and Figure
4.10-(a) can be explained in the light of the theoretical investigation, which is presented in Section
4.1. Namely, in the first stage of the annealing process up to 320 °C, the high number of pristine
Cu vacancies (V'cu) at the near-surface region are occupied by the Cu atoms originating from the
near-bulk region® and leave behind newly created Cu vacancies (V"cu). This is reflected in Figure
4.9 and Figure 4.10 with an increase of Cu concentration in the near-surface region. The decrease
in Cd concentration implies that the Cd atoms diffuse into the newly created V"¢, vacancies in the
near-bulk region. As a result, the Cu atoms accumulate in the near-surface, whereas the Cd atoms
diffuse into the near-bulk region, so the Cd concentration in the near-surface region reduces from
17 % to 2 %. Between the annealing temperatures 320 and 400 °C, the Cd atoms diffuse further
into the bulk via Cu vacancies or through the hexagonal channels like in the case of the Cu-rich
sample and the Cd concentration in the near-surface becomes 0 %. As the Cd atoms leave their site
(V"cu), the accumulated Cu atoms diffuse back into their original positions, which is reflected as a
decrease in Cu concentration from 15 % to 12 % in Figure 4.9-(a). Now, the Cu vacancies are again
free to host other diffusing atoms, for instance Ga atoms [157]. The experimental findings are

summarized in a schematic diagram in Figure 4.13.

! The term “near-bulk region” is used here to describe the nearest region to the near-surface, exceeding the detection
limit of the surface sensitive XPS.
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Figure 4.13 Schematic diagram summarizing the diffusion processes at three critical
temperatures (room temperature, 320 °C and 400 °C, respectively) in case of Cu-rich and Cu-
poor CIGSe/CdS samples. The % atomic concentrations are indicated close to the corresponding
spheres, which were previously shown in Figure 4.9. The compounds that are possibly formed
due to the diffusion processes are indicated as well close to the interface region, which is the
subject of the Section 4.3. Assuming a homogeneous element distribution, the detection depth
was calculated to be about 12 nm, which is shown by a dashed rectangle. The thickness of the

CdS overlayer is less than 10 nm.
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4.3 Chemical Changes at the Cu-rich and Cu-poor CIGSe/CdS

Interface upon Annealing

In this section, in order to study the possible chemical changes at the Cu-rich and Cu-poor
CIGSe/CdS interfaces upon the annealing process, the positions of the binding energy of the
CIGSe- and CdS-related core level peaks are analyzed in detail.

Figure 4.14 summarizes the positions of binding energy of the CIGSe- and CdS-related core level
peaks (Figure 4.14 (a)-(f)) and the valence band maximum with respect to the Fermi level (Figure
4.14-(g)) in the course of the annealing process of the Cu-poor and Cu-rich CIGSe/CdS sample.
Figure 4.14 will be discussed in detail in the following together with Figure 4.15, where the relative
shifts in binding energy (AE) of the corresponding core level peaks and the valence band maximum
with respect to the room temperature measurements are depicted. The green-highlighted dashed-
lines in Figure 4.15 show the general trend in the relative shift of the binding energy of the
corresponding peaks with a separation of about 0.1 eV, being the uncertainty in the determination

of the peak positions.

In case of the Cu-rich sample (Figure 4.14, black lines), all the absorber- and the buffer-related
core levels (except S 1s) and valence band maxima are shifting more or less similarly within the
annealing process. This is clearly shown in Figure 4.15-(b) with the dashed lines as a trend of the
core level shift. These shifts point to a slight band bending at the Cu-rich CIGSe/CdS surface
induced by the heat treatment.

In case of the Cu-poor sample, the last three data points of the Cd 3ds/, peak are missing in the
graph (Figure 4.14-(e)) because of the disappearance of the Cd signal at elevated annealing
temperatures above 360 °C (see Figure 4.7-(e)). Similar to the Cu-rich sample, Cu-poor
CI1GSe/CdS-related core levels (except S 1s) and valence band maxima shift in a similar way over
the whole annealing process pointing to a dedicated band bending at the Cu-poor CIGSe/CdS
surface as well (see the dashed lines in Figure 4.15-(a)).
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Figure 4.14 Comparison of the binding energies of the considered peaks (a-f) and the valence
band maxima (g) in the course of the annealing process in case of Cu-rich (black) and Cu-poor
(red) CIGSe/CdS samples (sample #1 and sample #2 in the Table 3.1, respectively). The
measurements are performed at 3000 eV excitation energy (corresponds to an information depth
of between 4 nm and 12 nm depending on the core level signal) and the error is assumed to be
0.1 eV. Solid lines are guides for the eye only.
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For the Cu-rich sample, the evolution of the binding energy of the S 1s peak over the annealing
temperature goes along with the one of the Cu-poor sample up to 360 °C, where the concentration
of Cd starts to fall under 5 %. Since the sulphur concentration is only weakly influenced by the
annealing process, although the Cd concentration tends to decrease to zero, the shift in the binding
energy of the S 1s peak can be considered as an indicator for a change in the chemical environment
of sulphur after respective annealing temperatures have been applied. This can be seen more clearly
in Figure 4.15, where the relative shift in S 1s binding energy drops out of the band bending region
between the dashed lines, pointing to a change in its chemical environment, which is more
prominent for the Cu-poor sample. The shift in the binding energy of the S 1s signal in the Cu-poor
sample already starts at lower annealing temperatures around 280 °C (see Figure 4.15). This is
probably due to the fact that the Cd diffusion also starts at lower temperatures for the Cu-poor
sample (see Figure 4.9) changing the chemical environment of sulphur by forming other
compounds than CdS. Additionally, the overall shift of the S 1s signal on the Cu-poor sample is
with about 0.4 eV larger than on the Cu-rich sample (Figure 4.15). This is probably because of the
complete disappearance of the Cd from the surface, where the remaining sulphur forms a

completely Cd-free compound.
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Figure 4.15 Relative shifts of the binding energies of the considered core level peaks and the
valence band maximum of the Cu-poor and Cu-rich CIGSe/CdS samples with respect to the
room temperature measurements as the reference. The measurements are performed at 3000 eV
excitation energy and the error is assumed to be +0.1 eV. The error bars are not included in the
graphs for the clarity. Solid lines are guides for the eye only.
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On closer inspection of Figure 4.15-(a), comparing the dashed lines and the blue points, it can be
seen that the relative shift in binding energy of Ga 2p drops down sharper than the general trend of
the band bending. This is another indication that the Ga atoms diffuse towards the near-surface in

the last stage of the annealing process (as discussed above) and form a new compound.

Since the S 1s core level electrons have a binding energy in the range of 2470 eV and thus cannot
be excited with standard laboratory X-ray sources (Mg Ka and Al Ka), there are limited reference
data available in the literature for S 1s binding energies for different compounds. However, the
reference data for S 2p binding energies, which is widely available in literature, can also give a hint
about the binding state of the rest of the sulphur after the complete Cd diffusion at the end of the
annealing process. The reference data for the binding energies of some core levels is listed in Table
7.2 in Appendices. The binding energy of the S 2ps/2 core level lies between 161.0 eV and 162.2
eV. However, statistically, a higher number of references measured the binding energy between
161.4 eV and 161.8 eV. Landry et. al. [158] compared the S 2ps/2 binding energy for two different
compounds, namely CulnS; and CulnSSe and they measured 161.8 eV and 162.0 eV, respectively.
That means, the addition of Se into the compound shifts the binding energy of the S 2p to higher
values. This finding can explain the slight shift of the S 1s signal to higher binding energies and
point to the formation of a CdS;—xSex compound at the last stage of the annealing process of the
Cu-rich sample. This compound formation was also shown by Heske et. al. [128] using a
combination of x-ray emission spectroscopy and x-ray photoelectron spectroscopy. Additionally,
Melitesta et al. [159] observed a S 2ps/2 binding energy of 161.9 eV for the CdIn.S>Se> compound,
which is statistically a higher value than that of the CdS compound. Heske et al. [128] showed also
this mixed compound to be formed as an intermediate layer. Although the chemical shift in S1s
binding energy is in the order of 0.1 eV at 400 °C for the Cu-rich sample (Figure 4.14-(f) and
Figure 4.15-(b)), it can be taken as a sign for an annealing-induced formation of a highly intermixed
interface containing CdS;—Sex- and/or CdInzS:Se»-like compounds (see Table 4.1 for the
formation of some possible compounds as described by Guillemoles et al. [3].

The above discussion is valid also for the Cu-poor sample up to 320 °C. In this case, the S 1s signal

shows a shift of 0.4 eV after the last annealing step at 400 °C, with respect to its initial state at

room temperature. The disappearance of Cd points to the formation of a Cd-free compound. In

addition, a continuously increasing Se concentration implies a Se-containing compound. Together

with the Ga-enrichment within the probed depth and the reference data in Table 7.2 in Appendix,
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a GaS;—xSex compound [160] seems to be very likely formed, although the formation of a mixed
compound Cux(Iny,Gai-y)(Sz,Sei-,) cannot be excluded. The Cu concentration in the mixed
compound tends to decrease with increasing temperature after 320 °C (Figure 4.9 and Figure 4.12).
Therefore the formation of a completely Cu-free compound in the very near surface region
[131,157], like (Iny,Gai-y)(Sz,Sei-) should be also considered.

An additional way to get a hint about the changed chemical environment of the corresponding
species is to refer the full width at half maximum (FWHM) values of the considered core level
peaks in the course of the annealing process. These are tabulated in Table 7.3 in Appendix for both

Cu-poor and Cu-rich samples and the variation of them during the annealing is shown in Figure
4.16.
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Figure 4.16 Variation in full width at half maximum (FWHM) values of the considered core
level peaks in the course of the annealing process in case of (a) Cu-poor and (b) Cu-rich
CIGSe/CdS samples. All values at room temperature are set to 0 for a clear presentation. Solid
lines are guides for the eye only.

The general trend of the variation in FWHM is indicated with the dashed lines. The FWHM values
of Cd 3d and S 1s for both samples are highly influenced by the annealing process as expected,
since the Cd atoms diffuse into the substrate, leaving behind the S atoms to form Cd-free
compounds. Additionally, Figure 4.16-(a) shows that the FWHM value of Ga 2p deviates strongly
from its original value starting from 320 °C in case of the Cu-poor sample. This finding supports
the above discussion, that the Ga atoms diffuse towards the CIGSe surface (see Figure 4.9-(b) and

Figure 4.10-(b)) and fill the Cu vacancies at elevated temperatures between 320 °C and 400 °C, so
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that the Ga atoms form a GaS1.xSex secondary phase in the near-surface region. The possibility of
the formation of a GaS1.xSex compound is also thermodynamically supported by Guillemoles et al.
[3] (see Table 4.1) as will be discussed in the following.

Guillemoles et al [3,142] studied the stability of the CIGSe/CdS interface thermodynamically. They
calculated free energies of reaction for some of the relevant reactions at the CIGSe/CdS interface
at room temperature, which are given in the first column of the Table 4.1. The other free energies
of the reactions at elevated temperatures up to 800 K are calculated using the standard free energies
(G®) of the corresponding compounds that are listed in Table 7.4 in Appendix [161]. Accordingly,
the formation of Ga-containing compounds, rather than their In-containing counterparts, such as
Ga,Ss is highly expected, depending upon the Ga concentration. The low free energy of about —78
kJ/mol for the reaction #3 suggests an additional explanation for the tendency of the Ga diffusion
towards CIGSe surfaces in the second stage of the annealing (between 320 °C—400 °C) in case of
the Cu-poor sample to form a GaS:1-xSex secondary phase at the near-surface. The other reactions
in the Table 4.1 suggest that the formation of CdS1.xSex, CdIn2S2Sez and GaS1-xSex compounds is
at least thermodynamically not forbidden (for the growth and some properties of these compounds,
refer to [162-165]), as it was discussed above in terms of the shift in the binding energy of the S
1s core level (Figure 4.14-(f) and Figure 4.15) and the variation in the FWHM values (Figure 4.16).

Table 4.1 Free energies of reaction for some of the relevant reactions at the CIGSe/CdS interface
at different temperatures. Adopted from [3,161].

AG kJ/mol
# . Temperature (K)| 598 | 300 | 400 | 500 | 600 | 700 | 800
Reaction
1|CusSe + CdS — CusS + CdSe 56 | 56| -57|-53|-51|-50]|-52
2| 1n,Ses + 3CdS — 3CdSe + 253 01 | 01 | 14 | 38 | 7.3 | 114 | 158
3|GazSes + 3CdS — 3CdSe + GasSs | —78.1 |-78.1|—77.1|-75.9|-745|-72.9|-71.2
4]InSes + CdSe — CdInzSes <0 | - | - | = =1 -=-71-=-
5|In,Ses +CdS — CdIn»SeS3 <-11.9| - — - — — -
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4.4 Summary

In this chapter, ab-initio density functional theory (DFT) calculations on the correlation between
the diffusion properties of Cd atoms with the copper contents of the CIGSe compounds are
presented. The DFT calculations were carried out by the ComCIGS-I1 project partners J. Kiss and
H. Mirhosseini from the Max-Planck-Institute for Chemical Physics of Solids [11]. The
experimental proof of the theoretical considerations is done using a photoelectron spectroscopy
method, i.e. HAXPES. The experimental findings of this chapter together with the main results of
the DFT calculations are summarized in the following.

The Cd diffusion of a CdS top layer into the differently grown Cu-poor and Cu-rich Cu(In,Ga)Se;
materials was investigated upon the annealing process in UHV, at temperatures ranging from 180
to 400 °C in steps of 20 °C. For this purpose, ultrathin CdS layers with an estimated thickness of

less than 10 nm were deposited by CBD on both absorbers.

HAXPES measurements using an excitation energy of 3000 eV (resulting in an information depth
up to ~12 nm) revealed that the Cd atoms can diffuse into the CIGSe material already during the
CBD process, where they occupy the pristine Cu vacancies (V'cy), thus more prominent in Cu-poor
samples. Moreover, DFT calculations indicated that the diffusion mechanism of Cd differs
fundamentally with respect to the Cu concentration of the CIGSe absorber material. Namely, the
Cd diffusion in Cu-poor CIGSe is a two-step process, where Cu atoms are actively exchanged by
Cd impurities during the diffusion process. The Cu-assisted, two-step diffusion process of Cd is
reflected in the concentration profile of Cu upon the annealing process in the HAXPES
measurements. In contrast to Cu-poor CIGSe, in case of the Cu-rich sample, the Cu atoms are not
directly involved in the diffusion process but they indirectly play a role as Vcy defects, where Cd

impurities are being incorporated.

In addition, DFT calculations showed that the two diffusion mechanisms in Cu-poor and Cu-rich
CIGSe/CdS interfaces are also quantitatively well distinguishable from the perspective of the
activation energies (0.94 eV and 2.13 eV, respectively). By having the lower activation energy for

Cd diffusion in the Cu-poor sample, no trace of Cd was detected by HAXPES at the near surface
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region after the final annealing temperature 400 °C, whereas a small amount of Cd could be still

measured within the same depth of the Cu-rich sample after the same annealing process.

Another distinct difference in the interface formation of Cu-poor and Cu-rich CIGSe/CdS samples
upon the annealing process between the corresponding annealing temperatures is the Ga diffusion
towards the CIGSe surface, forming secondary phases. In case of the Cu-rich sample, an indication
for a Ga enrichment at the CIGSe/CdS interface was not observed. In contrast, a significant Ga
diffusion towards the CIGSe surface was observed in case of the Cu-poor sample at elevated
temperatures between 320 and 400 °C, where they probably occupy Vcy sites. Together with the
exchange process of S-Se at the interface, the variation in the binding energy and the FWHM of
the S 2p and Ga 2p core levels pointed to the formation of a GaSixSex-like compound at the
interface. The high band gap of that compound in the range of 2.0-2.5 eV [166] may be one of the
reasons for the efficiency degradation of the high efficiency solar cells (CGI=0.8 and GGI=0.3 in
this study) at high annealing temperatures [127], as it would create a high conduction band offset
at the heterojunction, being a barrier for electron transfer.
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5 Impact of KF Post-Deposition Treatment
on the Cu(In,Ga)Se,/CdS Interface

Recent developments in Cu(In,Ga)Sez (CI1GSe)-based thin film solar cells reported improvements
in power conversion efficiencies when KF had been applied onto CIGSe absorbers [8,167-174].
Up to now, the underlying mechanism responsible for these efficiency improvements is unknown.
Some groups reported grain boundary passivation due to the potassium fluoride post-deposition
treatment (KF-PDT) [70,168], whereas other groups observed a general defect passivation
[167,172]. Pianezzi et al. and Reinhard et al. showed a Cu-depleted CIGSe surface, resulting in a
stronger near-surface type inversion from p to n-type conductivity [170,173]. Additionally, Chirila
et al. observed a much stronger Cu and Ga depletion of the near-surface region compared to the
untreated absorber using surface sensitive x-ray photoelectron spectroscopy (XPS) [8]. They
concluded that the increased Cu depletion at the CIGSe surface leads to an enhanced Cd diffusion
into the absorber during the chemical bath deposition (CBD) of the CdS buffer layer even at low
process temperatures. This phenomenon is also supported by theoretical studies conducted by Kiss
et al. [9,10]. It was also demonstrated in the previous chapter that the amount of Cd diffusing into
the interface region of the absorber during the CBD of the CdS is dependent on the Cu
concentration [62]. By applying the approach of KF-PDT, Mansfield et al. [175] could obtain an
efficiency increase from 17.1 % to 18.6 % in CIGSe solar cells made from the two-step selenization
process. Beside these findings, Pistor et al. [38] and similarly Handick et al. [176] measured a shift
in the valence band maximum towards higher binding energies with respect to the Fermi level by
means of XPS. They explained this shift as a result of a band gap widening due to the Cu-depletion

in the near-surface region of the CIGSe absorber because of KF-PDT. However, none of these
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above-mentioned investigations have studied directly the impact of the KF-PDT on the CIGSe/CdS

interface using a non-destructive analysis method.

In this chapter, first, the impact of the KF-PDT on the CIGSe/CdS absorber/buffer interface is
investigated by means of non-destructive, hard x-ray photoelectron spectroscopy (HAXPES). The
depth-resolved HAXPES is used here to gain a depth-dependent distribution of the constituent

atoms, which form the interface.

Second, the ammonia etching of the CIGSe and the CIGSe+KF samples during the CBD process
is investigated by means of XPS and UPS in order to distinguish the effect of KF-PDT and the
deposition of CdS in an ammonia-containing solution (CBD) on the surface properties of CIGSe

absorbers.

5.1 Analysis of CIGSe+KF/CdS and CIGSe/CdS Interfaces by
Depth-Resolved HAXPES

The impact of KF post-deposition treatment (KF-PDT) on the Cu(In,Ga)Se2/CdS interface is
studied in this section. The CIGSe/CdS and the CIGSe+KF/CdS samples (i.e. sample #3 and
sample #4, respectively, as presented in Table 3.1) are investigated using hard x-ray photoelectron
spectroscopy at the HIKE end station. For the HAXPES measurements, excitation energies of 2030,
3000, 4000, 5000 and 6000 eV were used (for the information depths of the corresponding
excitation energies and core level photoelectrons, see Table 3.3).

In Figure 5.1, survey spectra of the CdS covered standard and the KF-PDT treated CIGSe samples
are shown for 6000 eV excitation energy in the binding energy range from 0 to 2500 eV. Since the
thickness of the CdS film is limited to less than 10 nm, photoelectrons originating from the CIGSe
absorber region still can be detected due to their increased kinetic energy, which goes along with
an increased information depth of 16 nm to 24 nm as compared to standard XPS (see Section 3.2.1).
In addition, cadmium and sulfur related peaks appear in the spectra as expected. Moreover, small
quantities of carbon and oxygen are detected on both samples due to air contact after the absorber
growth and due to the usage of aqueous solutions for the CBD of CdS. At first glance, both spectra

look very similar, which emphasizes the high quality of the sample preparation. The fact that both,
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deposit (CdS) and substrate (CIGSe) peaks are visible in the spectra, allows the investigation of
the CIGSe/CdS interface with depth resolving HAXPES.
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Figure 5.1: XP survey spectra of the standard CIGSe/CdS (red) and CIGSe+KF/CdS (black)
sample measured at 6000 eV excitation energy (after Umsiir et al. [177]).

Figure 5.2 shows top view images of the standard C1GSe/CdS (a) and CIGSe+KF/CdS (b) samples
obtained with SEM. The morphology of both samples appears very similar with homogenous
crystalline structures up to a size of 500 nm, which can be related to different grains. The topmost
CdS layer is not visible since the layer thickness is too small to be resolved with SEM. However,
it is assumed that the CdS layer covers homogeneously the CIGSe absorber independent from
morphology and structure of the surface due to the nature of the wet chemical deposition process
[156] and due to the very small lattice mismatch between CIGSe and CdS, leading to an epitaxial
structure [27]. Thus, the surface in the images mainly represents that of the bare CIGSe absorber.
On a closer inspection, small precipitations with a diameter of less than 20 nm can be observed on
the standard CIGSe/CdS sample (see Figure 5.2-(a)), which consist of Cd(OH)2 according to [178].
In contrast, these entities are not visible on the KF-PDT CIGSe/CdS sample (see Figure 5.2-(b)).

It seems that this phenomenon is related to the composition change at the CIGSe surface due to the
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KF treatment, which leads to a lower near-surface Cu concentration as well as a higher near-surface
Cd and S concentration as shown later. In the following, similar aspects are discussed on an
electronic level based on the HAXPES spectra.

Figure 5.2: SEM top view images of the (a): standard CIGSe/CdS and (b): CIGSe+KF/CdS
(sample #3 and sample #4, respectively, in Table 3.1), which were also measured with HAXPES
(see Figure 5.1) (after Umsiir et al. [177]).

Figure 5.3 shows a compilation of normalized intensities derived from the Cu 2pss, In 3ps;2, Ga
2p32, Se 2p3i2, Cd 3ds/2, and S 1s peaks of the standard and the KF-PDT CIGSe/CdS sample. The
shown values are calculated from the corresponding photoemission lines, which were measured
with HAXPES at different excitation energies. Before starting the evaluation, all spectra were
corrected with respect to their binding energy according to the position of the Au 4f7, peak located
at 84.0 eV [75]. After subtraction of a Shirley background, the spectra were integrated in order to
determine the respective line intensities. Then, they were normalized to the corresponding inelastic
mean free path A (calculated by the TPP-2M formula [106] using the QUASES code [107]), the
transmission function of the analyzer T, and the partial subshell photoionization cross-section
do/dQ as tabulated in references [111,112]. The parameters A, T, and do/dQ2 depend on the kinetic
energy and therefore they vary for different excitation energies. The normalization procedure takes
this dependency into account, thus allowing the direct comparison of normalized intensities of one
species measured with different excitation energy. Additionally, the top horizontal axis of each
graph shows the information depth (ID) for the corresponding core level signals which correlates
to the excitation energy and which is estimated using the formula ID = 3 [75]. The values vary

approximately from 4 to 24 nm.
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Figure 5.3: Normalized intensities (the normalization procedure is explained in the text) of
absorber and buffer components as a function of excitation energy for the CIGSe/CdS (red) and
the CIGSe+KF/CdS (black) samples. The top axis shows the according information depth. For
2030 eV, the normalized intensity values are missing for the S1s related core levels since they
cannot be excited with this energy (after Umsiir et al. [177]). Solid lines are guides for the eye

only.
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In the considered information depth regime, the normalized core level line intensities of the In and
Se species are almost identical for both, the standard (red) and the KF-PDT (black) CIGSe/CdS
samples, whereas the line intensities of the Cu and Ga species clearly differ from each other with
increased values of the standard (red) CIGSe/CdS sample compared to the KF-PDT (black)
CIGSe/CdS sample. In addition, the buffer layer species Cd and S of both samples are compared
in Figure 5.3-(e) and (f), respectively. Within the given information depth, the KF-PDT CIGSe/CdS
sample shows a higher line intensity for both, the Cd and S species with the latter one being more
significant. In a first approximation, this can be interpreted in terms of diffusion with Cu and Ga
being repelled by the KF-PDT from the CIGSe/CdS interface and pushed further into the CIGSe
bulk material while Cd and S are penetrating into the CIGSe interface region.

In Figure 5.4, another presentation of the same data is given by the ratio lcigser-poT)+cds/Icicse+cds

over the excitation energy for all involved species.

1.8 1 —o—Cu 2p Se2p
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1.6 —o—Ga2p —e—S1s

ICIGSe (KF-PDT)+CdS / ICIGSe+CdS
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Figure 5.4: Ratio of different core level intensities of the CIGSe+KF/CdS and the CIGSe/CdS
samples (sample #4 and sample #3, respectively, in Table 3.1). All values are referred to the Se
related signal, which by definition is set to one for each excitation energy value (after Umsiir et
al. [177]). Solid lines are guides for the eye only.

The shown values in Figure 5.4 are referred to the Se related signal, which by definition is set to
one, assuming that the KF-PDT does not affect the Se concentration at the CIGSe surface as
demonstrated in Figure 5.3-(d). The advantage of this approach is to avoid the dependency on 4, T,

and do/d2 due to cancelling, which otherwise might falsify the evaluation due to wrong
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assumptions or systematical errors. In the energy range from 2000 to 6000 eV the Cu 2p signal
steadily rises from 0.6 to 0.8 without crossing the reference line at one. This means that the Cu
concentration in the KF-PD treated sample is always lower than in the standard sample. The fact
that the Cu 2p signal is not constant over the given energy range even implies that the Cu deficiency
is more pronounced in the topmost region of the CIGSe material. On the other hand, the Cd 3d
signal behaves conversely and decreases steadily from 1.3 to 1.1 within the same energy range,
which means that there is more Cd on the KF-PD treated CIGSe surface than on the standard one.
Moreover, within an assumed error of = 10 %, the In 3p value appears more or less constant and
close to 1, which points to an equal near-surface distribution of In in both samples, similar to the
Se case. However, a slight tendency for an In enrichment for higher excitation energies and thus
deeper regions cannot be denied. A similar behavior but with an opposite effect can be found for
the Ga 2p signal. There, an initial Ga excess turns into a significant depletion for higher energies.
This is attributed to specific interface reactions during the CIGSe/CdS heterojunction formation.
Nevertheless, the most pronounced difference is observed for the S 1s signal, which steadily goes
from 1.7 to 1.5 within the given energy range of 3000 to 6000 eV. This means that on the KF-PD
treated CIGSe sample, the amount of S is much higher than on the standard sample. This can be
only explained by unknown effects during the CdS formation, which might be influenced by the

Cu and Ga depletion. This point will be discussed later on together with other findings.

Figure 5.5 compares the [Cu]/([In]+[Ga]) (CGI), the [Ga]/([In]+[Ga]) (GGI), and the [Cd]/[Cu]
ratios as a function of excitation energy for both samples under investigation based on normalized
intensities. In case of the standard CIGSe/CdS sample, the CGI (see Figure 5.5-(a)) varies only
slightly between 0.82 and 0.88, which stands for a homogeneous Cu/lll distribution over the probed
depth. On the other hand, the GGI (see Figure 5.5-(b)) rises strongly from 0.29 to 0.40 below 4000
eV before it stabilizes. In contrast, this behavior is completely different for the KF-PDT
CIGSe/CdS sample.
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Figure 5.5: Selected concentration ratios as derived from normalized intensities. (a)
[Cul/([Ga]+[In]) (CGI), (b) [Ga]/([Ga]+[In]) (GGI), and (c) [Cd]/[Cu] as a function of excitation
energy (after Umsiir et al. [177]). Solid lines are guides for the eye only.

The CGI in Figure 5.5 starts at a relatively low value of 0.55 before it stabilizes at 0.71 whereas
the GGI remains almost constant with a value of 0.32 over the considered sample depth range. On
closer examination, it seems that there is a correlation between both parameters (CGI and GGI).
While for the standard CIGSe/CdS sample the CGI rises and the GGI is constant with increasing
depth, the same parameters behave in the opposite way for the KF-PDT CIGSe/CdS sample on a
lower level. On both samples, the CGI affects the GGI and vice versa. Considering the shape of
the Cd/Cu ratio, this is similar for both samples. In the lower excitation energy range it starts at 4.2
and 2.1 for the KF-PDT and the standard CIGSe/CdS sample, respectively. For higher excitation
energies, it approaches zero, which implies a depth-limited diffusion of Cd into the CIGSe

absorber.

In Figure 5.6, various spectra of the near valence band region at different excitation energies are
shown. The spectra are calibrated according to the gold reference and they are normalized to the In
4dsp peak intensity for a better comparison. With increasing photon energy, which is equivalent to
an increasing information depth, a relative decrease of the Cd 4d signal compared to the In 4d
signal is observed. In general, the height of the Cd 4d peak of the KF-PDT sample (black curve)
exceeds that of the standard sample (red curve) but the difference decreases with increasing
excitation energy. This is in accordance with the behavior shown in Figure 5.4. In addition, a
distinct shift of the core levels and the valence band edges of the KF-PDT sample towards lower

binding energies compared to the standard sample is visible.
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Figure 5.6: (a): XP spectra of the near valence band region of the standard CIGSe/CdS (red)
and KF-PDT CIGSe/CdS (black) sample measured for various excitation energies. All spectra
are normalized to the In 4dsp signal. (b)-(c): Onsets of the valence band data of CIGSe+KF+CdS
and CIGSe+CdS samples measured with 2030 eV and 6000 eV excitation energies, as two
examples to demonstrate how the Evem-Er values are determined with linear extrapolations. The
data of CIGSe+KF+CdS sample (black) are vertically shifted for a better visibility. The Evem
values are visualized in Figure 5.7 (after Umsiir et al. [177]).

The resolution of HAXPES measurements in Figure 5.6-(a) is sufficient to assign the valence band
maximum with respect to the Fermi level for different excitation energies. It was determined by
linear extrapolation of the valence band onset with respect to the background level assuming a
maximum error of £ 0.05 eV that strongly depends on the shape of the valence band edge. Two
examples for the determination of the valence band maximum with respect to the Fermi level are
given in Figure 5.6-(b) and (c) for the excitation energies of 2030 eV and 6000 eV, respectively.

The depth-resolved valence band maximum values with respect to the Fermi level are shown in
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Figure 5.7 with a schematic representation of the CIGSe/CdS heterocontact on the top of the graph
that correlates with the detection depth using different excitation energies.
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Figure 5.7: The position of the valence band maxima with respect to the Fermi level measured
at different excitation energies providing depth dependent information with an estimated
uncertainty of + 0.05 (after Umsiir et al. [177]). Solid lines are guides for the eye only.

The dashed line in the graph represents the energetic position of the Fermi level. However, it is
important to know that the measured valence band offset belongs to CIGSe although this material
is covered by CdS. This is due to the fact that the band gap of CIGSe is much smaller than the band
gap of CdS, thus hiding it. Furthermore, the amount of CdS is small compared to CIGSe, which
leads to a weaker valence band signature. In general, the binding energy in the valence band region
is low, resulting in a comparatively large kinetic energy of the considered photoelectrons
originating from this region. This means that the information depth is even larger, which further
explains the dominance of the CIGSe valence band in the spectra. As can be clearly seen in the
graph, there is a distinct shift of the valence band maximum to lower values for the KF-PDT sample
of about 0.15 eV. In addition, a pronounced band bending downwards in the near-surface region is
observed on both samples with a shift of 0.3 eV between the first and the last data point at 2030
eV and 6000 eV, respectively.
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Figure 5.8: Binding energy positions of selected core level peaks as a function of excitation
energy (a-f) (after Umsiir et al. [177]). Solid lines are guides for the eye only.

In Figure 5.8, a compilation of the binding energy positions of selected core level peaks is shown
with respect to the excitation energy. All values are referred to the Fermi level; thus, the graphs
can be directly compared to the valence band maximum shown in Figure 5.7. Except for the value
of the Ga 2ps/2 peak in the near-surface region at 2030 eV, there is a more or less constant shift of
about 0.2 eV of the KF treated CIGSe sample towards lower binding energies compared to the
untreated sample. In contrast to the course of the valence band over the excitation energy, the
binding energy values of the core levels show a bow-like behavior. The Cu, In, Ga, and Cd peaks
initially follow the course of the valence band with increasing thickness towards higher binding
energies, whereas the “anionic” species S and Se stay on a constant level. However, the first binding
energy value of the S1s peak is unknown since the S1s transition is not accessible at 2030 eV. With
increasing excitation energy, the core level peaks shift again to higher binding energies forming
the above-mentioned bow. The fact that the valence band and the core levels are not shifting equally

with excitation energy, cannot be explained by band bending. It is important to emphasize that the
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shape of the curves (core level peaks and valence band maximum) and the constant shift between

both samples are due to different effects.

Discussion of the experimental findings

e The fact that the measured valence band offset of the KF treated CIGSe/CdS sample is smaller
compared to that of the untreated one (see Figure 5.7) first causes some irritations, since the
opposite behavior is expected according to reference [38]. The deviation can only be explained
by the presence of a thin CdS layer affecting the interface properties of the CIGSe/CdS contact.
The valence band maximum of the untreated CIGS/CdS sample in the near interface region
recorded at 2030 eV is 0.7 £ 0.05 eV (see Figure 5.7), which is in the range of previously
reported values [151] for the same material system. This agreement gives a positive assessment
of the reliability of the approach, including the measurement of the KF treated sample showing
its valence band maximum at 0.55 £ 0.05 eV, which is roughly 0.15 eV above that of the
untreated sample. Moreover, the observed behavior is independent of the excitation energy with
a more or less constant offset of 0.15 eV, which follows the course of the valence band with
increasing information depth. A similar shift is also observed for the core level peaks of all
involved species except for gallium and sulphur in the near interface region. There is obviously
a consistent shift of all the spectral features of the KF treated CIGSe sample to lower binding
energies due to the incorporation of a negative charge into the interface region or due to the
formation of an interfacial dipole (see Figure 5.9-(a)). For simplification, the binding energy
positions of the core level peaks are represented as straight lines. Furthermore, in the near
surface regime the binding energy of the Ga 2ps;2 peak is higher and that of the S 1s peak is
lower than expected compared to the untreated sample (see Figure 5.8-(c) and (f)). This finding
goes along with increased intensities for both species as can be seen in Figure 5.4 for an
excitation of 2030 eV. Possibly, an additional, intermediate, and ultrathin GaxSy phase was
formed on the KF treated CIGSe sample during the deposition of CdS, which now affects the
band alignment. In addition, the interface of the KF treated sample seems to be changed (see
Figure 5.2) so that binding states of interlinked species forming the heterojunction become
visible [179]. However, due to charge neutrality reasons it is difficult to explain that CdS related

peaks also shift into the same direction on the KF treated sample. Hence, other reasons than the
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formation of an interface dipole must be responsible for this shift, which is still related to

electrostatic fields induced by additional charge.
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Figure 5.9: a) Scheme of the CIGSe/CdS interface showing the relative positions of the valence
band and the core level peaks for the standard (red) and the KF-treated (black) CIGSe samples. b)
Theoretical band alignment of Cu-poor CISe (CulnSez) and Cu-poor K containing CISe with
respect to CdS according to [180].

In Figure 5.9-(b), a theoretical scheme of the band alignment of Cu-poor ClISe (red) and Cu-poor

K containing CISe (black) with respect to CdS is shown according to reference [180].

The calculation in Figure 5.9-(b) used hybrid DFT functionals (B3PW91, [181]) yielding good
estimates for chalcopyrite band gaps. As basis, CusIngSe1s/CdS(110) and K2CuzlngSe1s/CdS(110)
super cells are used to determine the band discontinuities of the Cu-poor CISe/CdS and K-
CISe/CdS heterocontacts. By applying the transitivity rule [182], it turns out that the valence band
maximum of the potassium containing, copper poor CISe absorber is located 0.58 above the

standard CISe absorber in contact to CdS and this is what we see by trend in our measurements.

Although the theoretical work is only related to CISe and not to CIGSe, the obtained results
demonstrate that it is possible to have a lower valence band maximum at the interface due to the
incorporation of K. However, the increased amount of S causes a larger absorber band gap at the

interface, pointing to a decreased conduction band discontinuity when considering the pure CIGSe
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absorber in contact to the CdS buffer. Unfortunately, the conduction band is not accessible within

the given experimental setup so that this phenomenon cannot be proven further.

e Another issue is the development of the CGI and GGl ratios on both samples with increasing
thickness (see Figure 5.5). On the KF-treated CIGSe absorber, the overall concentration of Cu
is smaller than on the non-treated absorber. Additionally, there is a gradient in the near-surface
regime pointing to an enhanced Cu-depletion. In contrast to this, the standard CIGSe absorber
is less Cu-poor and the CGI ratio shows a constant behavior over the whole thickness range
within the error limit. So far it is assumed that the bare CIGSe surface is stronger Cu-depleted
at the very-near surface than in the bulk, which might be attributed to the occurrence of an
ordered defect compound (ODC) phase [29] or to the reconstruction of the topmost CIGSe layer
[10]. Following the results of our measurements, this can be only confirmed for the KF treated
sample. Possibly, this effect correlates with the GGI ratio, which shows an opposite behavior.
While for the KF-treated absorber the GGI ratio is nearly constant (~0.32) over the complete
energy range, it starts from a lower value for the standard sample, steadily increasing and ending
up at ~0.4. The near-surface depletion of Cu appears on the KF-treated C1GSe absorber, whereas
the Ga depletion appears in the near-surface region of the non KF-treated CIGSe absorber. In
addition, the Cd concentration is much higher for the KF-treated sample compared to the non
KF-treated sample. The fact that the CdS films were deposited on both KF-treated and the non-
treated CIGSe absorbers under the same conditions (i.e. a simultaneous deposition), the higher
Cd concentration for the KF-treated absorber implies that the Cd atoms diffuse much easier into
the KF-treated CIGSe absorber. This goes along with an increased S concentration over the
complete thickness range (see Figure 5.4), which could be explained by a stronger interdiffusion
at the interface of the KF-treated CIGSe sample or a higher sulphur concentration in the CdS
buffer layer at all. Indeed Lepetit et al. reported an enhanced sulfurization of the CIGSe surface
during the CBD of CdS [94,183]. Besides this argumentation, it is also possible that the total
amount of CdS is higher on the KF-treated sample because the growth conditions for CdS are
apparently improved. Moreover, it seems that the KF-PDT has an additional impact on the
heterocontact formation by changing the pristine CIGSe surface and its concentration ratios
accordingly, e.g. by a higher Ga or S content in the near surface regime of the C1GSe absorber,

which influences the band gap.
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e In parallel, a strong Cu depletion at the surface should lead to a band gap widening by lowering
the onset of the upper valence band due to the missing repulsing effect of the Cu 3d valence
states [184]. This behavior can be directly observed in Figure 5.7 with a pronounced course of
the valence band maximum over the excitation energy in both cases, the KF-treated as well as
the non KF-treated CIGSe absorber, respectively. This band bending downwards is attributed
to a decreasing Cu concentration towards the surface and not to the formation of a space charge
region, which would go several 100 nm into the depth. Since the variation of the valence band
maximum is strongest in the excitation energy range between 2000 to 4000 eV, it is assumed
that the Cu depletion at the interface is limited to a thickness of 2-5 nm only. In this thickness

regime, the change of the onset of the upper valence band is most pronounced.

¢ In addition to the enhanced Cu depletion on the KF treated CIGSe sample, which was reported
earlier [8] and which was also found in this work as shown in Figure 5.4 and Figure 5.5, an
enrichment of Cd is observed in the interface region. This is ascribed to the fact that Cd diffuses
into the CIGSe absorber and occupies the Cu vacancies as published before [62]. This finding
is also supported by the deviation of the concentration levels of these two species, which are of
the same order of magnitude in both samples (see Figure 5.4). In other words, the lack of Cu in
the KF treated sample is almost fully compensated by the presence of Cd. But what is the impact
of the surplus of Cd atoms in CIGSe? It is assumed that the optimum CIGSe absorber surface
for highly efficient solar cells is Cu-poor and already inverted, thus changing from p-type
conduction in the bulk to n-type conduction at the surface [120]. Therefore, additional Cd, which
acts as donor in CIGSe [185] can release further electrons into the conduction band as free
charge carriers. These electrons then migrate as majority carriers along the conduction band
towards the interface. If now the conduction band discontinuity between the CIGSe absorber
and the CdS buffer layer as a barrier is not too large, they are able to overcome this barrier and
accumulate at the CdS surface as negative charges. The amount of this charge is directly
correlated to the Cd concentration in the CIGSe absorber. The given explanation reflects exactly,
what has been measured. In addition, it is concluded that the barrier in the conduction band at
the heterocontact is small enough; otherwise the accumulation would take place in the interface
region. With an extrapolated value of the valence band discontinuity between CIGSe and CdS
of about 0.9 eV [59,186], a valence band offset of 0.5 eV at the KF treated CIGSe surface as
measured and shown in Figure 5.7, and a band gap of the CdS buffer layer of 2.5 eV [187], a
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widening of the CIGSe band gap up to a value of 1.6 eV at the interface due to the incorporation
of S and Ga leads to a negligible conduction band discontinuity. A smaller value than 1.6 eV,
as well as a larger one would imply either a band bending downwards or upwards on the
chalcopyrite side of the junction, which for a fixed conduction band position of the CdS layer
with respect to the Fermi level would lead in both cases to a potential barrier affecting the
electron transfer through the interface. However, further simulations are necessary to

consolidate this assumption, but the experimental data strongly point into this direction.

e Besides the ongoing discussion, there is another aspect, which is worth to be mentioned, and
this is the morphology of the CdS layer. In contrast to the KF treated CIGSe sample, there are
small precipitations visible on the standard sample (Figure 5.2) directing to a slightly different
growth mechanism when applying the CBD and, which hints to a less ordered interface or to an
increased lattice misfit. The lattice parameter of CIGSe (a = 0.56 - 0.58 nm depending on the
Ga content); is in the range of that of CdS (a = 0.58 nm) [188]. This means that stress induced
defect formation in the initial growth of the CdS due to lattice mismatch is unlikely. Obviously,
the standard CIGSe absorber has more surface defects, which are acting as nucleation centers
during the subsequent CdS deposition forming additional precipitations. Further investigations

concerning this aspect are necessary.

5.2 Surface Properties of CIGSe and CIGSe+KF Absorbers and the

Influence of Ammonia Etching during the CBD Process

As it was mentioned in the previous section, the smaller valence band offset of the KF treated
CIGSe/CdS sample compared to that of the untreated one exhibits the opposite behavior than was
expected according to reference [38]. The deviation was explained by the presence of the thin CdS
layer affecting the interface properties of the CIGSe/CdS contact. In order to check the validity of
this explanation, the standard and KF treated bare CIGSe samples without thin CdS layers are
measured with XPS and UPS under laboratory conditions, i.e. using the Al Ka (Mg Ka) and He I

excitation sources, respectively. The results are shown in the following.
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The surface properties of bare CIGSe and CIGSe+KF and the effect of the usage of an NH3s-
containing solution in the chemical bath for CdS deposition are studied in this section. Details on
the samples under investigation (i.e. sample #5 to sample #8) can be found in Table 3.1.
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Figure 5.10 XP survey spectra of the standard CIGSe (red) and KF-PDT CIGSe (black)
samples, before and after the etching process in NHs-based aqueous solution.

The survey spectra of the uncovered CIGSe samples with and without KF-treatment, before and
after CBD-etching are shown in Figure 5.10 for Al Ka excitation source in the binding energy
range from 0 to 1300 eV. It can be seen that the survey spectra contain the characteristic core level
and the Auger peaks of the CIGSe material. Moreover, significant quantities of carbon and oxygen
are present on both samples, with the oxygen being partially removed by the CBD-etching. One
reason for the relatively high carbon and oxygen contamination is the usage of the aqueous solution
for the CBD etching. Another reason can be the storage environment and the storage time for the
samples that were packed in a plexiglass box after the previous HAXPES measurements, although
they were stored under Nz-atmosphere in a glovebox. Comparing the survey spectra to the one
shown in Figure 5.1, one can see that the intensity of the carbon and oxygen peaks compared to the
main peaks are higher. The reason for that is the usage of the Al Ka excitation source, which results
in a more surface sensitive measurement than the one with 6000 eV excitation energy. Additionally,
the sodium related signal Na 1s can be seen for both samples at the binding energy of 1071 eV,
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which implies a sodium diffusion from the SLG to the CIGSe surface probably because of the air
exposure of the samples. Apparently, the sodium on the surface is completely removed by the CBD
etching. The potassium related core level signal K 2p on the KF treated sample cannot be seen in
the survey spectra, because it overlaps with the Se LMM Auger peak at around 239 eV binding

energy when measuring with this specific excitation energy (Al Ka).

In order to check the effect of the KF treatment of the CIGSe absorber on the valence band
maximum, the UPS measurements of the valence band edges for both standard and KF-PDT CIGSe

samples are shown in Figure 5.11 at 21.2 eV excitation energy (He I).
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Figure 5.11 Valence band edges of the Cu(In,Ga)Se2 samples with (black) and without (red)
KF-PDT after the etching process in the NHz-based aqueous solution, measured with He |
source.

The graph in Figure 5.11 represents the relative energetic distance of the valence band maxima of
the CBD-etched samples. It makes no sense to show the UPS of the non-etched samples here, since
the UPS is very surface sensitive and does not give useful results on oxidized samples. The CBD-
etched samples here are in the state, where the effect of the CdS overlayer is eliminated. It can be
clearly seen that the KF-PDT causes a significant shift of 0.35 eV in the valence band maximum
to higher binding energies with respect to the one of the untreated sample. This is a similar amount

and the same direction (i.e. higher binding energy side) of the shift of the valence band edge within
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the uncertainty due to KF-PDT, which was found in reference [38]. This finding proves the validity
of the fact that the presence of the CdS overlayer strongly affects the interface properties of the
CIGSe/CdS contact, so that the valence band maximum of the KF-treated sample appears at a lower
binding energy than that of the untreated one with 0.15 eV (see Figure 5.7).

In order to understand possible reasons for the corresponding shift in VBM of the KF-PDT sample,
one should additionally consider the XPS core level measurements. For a detailed analysis of the
XP spectra of the CIGSe samples with and without KF-PDT, the O 1s, C 1s, Cu 2p32, Cu LMM,
In 3ds/2, In MNN, Ga 2p32, Ga LMM and Se 3d core level and Auger peaks were measured with
higher resolution. In Figure 5.12, the respective spectra are shown for the as-grown samples and
after the dedicated CBD-etching process, all taken at 1486.6 eV (Al Ka) excitation energy, except
C 1s, which is taken at 1253.6 eV (Mg Ka) to separate the K 2p core level and the Se LMM Auger
peak from each other. All spectra were corrected with respect to their binding energy using the
position of the Au 4f7 peak at 84.0 eV. For a better comparability, all peaks were normalized to
the background (Norm. to BG). The core levels are given in binding energy, whereas the Auger

peaks are given in kinetic energy by convention.

e Figure 5.12-(a) shows that both KF treated and non-treated samples are highly oxidized with the
first one being more pronounced, probably because of the hydroscopic nature of the potassium
species. The CBD-etching process has apparently a beneficial effect on both samples by partially
removing H20 and OH™ related compounds from the surface. Additionally, as the Figure 5.12-
(b) implies, the ammonium-containing bath etches away some hydrocarbons, which appear at a
binding energy of around 290 eV. In both figures (a) and (b), the intensity of O 1s and C 1s
peaks of the KF treated sample remain slightly higher than that of non-treated samples after the
etching process, which is strongly related to the oxidation degree and the corresponding etching
time. In addition to the carbon signal, Figure 5.12-(b) shows that the K 2p doublet is measurable
with the Mg Ka source only on the KF treated sample. The NH3-based solution completely
removes the potassium from the surface, although different results are found in reference [170],
where they show with XPS a remnant of almost half of the potassium after the ammonium

etching.
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Figure 5.12 XP spectra of the (a) O 1s, (b) C 1s, (c) Cu 2pss, (d) Cu LMM, (e) In 3dsp, (f) In
MNN, (g) Ga 2psp, (h) Ga LMM and (i) Se 3d photoemission signals of the CIGSe and
CIGSe+KF-PDT samples before and after CBD-etching process. The measurements are

performed at the CISSY setup using Al Ko and Mg Ka excitation sources.
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e In Figure 5.12-(c), the Cu 2ps;2 core level peaks are shown at a binding energy of 932 eV. The
strong Cu depletion due to KF-PDT can be clearly seen as it was previously reported
[8,38,170,176] and similarly measured within the HIKE experiments in the previous section.
The unchanged core level position together with the Cu LMM Auger peak (see Figure 5.12-(d))
after the CBD etching, results in a constant modified Auger parameter of a'=BE (Cu 2pap) +
KE (Cu LMM) =1850.80 eV. It is an indication that both the KF-PDT and CBD-etching do not
change the chemical environment of the Cu species. The increase in the signal intensity of both
samples after the CBD-etching is due to the removal of the contaminant over-layer in the
chemical bath.

e The Ga concentration of the KF-treated sample is measured much higher than that of the
standard sample as it can be seen from the Ga 2ps peak in Figure 5.12-(e). However, the
opposite behaviour was expected according to references [8,170] and the other measurements
in this chapter. It becomes clear by considering the Ga LMM Auger peak in Figure 5.12-(f) that
Ga species on both samples are highly oxidized and form Ga>Os compounds. The oxidation of
Ga occurs more prominently in case of the KF-treated sample due to the higher adsorption of
oxygen species because of the air exposure of the CIGSe samples with and without KF-PDT.
The formation of the Ga,O3 compound causes an overlapping of two Ga 2ps/» contributions in
Figure 5.12-(e), i.e. Ga 2pzr (of Ga203) and Ga 2p3z;2 (of CIGSe) and creates the significant
difference in peak intensities. As it can be clearly seen in the Ga LMM Auger peak, the huge
oxide overlayer of Ga;0s is partially removed by CBD-etching in case of KF-treated sample,
whereas it is completely etched away in case of the standard sample. It is obviously a matter of
the total amount of oxidized species and the etching time, which was kept constant for both
samples. The remaining Ga;Os contribution to the Ga 2ps2 peak in Figure 5.12-(e) even after
the CBD-etching, makes the signal intensity at the KF-treated sample still higher. When
discussing the Ga excess in the near surface region of the KF-treated sample, shown in Figure
5.4, it was mentioned that the Ga excess was attributed to specific interface reactions during the
CIGSe/CdS heterojunction formation. Together with the unexpected shift of Ga 2ps/2 in the near
surface of the KF-treated sample, shown in Figure 5.8-(c), and with the tendency of an increased
concentration of sulphur towards the surface region, shown in Figure 5.4, it was concluded that
possibly an intermediate ultrathin GaxSy phase was formed on the KF-treated sample during the

CdS deposition. While the above conclusion still remains valid, the observed unexpected results
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related to Ga species can be due to the formation of Ga>Os in addition to GaxSy. That means, the
above mentioned intermediate layer consists of probably not only GaxSy but a mixture of it with
GaxOy. The fact that the oxidation of Ga species was observed to be increased in CIGSe with
KF-PDT and the NHs-containing CBD bath could only partially remove the Ga oxides, suggests
that the time between the CIGSe growth and the CdS deposition by CBD should be kept as short
as possible, especially when KF was applied on the CIGSe.

It was previously shown in Figure 5.4 that the In concentration at the CIGSe/CdS interface is
not strongly affected by the KF-treatment. Although the samples here have no CdS over layer,
they present more or less the same properties. In 3ds/2 core level peaks of the treated and non-
treated CIGSe samples are shown in Figure 5.12-(g). Its signal intensity for the KF-treated
sample appears to be slightly smaller than for the non-treated sample. It can be attributed to the
attenuation effect of the ultrathin Ga.Oz overlayer that is especially formed on the KF-treated
sample. Since the Ga,O3 overlayer was etched away by the CBD solution, the In 3ds, signal
intensity becomes almost 1.2 times higher for the KF-treated sample, whereas it increases only
by a factor of 1.03 for the non-treated sample. When comparing the signal intensities of the core
level, one should consider also the formation of In-related oxide compounds. Figure 5.12-(h)
shows the In MNN Auger peaks of both samples. It can be seen that aside from Ga, In species
are also oxidized and similarly form In2Oz compounds. A stronger In.Os formation can be
observed at the KF-treated sample because of the same reasons as discussed for Ga. On closer
inspection, one can see that the In.O3 compounds are not etched away completely or as strongly

as Ga;03 by the CBD solution [85], thus still affecting the signal intensity of In 3ds core level.

In Figure 5.12-(h), the sodium related core level peak Na 1s appears at a kinetic energy of about
415 eV, which is measured with Al Ka excitation source. Interestingly, the intensity of the Na
1s peak of the non-treated sample is found to be much higher than that of the treated one. This
is probably correlated to the presence of potassium on the treated sample. It implies that the
presence of potassium on the sample somehow limits the amount of sodium diffusion from the
soda lime glass. In other words, the addition of KF on the CIGSe removes Na from the surface
towards the back of the sample as it was proposed in references [8,170] with an ion exchange
mechanism. In order to check if there is a direct relation between the total concentration of the
alkaline metals available on the surface, the concentrations of sodium and potassium are
calculated using the integrated area of the core level peaks Na 1s and K 2pay., respectively. The
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calculation is performed taking the correction factors into account. A relative concentration ratio
of total alkaline metals ([Na]+[K]) kr-treated / ([Na]) non-treated = 0.5 was obtained. This indicates
that the potassium species occupy only half of the free sites, which are left behind by the Na
removal due to KF-PDT, and the remaining half of the sites remains unoccupied and free for
other diffusion partners. Obviously, both alkaline related peaks Na 1s and K 2p have completely

disappeared due to the CBD etching.
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Figure 5.13 (a) Secondary electron edges of the standard CIGSe (red) and KF-PDT CIGSe
(black) bare samples after the etching process in the NHs-based aqueous solution, measured
with a He I source. (b) Schematic energy diagram showing the shifts in valence band maximum
and the work function of the CIGSe surface due to the incorporation of KF-PDT.

e Besides the formation of In and Ga oxides, Se species are slightly oxidized only on the CIGSe
sample without KF-PDT, forming SeOx compounds as shown in Figure 5.12-(i) and they are
completely removed by CBD-etching (details on the CBD-etching process can be found in
Section 3.1.2). The attenuation effect of the Ga oxide overlayer can be observed also on the Se
3d signal intensity. The maximum of the Se 3d signal increases by a factor of 1.33 due to CBD-
etching in case of KF-treated sample, whereas it becomes only 1.18 times higher in case of the
standard sample. The removal of the Ga and In oxide layers result in a higher increase of the Se

3d signal of the KF-treated sample.
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e The fact that the Cu 2ps/2 core level has the same binding energy for both samples and the small
shifts in the other core levels are attributed to chemical changes implies that the distinct shift of
0.35 eV in the valence band maximum can be ascribed to a band gap widening due to the KF-
PDT by inducing a strong Cu-depletion as reported in [38,176]. In addition to the band gap
widening, KF-PDT induces a slight shift of 0.1 eV at the secondary electron edge towards higher
binding energies, as shown in Figure 5.13. This implies a reduction of the work function of 0.1
eV due to KF-PDT. Indeed, it was proposed by Reinhard et al. that the incorporation of K could
reduce the surface work function of CIGSe [189].

5.3 Summary

In this chapter, the impact of the KF-PDT on CIGSe/CdS interface is investigated by means of
depth resolved hard x-ray photoemission spectroscopy in the near surface region. Two CIGSe
absorbers are used with one being treated by potassium fluoride prior to the chemical bath
deposition of an ultrathin CdS layer while the other was not. During this study, all parameters are
tried to be kept the same except the KF-PDT in order to carve out the impact of this treatment.

It turns out that besides strong chemical changes in the CIGSe/CdS interface region, namely a Cu
depletion that goes along with a Cd accumulation, the electronic properties of the heterocontact are
significantly affected and influenced by the KF-PDT. This is attributed to an enhanced doping
effect, which is induced by additional Cd in the near surface region and, which releases free
electrons into the conduction band of the CIGSe absorber. These electrons are able to follow the
band downwards to the surface where they accumulate. It is assumed that this process starts already
during the deposition of CdS and that excessive electrons are able to overcome the potential barrier
formed at the CIGSe/CdS interface. By this effect, the band alignment of the CIGSe/CdS
heterojunction is obviously improved; leading to better efficiencies of the CIGSe based thin film

solar cell devices.

It is found that the CIGSe/CdS interface is strongly intermixed and that the variation of the valence
band in the very near surface region of CIGSe of both samples is basically of chemical nature and
not only due to band bending. However, a significant increase of the sulfur concentration is
observed on the KF treated CIGSe/CdS compared to the untreated CIGSe/CdS sample. It is

assumed that this phenomenon leads to a band gap widening, which mainly affects the position of
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the conduction band in such a way that the height of the barrier at the conduction band within the
interface is reduced. However, since the conduction band cannot be probed with XPS, this

prediction remains speculative and needs further experimental proof.
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6 Summary

The goal of this thesis was to gain a deeper insight into the interface properties between
Cu(In,Ga)Se> (CIGSe) absorber and CdS buffer layers, which are the main components of the state
of the art high efficiency CIGSe-based thin film solar cells. Firstly, the interface formation between
the CIGSe and the CdS is analyzed with respect to the Cu concentration of the CIGSe by focusing
especially on the Cd diffusion from the buffer into the absorber side. Secondly, the chemical and
electronic impact of the KF post-deposition treatment (KF-PDT) on the interface properties of the
CIGSe/CdS material system is analyzed in detail. In the following, the most important results and

conclusions are summarized.

DFT calculations by project partners in the Max-Planck-Institute for Chemical Physics of Solids
have shown in the first part of the Chapter 4 that there is a clear qualitative difference between the
Cd diffusion in the Cu-poor CIGSe compared to that of the Cu-rich compounds. Cd diffusion in
Cu-poor samples is a two-step process, where Cu atoms are actively exchanged by Cd impurities
during the diffusion process. In case of Cu-rich samples, the Cu atoms are not directly involved in
the diffusion process but they indirectly play a role as Cu vacancy defects, where Cd impurities are

being incorporated.

In addition to the qualitative differences, DFT calculations revealed quantitative differences in the
two diffusion mechanisms in terms of the activation energies (Ea) for the Cd diffusion in Cu-poor
and Cu-rich compounds. In the Cu-rich CIGSe, an activation energy of ~2.1 eV was calculated for
the transfer of Cd from Cdcy substitutional sites to the Cd; interstitial positions. Since the Cd
diffusion after this step occurs relatively easy with an Ea of 0.2 eV, the rate limiting Ea in Cu-rich
CI1GSe compounds was found to be on the order of 2.1 eV. In case of Cu-poor compounds, the

diffusion of Cd is controlled by the displacement of the Cu atoms into the pristine Cu vacancies.
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The activation energy for this process was calculated to be ~0.9 eV. The Ea for the Cd diffusion
into the newly created Cu vacancy, which was left behind after the Cu diffusion, was found to be
approximately 0.7 eV. Therefore, the rate limiting Ea in Cu-poor compound appears to be on the
order of 0.9 eV, which is half of that of the former process with an Ea of 2.1 eV. Hence, theoretical
calculations suggested that the diffusion of Cd takes place considerably easier in the Cu-poor

phases compared to the Cu-rich compounds.

The experimental proof of the theoretical calculations on the Cd diffusion was performed using
hard x-ray photoelectron spectroscopy (HAXPES). For this study, Cu-poor and Cu-rich CIGSe
samples with Cu/In+Ga ratios of 0.80 and 0.95, respectively, are covered with a thin film of CdS
in the same chemical bath. The Cu-poor and Cu-rich CIGSe/CdS heterostructures were measured
with an excitation energy of 3000 eV at room temperature as well as up to elevated temperatures
of 400 °C. By having the lower activation energy for Cd diffusion in the Cu-poor compound, no
trace of Cd was detected at the near surface region after the final annealing temperature of 400 °C.
On the other hand, small amounts of Cd could be still measured within the same depth of the Cu-

rich sample after an identical annealing process.

HAXPES measurements have shown that Cu atoms are directly involved in the diffusion process
of Cd in the Cu-poor compound. While the Cd concentration during the annealing process was
steadily decreasing, the relative Cu concentration in the near surface region was found to be
increasing up to 320 °C, where Cu and Cd atoms are actively exchanged. At elevated temperatures
between 320 °C and 400 °C, it was measured that the Cd signal from the Cu-poor CIGSe surface
decreased first rapidly and completely vanished at the end of the annealing period; whereas at the
same time, a significant Ga diffusion towards the CIGSe/CdS heterostructure surface was observed,

where they occupy Vcy sites, which were first occupied by Cd impurities.

The exchange process of S-Se atoms at the interface of the Cu-poor CIGSe/CdS heterostructure
and the variation in the binding energy positions of the core levels pointed to the formation of a
GaS;-xSex-like compound at the interface. A highly-intermixed interface of the Cu-poor
CIGSe/CdS heterostructure having a high concentration of Ga due to elevated temperatures is
concluded to be one of the reasons for the degradation of the conversion efficiencies at elevated

temperatures because of the formation of a high conduction band offset.
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The impact of the KF post-deposition treatment on the chemical and electronic properties of the
CIGSe/CdS interface was analyzed by means of depth-resolved HAXPES. For this purpose, two
similar CIGSe absorbers were prepared with one being treated by KF prior to the deposition of an
ultrathin CdS film while the other was not. HAXPES studies in the near surface region have shown
that besides a strong Cu depletion and accordingly a Cd accumulation in the CIGSe/CdS interface
region, the electronic properties of the heterocontact are considerably influenced by the KF-PDT.
It was argued that additional Cd atoms in the near surface region release free electrons into the
conduction band of the inverted CIGSe absorber. These electrons accumulate at the surface by
following the downwards shape of the conduction band. By this effect, the band alignment at the
CIGSe/CdS heterojunction is improved, leading to better efficiencies of the CIGSe-based thin film
solar cells.

Depth-resolved HAXPES measurements have revealed that the CIGSe/CdS interface is strongly
intermixed. Therefore, the downwards bending of the valence bands of the treated and the non-
treated absorbers is attributed to not only the band bending but also to chemical variations at the
interface. Additionally, a significant increase in the sulfur concentration was observed on the KF
treated sample compared to the untreated sample. It was assumed that the better sulfurization of
the CIGSe surface during the deposition of the CdS due to the KF-PDT leads to a distinct band gap
widening, which mainly affects the position of the conduction band minimum. This would reduce
the height of the barrier at the CIGSe/CdS interface, being a reason for the improvement of the
conversion efficiencies due to KF-PDT, however this assumption remains speculative and needs
further experimental proof, since the conduction band cannot be probed with XPS. Other
experimental methods, such as Xx-ray absorption spectroscopy or inverse photoelectron
spectroscopy can be used to probe directly the conduction band and to prove the above-mentioned

assumption.
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7 Appendices

7.1 Nomenclature of the Photoelectrons

In the spectroscopic notation of photoelectrons, the state of electrons is labeled with (1) the
principle quantum number n = 1, 2, 3, 4..., (2) the angular momentum | = 0, 1, 2, 3...
(correspondingly s, p, d, f...) and (3) the total angular momentum j = | + s, where s is the spin
quantum number of electron and takes values s = +1/2. As an example, the notation of Cu 2p32

describes the copper electrons with quantum numbersn=2,1=1and j = 3/2 (i.e. s = +1/2).

Table 7.1 Some examples of x-ray notation and their counterpart in spectroscopic notation.

X-ray notation | Spectroscopic notation | X-ray notation | Spectroscopic notation
K 1s Ms 3 dsp2

L1 2s N1 4s

Lo 2 P12 N2 4 p1e

L3 2 Par N3 4 pap

M1 3s N2 4 dsp2

M2 3 P Ns 4 dsi2

M3 3 par2 Ne 4 fgp2

My 3 dape N7 4 fop2

In the x-ray notation of Auger lines, the principle quantum number n =1, 2, 3, 4... is expressed by
capital letters K, L, M, N... It is followed by suffixes 1, 2, 3, 4..., which represent the various
contributions of increasing land j,i.e.1=0andj=1/2—1,l=1andj=1/2—2,|=1and j = 3/2—3.
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Some examples of this notation and their counterpart in spectroscopic notation are listed in Table
7.1. The combination of the three energy levels involved in the Auger process is used to label Auger
electrons. An example of an Auger peak In MNN can be seen in the XPS survey spectrum in Figure
3.4. The peak in there has two contributions of overlapped peaks, namely In MsN4sN4s and In
MaN4sNas with Kkinetic energies of about 401 eV and 408 eV, respectively. If the first one is
considered, Ms indicates that the photoelectron is ejected from the In 3ds/, level and filled up by
an electron of In 4ds/, or In 4ds/2 (N4 or Ns). And the Auger electron is ejected from the same level
N4 or Ns. The doublet separation of In 3ds/>-3ds/2 (M4-Ms) with about 8 eV is directly reflected in
the difference in the kinetic energy of Auger electrons, since this is exactly the same difference in

the energy of secondary x-rays (Av').
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7.2 Reference Data for XPS

Table 7.2 Reference data for some selected core levels adopted from the NIST database [98].

"Core Level | Compound | Binding Energy | Reference |
S 2p3r2 CdS 161.00 [190]
S 2psr2 CdS 161.40 [191]
S 2psr2 CdS 161.60 [192]
S 2p3r2 CdS 161.70 [192]
S 2psi2 CdS 161.70 [193]
S 2psi2 CdS 161.80 [192]
S 2p3r2 CdS 161.80 [191]
S 2psi2 CdS 161.80 [194]
S 2psi2 CdS 162.16 [195]
S 2p3r2 CdS 162.20 [196]
S 2psp2 CdInzS2Se; 161.90 [159]
S 2ps32 | CdSo.s2Seoss 161.30 [197]
S 2p3r2 CuGaS: 161.90 [198]
S 2psp2 CulnS: 161.80 [158]
S 2psr2 CulnSSe 162.00 [158]
S 2ps3p2 IN2Ss3 161.20 [193]
S 2psr2 In2S3 161.85 [199]
S 2psp2 GazSs 162.20 [200]

T Cd3ds: | Cds | 40510 | [192] |
Cd 3ds2 CdS 405.20 [191]
Cd 3ds2 CdS 405.30 [201]
Cd 3ds2 CdS 405.30 [192]
Cd 3ds2 CdS 405.40 [194]
Cd 3ds2 CdS 405.40 [191]
Cd 3ds2 CdS 405.40 [202]

113



Cd 3dsp2 Cds 405.50 [192]
Cd 3dsp2 Cds 405.73 [195]
Cd 3dsp CdSe 405.00 [203]
Cd 3dsp2 CdSe 405.20 [204]
Cd 3dsp2 CdSe 405.30 [201]
Cd3dsz | CdInS;Se; 405.80 [159]
Ga 2par Ga:03 1116.90 [205]
Ga 2pan Ga:03 1117.50 [206]
Ga 2psz2 Ga203 1117.80 [99]
Ga 2pan Ga:03 1119.00 [207]
Ga 2pan GaSe 1117.60 [208]
Ga 2psp2 GaxSes 1118.00 [57]
Ga 2ps3z2 CuGasSes 1118.10 [57]
In 3ds2 CulnSe; 444.10 [209]
In 3ds/2 CulnSe; 444.70 [210]
In 3ds/2 CulnSe; 444.80 [158]
In 3ds2 CulnS; 444.60 [158]
In 3ds2 CulnS; 444.80 [211]
In 3ds/2 CulnS; 44550 [211]
In 3ds2 CulnSSe 444.90 [158]
In 3ds2 In203 444.30 [212]
In 3ds/2 In203 44450 [213]
In 3ds/2 In03 445.30 [214]
In 3ds/2 InzSes 44450 [209]
In 3ds/2 InzSes 444.80 [77]
In 3ds/2 In2Ses 445.10 [210]
T CuZps: | Cus | 93190 | [198] |
Cu 2psp2 CuS 931.90 [192]
Cu 2pap CuS 932.10 [215]
Cu 2psp2 CuS 932.20 [211]
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Cu 2p3r2 CuS 932.20 [216]
Cu 2p3r2 CuS 932.30 [217]
Cu 2p3r CuS 932.30 [218]
Cu 2p3r CuS 932.50 [219]
Cu 2p3r2 CuS 935.00 [220]
Cu 2p3r CusS 932.10 [192]
Cu 2p3r CusS 932.20 [221]
Cu 2p3r2 CuzS 932.40 [198]
Cu 2p3r2 CusS 932.40 [220]
Cu 2p3r CusS 932.50 [206]
Cu 2p3r2 CuzS 932.50 [215]
Cu 2p3r CusS 932.60 [217]
Cu 2p3r2 CusS 932.70 [219]
Cu 2par2 CuzS 932.90 [222]
Cu 2p3r2 CusS 932.90 [223]
Cu 2p3r CulnS; 932.30 [211]
Cu 2p3r2 CulnS; 932.40 [198]
Cu 2p3r2 CulnS; 932.40 [211]
Cu 2p3r2 CulnS; 933.00 [211]
Cu2p:z | CuGaS 932.10 [198]
Cu 2p3r CuSe 932.00 [216]
Cu 2p3r2 Cu,Se 931.90 [216]
Cu 2p3r2 CuzSe 931.90 [198]
Cu 2p3r Cu,Se 932.50 [209]
Cu2ps. | CulnSe; 931.80 [209]
Cu2psz | CulnSe; 931.90 [210]
Cu2ps. | CulnSe; 932.49 [224]
Cu2psz | CulnsSes 932.70 [57]
Cu2ps, | CuGasSes 932.50 [57]
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7.3 Supporting Material for Chapter 4

Table 7.3 Full width at half maximum (FWHM) values of the considered core level peaks in
the course of the annealing process in case of Cu-poor and Cu-rich CIGSe/CdS samples,
obtained by peak fitting in the quantitative analysis in Chapter 4.

Cu-poor CIGSe/CdS

T(°C)
A (eV)

Cu 2pse 096 | 097 | 095 | 097 | 0.97 | 0.97 | 0.96 | 0.96 | 0.97 | 0.98 | 0.98 | 1.00 | 1.01

RT | 180 | 200 | 220 | 240 | 260 | 280 | 300 | 320 | 340 | 360 | 380 | 400

In 3dsr2 0.86 | 0.89 | 0.88 | 0.87 | 0.87 | 0.86 | 0.86 | 0.86 | 0.89 | 0.92 | 0.92 | 0.92 | 0.91

Ga 2pse 110113 | 110|113 | 111|113 | 111|110 | 110 | 1.15 | 1.23 | 1.24 | 1.25

Se 2pazr2 136 | 1.38 | 1.37 | 1.36 | 1.38 | 1.37 | 1.37 | 1.37 | 1.38 | 1.41 | 1.42 | 1.44 | 1.45

Cd 3dsr2 098 | 098 | 0.97 | 0.95 | 0.94 | 092 | 0.93 | 0.95 | 0.93 | 0.93 - - -

S1ls 125|126 | 1.26 | 1.28 | 1.28 | 1.30 | 1.33 | 1.38 | 1.41 | 1.46 | 1.46 | 1.47 | 1.49

Cu-rich CIGSe/CdS

Cu 2psi2 092 | 093 | 094 | 0.95 | 094 | 094 | 095 | 0.95 | 0.96 | 0.96 | 0.96 | 0.96 | 0.95

In 3dsr2 077 {078 | 08 | 08 | 079 | 08 | 079 | 08 | 081 | 081 | 0.82 | 0.82 | 0.82

Ga 2pase 105 |105| 105|109 | 1.1 | 106 | 1.04 | 1.08 | 1.08 | 1.08 | 1.08 | 1.09 | 11

Se 2psi2 133 134|134 |13 | 135|135 135|136 | 1.36 | 1.39 | 14 14 | 139

Cd 3dsr2 097 | 098 | 0.98 | 0.98 | 0.96 | 0.96 | 0.95 | 0.93 | 091 | 0.89 | 0.9 | 0.94 | 0.97

Sls 125|123 | 125|126 | 128 | 126|128 | 129|131 | 135 | 137 | 14 | 142
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Table 7.4 Standard free energies (G°) of some compounds relevant to the CIGSe/CdS system

at different temperatures. Adopted from [3,161]. The listed values are used for the calculation
of the free energies of reactions (AG), which are shown in Table 4.1 in Chapter 4.

G° kJ/mol

T(K) | 298 300 400 500 600 700 800
Compound
Cds -176.8 | -176.9 |-185.1 |-194.6 |-205.1 |-216.5 |-228.7
CdSe -170.7 [ -170.9 |[-180.1 |-190.5 |-202.0 |-214.4 |-227.6
CuS -1155 | -115.8 | -129.4 |-146.1 |-164.7 |-185.0 |-206.6
Cu,Se -103.9 | -104.2 |-1186 |-136.7 |-156.6 |-177.9 |-200.4
GazSs —558.7 | -559.0 | -574.9 |-593.5 |-6145 |—637.4 |-662.1
GasSes —462.4 | —462.8 | -482.6 |-5054 |-530.8 |-558.2 |-587.6
In2Ss —404.4 | -404.7 | -423.0 |-4443 |-468.2 |-4943 |-5225
In,Ses —386.4 | —386.7 | —409.2 |-435.9 |-466.3 |—499.5 |-535.0
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7.4 List of Abbreviations and Symbols

Table 7.5 List of abbreviations

A Acceptor

BE Binding Energy

BESSY Berliner Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung
BG Back Ground

CBD Chemical Bath Deposition

CBM Conduction Band Minimum

CaGl [Cu)/([Ga]+[In])

CGSe CuGaSe2

CHA Concentric Hemispherical Analyzer

CIGSe Cu(In,Ga)Se>

ClSe CulnSe2

CISSY Copper Indium Sulfide + Synchrotron

D Donor

DFT Density Functional Theory

EDX Energy Dispersive X-ray spectroscopy
ESCA Electron Spectroscopy for Chemical Analysis
FWHM Full Width of Half Maximum

GGl [Ga)/([Ga]+[In])

HAXPES Hard X-ray Photoelectron Spectroscopy
HIKE High Kinetic Energy

ID Information Depth

IMFP Inelastic Mean Free Path

KCN Potassium cyanide

KE Kinetic Energy

NIST National Institute of Standards and Technology
oDC Ordered Defect Compound

ovC Ordered Vacancy Compound
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PDT Post-Deposition Treatment

PVD Physical Vapor Deposition

RT Room Temperature

SEM Scanning Electron Microscopy

SLG Soda-lime Glass

TCO Transparent Conductive Oxide

UHV Ultra-High Vacuum

UPS Ultraviolet Photoelectron Spectroscopy
VB Valence Band

VBM Valence Band Maximum

XPS X-ray Photoelectron Spectroscopy

Table 7.6 List of symbols

AEc Conduction band offset
AEv Valence band offset

AG Free energy of reaction

AH Formation enthalpy

b Bowing coefficient

C Concentration

d Thickness

do/dQ Partial subshell photoionization cross section
Ec Conduction band minimum
Er Fermi level

Eq Band gap energy

Exin Kinetic energy level

Epass Pass energy

Ev Valence band maximum
Evac Vacuum level

G° Standard free energy
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< > a2 -4 o

=

Planck constant

Photon energy

Boltzmann constant

Number of scans

Radius of hemispherical analyzer
Width of entrance slit of analyzer
Transmission function of spectrometer
Modified Auger parameter
Inelastic mean free path
Frequency of photon

Work function

Electron affinity
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