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Abstract
Polycrystalline Cu(In,Ga)Se2 (CIGSe) exhibit excellent properties for high power

conversion efficiency (PCE) thin film solar cells. In recent years, photovoltaic cells

made from CIGSe reached a PCE of 23.4%, surpassing that of multicrystalline silicon

photovoltaic cells. Nevertheless, the changes in surface composition and electronic

properties of the absorbers after various solution-based surface treatments are still

under intensive investigation and are widely discussed in the literature. In this thesis,

the front, the rear surface properties as well as the impact of post-deposition treatments

(PDT) on CIGSe absorbers with different elemental compositions were analyzed by

scanning tunneling microscopy and spectroscopy, Kelvin probe force microscopy, and

X-ray photoelectron spectroscopy.

I show that potassium cyanide (KCN) etching reduces the Cu content at the surface

of Cu-rich absorbers substantially. The reduction of the Cu-content is accompanied

with the formation of a large number of defects at the surface. Scanning tunneling

spectroscopy measurements showed that most of these defects could be passivated

with Cd ions. A semiconducting surface and no changes in the density of states were

measured across the grain boundaries. In addition to the defect passivation an increase

in surface band bending due to the substitution of Cu vacancies by Cd ions, which act

as shallow donor defects was observed. As in the case of the front surface, the analyses

carried out on the back surface of Cu-rich absorbers showed that a detrimental CuxSe

secondary phase was also formed at the interface between the MoSe2 layer and CISe

absorber after growth. This CuxSe secondary phase at the back contact was not

present in Cu-poor absorbers.

Regarding the alkali metal post-treated absorbers, I show that the occurrence of

an enlarged surface bandgap, often reported on CIGSe absorbers after PDT treatment

is only present after H2O rinsing. After ammonia (NH4OH) washing, which is always

applied before buffer layer deposition, all the high bandgap precipitates disappeared

and an increased amount of an ordered vacancy compound was observed.

The thesis thereby gives a comprehensive overview of the CIGSe surfaces after

various chemical and post deposition treatments.

xv



Chapter 1

Introduction

The strong increase in global warming due to the emission of greenhouse gases worries

the whole world and has become one of the important topics to be closely cared off.

During the recent Intergovernmental Panel on Climate Change held in August 2021, it

was shown that most of the greenhouse gases (GHG) originate from human activities

and that if no quick action is undertaken to reduce them, the global average warming

could exceed 1.5oC in the next twenty years [1]. Since the principal human activity

that produces GHG is the burning of fossil fuels for electricity and heat production,

transportation, buildings, etc. [2], one way to limit their emission could be the use of

green energies such as solar photovoltaic (PV), wind, biomass as well as hydropower

[3]. Although it is crucial to exploit all these alternative sources, solar PV is largely

seen as the most promising technology for the future [4, 5]. The sun is abundant and

inexhaustible. Over a year, the sun radiates to the earth roughly six thousand times

more energy than that consumed by the entire world population [6]. The radiated

energy can be converted into electricity via solar PVs [7]. This energy conversion is

widely known to produce less CO2 [8], which is one of the main components of GHG

[2]. Furthermore, solar PV has exhibited the highest cost decline between 2010 and

2019 as compared to other renewable energy sources [9], and their worldwide capacity

is predicted to be in the order of terawatt in the next ten years [5].

Albeit the global PV market is nowadays dominated by silicon solar cells [10, 11],

polycrystalline Cu(In, Ga)Se2 (CIGSe) thin film devices occupy a good place among

the best candidates to produce low-priced solar electricity. The CIGSe solar cells

along with their corresponding solar panels provide low production costs [12], high
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performance [13], long term stability [14] and a reduced energy payback time [15]. On

top of this, CIGSe absorbers exhibit excellent properties for high performance thin-film

solar cells. They have at the same time a high absorption coefficient [16], a tunable

direct bandgap [17] and high minority carrier lifetimes [18]. Over the last years, CIGSe

devices have exhibited power conversion efficiency (PCE) exceeding 23% [19] on the

laboratory scale, which already, is higher than that of multicrystalline silicon solar

cells [20, 19, 21]. With such high efficiency, CIGSe devices are currently among the

best thin film based photovoltaic cells [19].

Despite the CdS being largely endorsed as the efficient buffer layer for CIGSe

photovoltaic cell technology, note that the actual world record PCE was acquired from

the Cd-free Zn(O, S, OH) buffer layer [22]. Add this to the fact that Cd is a toxic

metal element, this important breakthrough has strengthened the idea of replacing

the CdS with another nontoxic Zn(O, S, OH) buffer layer without performance loss.

Nevertheless, most of the high efficiency CIGSe solar cells still enclose CdS and are

largely employed as a reference specimen for the appraisal of their Cd-free counterparts

[23]. Consequently, the impact of Cd in-diffusion on the surface electronic properties

of CIGSe absorbers investigated in the framework of this thesis is still a topic of

interest in the community. The study could help to better understand the various

chemical and electronic changes that happen at the surface of the CIGSe absorbers

after CdS growth, their eventual impact on devices, and could serve as a reference for

the future development of any other types of CIGSe based devices. Cd present in the

CdS buffer layer has been reported to significantly modify the CIGSe/CdS interface

[24, 25]. It substitutes Cu vacancies that exist at the very near surface of the absorber

after growth and alters the doping concentration at the hetero-interface [26, 27]. This

change in doping profile converts the very near surface of the film from its original

p-type character to n-type forming thus a homojunction CIGSe and CdS interface [28].

Furthermore, it was shown that pre-electrolyte treated the absorbers surface with Cd

substantially enhances the performance of the CdS free CIGSe solar cell devices [29].

One more crucial breakthrough that allowed achieving world record CIGSe effi-

ciency in recent years was the post-treatment of the absorbers with heavy alkali metal

elements and under a selenium environment. PCE around 22.6% was measured from

the absorbers which were post-treated with rubidium fluoride (RbF) [30]. However,
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the underlying reason behind this outperformance of the CIGSe solar cells after RbF

post-deposition treatment (PDT) is still under intensive investigation and is widely

discussed in the literature [30, 31, 32, 33, 34, 35, 36].

The objective of this thesis is first to study the surface properties of the pristine

CIGSe absorbers and secondly to investigate changes in chemical and electronic prop-

erties that occur at the surface of the CIGSe after various surface treatments such

as potassium cyanide etching, cadmium pre-electrolyte treatment and RbF-PDT. The

idea is to correlate the surface chemical or compositional properties of the absorbers

to their corresponding electronic properties like the local density of state and work-

function.

Since the treatments happen at the very near surface of absorbers, high surface

sensitivity characterization techniques need to be used. Therefore, scanning probe

microscopy (SPM) and X-ray photoelectron electron spectroscopy are the main tools

employed in this thesis. As SPM techniques are exceedingly surface-sensitive the

specimens have to be clean and air exposure needs to be avoided. Hence, an inert

gas suitcase, nitrogen-filled glove box (H2O< 1 ppm; O2< 1 ppm) and an ultra-high

vacuum (UHV) system were used to minimize the sample contamination to a strict

minimum.

The thesis is structured as follows:

In Chapter 2, the basic properties of CIGSe solar cells are introduced. The

stacked-layer structure of the CIGSe solar cell along with the corresponding band

alignment at the CIGSe/CdS heterointerface are presented. Afterwards, the structural

and electronic properties of CIGSe based solar cells, which include the lattice structure,

the intrinsic p-type nature, the energy bandgap, and the phase diagram are discussed

in detail.

In Chapter 3, the state of the art results acquired from the front and the rear

surface of the CIGSe published in the literature is summarized. The effect of air

exposure and subsequent potassium cyanide etching (KCN) has been reviewed. After

this, the theory behind the diffusion of cadmium into the surface of the absorber as well

as the impact of alkali metal post-deposition treatment were presented and thoroughly

discussed. Furthermore, the chapter also introduces how grain boundaries (GBs) are

formed in polycrystalline CIGSe and summarizes the different models that have been
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proposed to explain their impact on efficiency.

In Chapter 4, the main characterization techniques, samples preparation and

experimental details are discussed. It starts with the short presentation of SPM. Af-

terwards, the theory behind scanning tunneling microscopy (STM) and spectroscopy

(STS), and Kelvin probe force microscopy (KPFM) together with their respective

technical implementations are described. This also applies to XPS. Regarding the or-

ther supplemental techniques such as secondary ion mass spectroscopy (SIMS), Raman

spectroscopy, etc., only a short description that aims to allow readers to understand

how the results were obtained is given.

Chapter 5 focuses on the impact of the Cd in-diffusion on the chemical and elec-

tronic properties of Ga free CuInSe2 and Cu-rich (Cu/In ≥ 1) absorbers. The chapter

is concentrated on absorbers with Ga free and with excess Cu content, and without

PDT because they present ideal properties such as excellent transport properties and

small potential fluctuations [18]. The effect of the KCN etching on the chemical and

electronic properties of the absorbers grown under Cu-rich conditions was also inves-

tigated. The results are compared to the ones recorded from the UHV heated samples

and the findings published in literature.

As indicated earlier, one of the main objective of this thesis was to investigate

the surface of pristine absorbers and to compare the outcomes to the results from the

air-exposed and KCN etched absorbers. Hence, as Cu-rich absorbers exhibit CuxSe

phase on top, they were mechanically peeled off from their original substrates and the

back surface was analyzed. The results are presented and discussed in Chapter 6.

In Chapter 7, the surface properties of the pristine Cu-poor CIGSe absorbers, as

well as, the effect of the cleaning process on the surface properties of the absorbers

that were post-treated with NaF and RbF PDTs were investigated. The pristine

CIGSe absorbers were not exposed to environment where the pressure was higher

than 10−9 mbar before the analysis. The aim was to limit the contamination from the

atmosphere, which could alter the surface properties of the obsorbers [37, 38, 39, 40].

In Chapter 8, the summary of the thesis and the outlook are given.
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Basic properties of Cu(In,Ga)Se2

photovoltaic cells

This chapter starts with a short presentation of the stacked-layer structure of Mo/CIGSe

/CdS/i-ZnO/ZnO:Al photovoltaic cells. Afterwards, the properties of the copper-

indium-gallium-diselenide (CIGSe) materials including the lattice structure, the in-

trinsic p-type character, the energy bandgap, and the phase diagram are discussed in

detail.

2.1 Cu(In,Ga)Se2 based solar cells structure and

corresponding energy band diagram

In this section, the most common device structure for CIGSe based thin film solar cells

together with its corresponding energy band diagram is presented. In Fig. 2.1(a) a

complete stacked-layer structure of Mo/CIGSe/CdS/i-ZnO/ZnO:Al photovoltaic cells

is sketched. The sketch shows that the CIGSe solar cells consist of a superposition

of different types of materials grown via various deposition techniques one on top

of the other. Soda lime glass (SLG) with a few millimeter thick (∼ 1 − 3 mm) is

utilized as the substrate. The key reason behind this choice is that SLG has to some

extent a positive impact on the CIGSe photovoltaic cell performance. It contains the

element sodium, which was reported to substantially improve the open-circuit voltage

of the CIGSe absorbers [41, 42, 43, 44] therefore the efficiency of the device, notably

via the passivation of some defect states at the surface and/or the grain boundaries
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[45, 46, 47, 48]. Polycrystalline semiconductors consist of grain boundaries which serve

as non radiative recombination centers [37, 49].

Figure 2.1: (a) Schematic representation and (b) SEM micrograph of a cross-section

of a CIGSe based solar cell [50].

Nonetheless, extensive investigations are currently carrying out in order to replace

the high production cost SLG [51] by other cheaper substrates such as polyimide and

metal foils [51, 52]. Compared to SLG, the polyimide and metal foil substrates are

flexible and lighter and have already shown more or less a similar improvement on the

CIGSe absorbers. Almost similar power conversion efficiencies (PCEs) were recorded

from the films grown on SLG and polyimide substrates that were post-treated with

heavy alkali metals [15, 52, 53].

On top of the SLG substrate, a layer of molybdenum (Mo) with a thickness of

∼ 500 nm is grown via magnetron sputtering. This Mo layer acts as a rear contact

and also helps to reflect back into the CIGSe absorbers most of the non-absorbed

light. Additionally, its excellent compatibility with selenium leads to a creation of a

thin intermediate layer of MoSe2 at the CIGSe/Mo interface [54, 55], which forms an

ohmic contact with CIGSe [54, 55]. Following the Mo rear contact, a p-type CIGSe

absorber layer is added via physical vapor deposition (PVD) by means of a multistage

co-evaporation process. The optimum thickness used so far for CIGSe absorbers is

∼ 2 µm.

As in the case of CdTe or Cu2ZnSnS4 photovoltaic technologies, the p-n hetero-

junction in CIGSe solar cell devices is formed right at the interface between the p-type

CIGSe absorber and n-type cadmium sulfide (CdS) buffer layer. The CdS layer has a
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thickness of ∼ 50 nm and is grown by means of solution based chemical bath deposi-

tion (CBD). With its positive impact on p-n heterojunction electronic properties, the

CdS film is considered as one of the most efficient buffer layer for CIGSe based solar

cells. It produces a beneficial band alignment at the absorber/buffer interface [23, 27]

and protects the absorber surface against sputter damage during the deposition of the

window layer [56]. The first argument is ascribed to the diffusion of Cd from the CdS

compound into the absorber that converts the absorber surface from p to n-type as

proposed in Refs. [57, 58], and will be discussed in more detail further in this thesis.

Although most of the state-of-art cells have been achieved with a thin CdS buffer,

numerous other alternative buffers along with various deposition techniques have been

developed and are currently under scrutinization. The non-exhaustive list of these

alternative materials and deposition methods as well as their corresponding efficiencies

can be found in Refs. [22, 56]. Cd is a toxic heavy metal element, which might cause

health problems including lung cancer [59] if one is exposed to it for a long time. The

Mo/CIGSe/CdS multilayer is capped with a thin zinc oxide (ZnO) double window

layers, which consist of an approximately 100 nm thick layer of intrinsic ZnO (i-ZnO)

and a ∼ 400 nm thick layer of highly aluminium doped ZnO (Al: ZnO). A Nickel-

Aluminium (Ni-Al) grid is grown on top of the whole stacked-layer and forms the front

contact of the device.

In Fig. 2.1(b), an scanning electron microscopy (SEM) micrograph of a CIGSe

solar cell is presented [50]. As described above, from the bottom to the top, all the

stacked-layers are well-defined and can be clearly identified. For example, the granular

structure of the polycrystalline CIGSe absorber is nicely recognized. The average grain

size is approximately 1 µm and is smaller than the thickness of the CIGSe film.

Fig. 2.2 depicts the energy band alignment for a completed CIGSe photovoltaic

cell device. The CdS buffer and ZnO window layers exhibit wide bandgaps of 2.4 eV

and 3.3 eV, respectively. The major part of the light that reaches the CIGSe photo-

voltaic cells is therefore transmitted to the low bandgap CIGSe absorbers layer where

the electron-hole pairs are generated. The band bending (BB) that is observed at

the CIGSe/CdS hetero-junction leads to charge carrier separation. As graphically in-

dicated, the reconstruction of the surface of the film after growth creates electronic

defects states at the junction between the CdS and the absorber, which serve as re-
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Figure 2.2: Simplified representation of the energy band diagram of a CIGSe photo-

voltaic cell adapted from Ref. [13], EC , EV , BB , EF are the conduction band minimum,

valence band maximum, band bending and Fermi energy level, respectively.

combination centers [60, 61, 62]. Hence, in-depth insight into the effect of those defect

states on the CIGSe absorbers is important for the optimization of the CIGSe so-

lar cells. The generating mechanism and different types of defects observed so far in

chalcopyrite CIGSe absorbers will be summarized in the following sections.

2.2 Structural properties of Cu(In,Ga)Se2

Copper-indium-diselenide (CuInSe2) is a I-III-VI2 ternary semiconductor that crystal-

lizes in a tetragonal chalcopyrite structure [23, 63, 64, 65]. It is composed of a group I

atom (Cu), group III atom (In) and a group VI atom (Se). To achieve a high efficiency

from the solar cell made of this compound, gallium (Ga) atoms are in general added

into the CuInSe2 (CISe) based crystal matrix to form a quaternary CuIn1-xGaxSe2

compound. The Ga content x = [Ga]/([Ga] + [In]) introduced aims to enhance the

CISe electronic properties, particularly, to tune its energy bandgap as will be shown in

Fig. 2.4. Depending on the x ratio (0 < x < 1) used, the energy bandgap of the film
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Figure 2.3: Sketch of the chalcopyrite unit cell of a CIGSe absorber adapted from Ref.

[68]. The lattice constants are a and c ; Cu, In/Ga, Se elements are depicted in green,

red and yellow colors, respectively.

can vary from 1.0 eV for a pure CISe absorber to 1.7 eV for a pure CuGaSe2 (CGSe)

absorbers [66]. During the last few years, power conversion efficiencies surpassing 20%

[67] and 15% [66] on the laboratory scale were reported for CuIn1-xGaxSe2 with x

vaying from 0.30 to 0.35, and CISe absorbers, respectively.

In Fig. 2.3 , a conventional unit cell of CIGSe compound where the Cu atoms are

depicted in green, the In/Ga atoms in red and the Se atoms in yellow is presented.

In this figure, which can be seen as a superposition of two sphalerite (zincblende)

structures with the volume of unit cell about twice the size of the sphalerite structure

[64, 69], each Cu and In/Ga atom are tetrahedrally coordinated to four Se atoms,

whereas each Se atom is tetrahedrally coordinated to two Cu and two In atoms. The

unit cell is a chalcopyrite structure where the Cu and In/Ga elements are often denoted

as cations, and Se elements as anions. Conversely to sphalerite structure, the different

bonding lengths between the cations and Se anions causes a distortion of the lattice
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parameters a and c [70]. However, the crystal structure still remains undisturbed

when the ratio of the lattice parameters c/a is 2, and linearly varies with respect

to Ga concentration as given in equations a(x) = (−0.17x + 5.782) Å and c(x) =

(0.589x+ 11.619) Å [23].

2.3 Origin of p-type nature of Cu(In, Ga)Se2

Unlike other semiconductors such as silicon, where extrinsic impurities are needed to

tune their conductivity properties, the CuIn1-xGaxSe2 semiconductor is grown natively

p-type with net doping densities ranging from 1015cm−3 to 1017cm−3 at ambient tem-

perature [71, 72]. Its p-type character as can be seen in Table 2.1, which depicts a list

of the most relevant defects that exist in the CIGSe matrix along with their respective

formation energy is controlled by Cu vacancies (VCu).

Table 2.1: List of the most relevant intrinsic and extrinsic point defects in ternary CISe

and CGSe matrix. The corresponding electronic nature of these impurities is indicated

by A for acceptor-like defect state and D for donor like defect state. EV is the energy of

the valence maximum and EC the conduction band minimum that are used to measure

the acceptor defect levels and donor defect levels [73, 74], respectively. The formation

entalphies ∆H of the neutral defects are extracted from references [73, 74].

Defect EnergyCGSe[eV] EnergyCISe[eV] ∆HCGSe[eV] ∆HCISe[eV] type

VCu EV +0.01 [73] EV +0.03 [73] 0.66 [73] 0.60 [73] A

VIII EV +0.19 [73] EV +0.17 [73] 2.83 [73] 3.04 [73] A

CuIII EV +0.29 [73] EV +0.29 [73] 1.41 [73] 1.54 [73] A

IIICu EC −0.49 [73] EC −0.25 [73] 4.42 [73] 3.34 [73] D

Cui EC −0.21 [73] EC −0.20 [73] 3.38 [73] 2.88 [73] D

In2+
Cu / EC −0.34 [73] / 1.85 [73] D

CdCu EC −0.06 [74] EC −0.00 [74] −0.51 [74] −0.90 [74] D

With its lowest formation energy, VCu as compared to other point defects are the

most dominant defects present in CIGSe. Accordingly, their acceptor-like nature is

responsible for the p-type character of CIGSe [75]. However, it important to note that
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in case of the CIGSe grown under Cu-poor conditions, the VCu easily form together

with In2+
Cu donors like a neutral defect pair 2V−

Cu+In2+
Cu [76]. This implies that because

of self-point defects compensation a neutral CIGSe absorber can also be synthesized.

But, this is as a whole not the case. The lowest formation energy of V−
Cu will always

induce a small excess of VCu, which leads to a p-type nature of CIGSe.

CdCu extrinsic donor defect shows a negative formation energy, which indicates

that it is easily formed after the CdS buffer layer deposition. With its energy close

to the conduction band minimum, it acts as shallow donors and is considered as the

cause of the type inversion of the CIGSe surface [77, 78, 79]. As a result, while the

bulk electronic properties of CIGSe film is p-type doped material after the deposition

of CdS, the very near surface is n-type.

2.4 Bandgap of Cu(In,Ga)Se2

CuIn1-xGaxSe2 is a direct bandgap semiconductor material [80]. The bandgap energy

Eg varies continuously with respect to x [81, 82, 83] and can be tuned from about

1.04 eV (for a pure CISe absorber) to about 1.7 eV (for a pure CGSe absober). The

mathematical formulation of the variation of Eg as a function of x is given in equation

(2.1) [84, 83], and the corresponding graphical representation in Fig. 2.4 [85].

Eg = (1− x)Eg(CISe) + xEg(CGSe)− bx(1− x) (2.1)

In equation (2.1), b varies from 0.15 eV to 0.24 eV [86] and is commonly called optical

bowing coefficient, and x refers to the Ga content.

Fig. 2.4 shows that adding Ga elements into a crystal matrix of CISe influences

especially the conduction band of the compound. While the valence band edge en-

ergy remains more or less unaffected [85], the conduction band edge energy strongly

shifts towards the vacuum level leading to an increase of the energy bandgap. This

different behavior is ascribed to the interaction among the atomic orbitals that exist

in CIGSe chalcopyrite type semiconductor materials. In these materials, the valence

band edge/maximum is determined by the hybridization of cation Cu-d and anion Se-p

orbitals [75] and the conduction band minimum consists of In/Ga-s,p orbitals. There-

fore, inserting Ga in CuInSe2 should as shown in Fig. 2.4 affect only the conduction

band minimum and not the valence band maximum.
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Figure 2.4: Variation of the bandgap energy with respect to x = Ga/(Ga+In) adapted

from Ref. [85]. The full red circles represent the change in valence band edge energy

EV , whereas the full blue rectangles represent the change in conduction band edge

energy EC .

However, the position of the valence band maximum and hence the energy bandgap

also depend on the Cu content. In a crystal with a high Cu content, the strong

interaction between the Cu-d and Se-p orbitals shifts the valence band maximum

up towards the conduction band inducing a reduction of the band gap energy [87].

Conversely, in a Cu deficient compound, this interaction is reduced and hence an

increase of the energy bandgap is observed [88]. Consequently, the Cu-depleted CIGSe

compounds exhibit higher bandgap energy [87, 89, 90] as compared to stoichiometric

ones.

2.5 Phase diagram of Cu(In,Ga)Se2

To properly synthesize CIGSe thin films, an in-depth knowledge of the growth mech-

anisms of the material is crucial. One aide to designing growth processes is a phase

diagram, which is a graphical representation of different phases that can be formed in

an alloy.
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Figure 2.5: Phase diagram of chalcopyrite CuInSe2 adapted from Ref. [91]. The x-axis

depicts the atomic ratio of Cu, whereas the y-axis displays the growth temperature

in Celsius. The chalcopyrite CuInSe2 phase is designated by α. The δ phase is the

elevated-temperature chalcopyrite compounds and β phase is an ODC. Cu2Se exists

at both ambient and elevated-temperature phase.

In Fig. 2.5, a reproduced phase diagram of CISe along the In2Se3-Cu2Se pseudo

binary with respect to Cu content and temperature is depicted [91]. The graph is

shown for the Cu content varying from 15 at.% to 30 at.%, where a Cu content of

25 at.% corresponds to a stoichiometric composition (Cu /In=1). The diagram is

divided into different phases labeled as α that represents the chalcopyrite CISe, β

that is the ordered defect compounds (ODC) CuIn3Se5 phase [92] and δ that is the

high-temperature (HT) sphalerite phase. The α-phase exists as a single phase for Cu
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contents ranging from about 23 at.% to 25 at.% and for temperatures up to 800oC.

In this compositional range, the chalcopyrite CISe structure is formed and remains as

a single phase with a Cu content tolerance of about 3 at.% leading to a significantly

Cu -poor CISe compound. The single α phase region for CISe is relatively narrow at

low temperature and widens towards the In-rich side at higher temperature (500oC).

This temperature of around 500oC is the optimum temperature at which CIGSe films

are usually grown. At 500oC, although both over stoichiometric also called Cu-rich

(Cu /In>1) and Cu -poor (Cu /In<1) films can be synthesized, it important to note

that so far, the best device-quality are obtained from Cu -poor films with a bulk Cu

content that varies from 22 at.% to 24 at.%.

For a Cu concentration ranging from 16 at.% to 23 at.%, the CISe phase coexists

with a CuIn3Se5 phase. The two phases crystallize in a similar lattice structure and

differ only from the number of the inherent defect states present in their crystal matrix.

The CuIn3Se5 ODC phase contains a defined number of VCu and antisite defects InCu

[76], which are absent or limited in CuInSe2 matrix. As in the case of the α-phase, for

Cu content below 16 at.%, the β phase is stable and also exists as a single phase.

The investigations carried out in this thesis are conducted on two different types

of CIGSe films: the Cu-rich CISe film and the Cu-poor CIGSe film. The Cu-rich CISe

film is produced with a bulk Cu/In ratio of ∼ 1. This Cu/In value corresponds to a

Cu content of ∼ 25 %, which, as shown in the phase diagram (Fig. 2.5), falls within

the α single phase region. Regarding the Cu-poor CIGSe film, three samples with a

Cu/(In+Ga) ratio (CGI) of ∼ 0.96, ∼ 0.95, and ∼ 0.85 are analysed. The films with a

CGI of ∼ 0.96 and ∼ 0.95 crystallize as previously stated in the single α phase whereas

the one with the CGI of ∼ 0.85 consists of a mix of the chalcopyrite CIGSe phase and

Cu(In,Ga)3Se5 ODC phase (Fig. 2.5), and corresponds to a Cu content of ∼ 21 at.%.
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Surface properties of Cu(In, Ga)Se2

based photovoltaic cells

In this chapter, most of the important studies carried out on both the front and the rear

surface of CIGSe based solar cells hitherto are reviewed. The chapter is divided into

three main parts. In the first part, the effect of air exposure and chemical etching on

the front surface electronic properties are presented and widely discussed. Additional

to this, the change due to cadmium in-diffusion mechanism and alkali metal post

deposition treatments (PDTs) are also summarized. The second part focuses on the

rear surface electronic properties. In the third part, the electronic activity and the

current standpoint of the GBs in CIGSe are introduced.

3.1 Front surface properties of Cu(In,Ga)Se2

In the CIGSe technology, the front surface of CIGSe is of high importance since it

interacts directly with the CdS buffer layer. This very thin layer composed of few

monolayers of materials is the main part of the film that forms together with the CdS

buffer layer, the heterojunction in a CIGSe device. Therefore, any contamination due

to air exposure, changes in composition due to the surface reconstruction or due to

changes as a result of surface chemical treatments will strongly affect the performance

of the whole device. It is well known from the literature that, as one of the main

elements that compose the CIGSe compound, In or Ga oxidizes easily when they are

exposed to air [93, 94], forming hence a thin oxide detrimental layer at the surface of
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the film.

Several cleaning procedures including potassium cyanide (KCN) etching, ammonia

(NH4OH) rinsing, and hydrochloric acid rinsing have regularly been used to remove

those oxide layers from the top surface of the non-stoichiometric films as well as the

CuxSe secondary phase from the surface of over stoichiometric CIGSe. In this section,

the state of the art of effect of air exposure and chemical treatments on the electronic

properties of CIGSe surfaces are summarized. Moreover, changes in surface properties

due to the in-diffusion of cadmium into the front surface of the film and to the alkali

post-deposition treatments are also thoroughly discussed.

3.1.1 Impact of air exposure and chemical etching on Cu(In,

Ga)Se2 surface electronic properties

Since several steps such as synthesizing the CIGSe film inside the physical vapor depo-

sition (PVD) machine and depositing the CdS buffer layer by means of chemical bath

deposition (CBD) have to be followed in order to prepare a CIGSe solar cell, exposing

the film to air during the fabrication of the CIGSe device cannot be circumvented.

The PVD system in which the absorbers are usually synthesized is not in most of

the cases connected to the glovebox where the CdS buffer deposition is performed.

Consequently, transferring the CIGSe absorbers from the PVD to the glovebox leads

to air exposure which induces the formation of a thin layer of oxides [95, 96, 97] at

the surface of CIGSe as already stated. To avoid the impact of this surface oxidation

on CIGSe solar cell devices, various methods like Ar-ion sputtering process, the de-

position of a thin Se protection layer on top of the films and KCN etching the film

after air exposure have been developed [98, 99, 100]. The Ar-ion sputtering process

has been reported to preferentially remove Se from CIGSe thin films [101] altering,

thereby, the surface chemical composition [64]. Furthermore, the formation of metallic

Cu and In in connection with the Ar-ion sputtering was also observed in the chalcopy-

rite compounds [64]. Although, Se layer protects the surface from oxidation and can

be easily removed via an annealing process in vacuum or ultra vacuum chamber [102],

one of the main disadvantages of this approach is that the vaporisation of Se can

significantly contaminate the vacuum chamber. The KCN etching approach seems

to be the most popular technique used hitherto to remove oxides from the surface of
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the CIGSe samples [98, 100]. Various work suggested that KCN washing successfully

cleaned the contaminations [64, 103] and restore the initial quasi Fermi-level splitting

of the films [96]. The changes in surface electronic properties generated by exposing

the absorber to air are reproduced, and the loss in surface workfunction measured after

air exposure is recovered [64]. The results suggest that KCN etching does not degrade

the absorbers properties [96]. Hence, it can be used to produce cleaner surfaces for

surface sensitive analyses [103, 104]. Furthermore, KCN etching is compulsory for over

stoichiometric deposited absorbers since it helps to wash away the CuxSe secondary

phases, which precipitate on top of the CIGSe layer during growth [105]. Neverthe-

less, Elanzeery et al. demonstrated in Ref. [106] that KCN washing also introduces

additional defects in the near-surface of the absorbers. The authors showed that the

induced defects can be passivated by post-treating the sample with alkali elements,

InSe or Se at elevated substrate temperatures [106]. Besides, early study on CISe

revealed that KCN cleaning might also alter the surface composition via withdrawal

of copper [107]. The impact of those surface treatments on the electronic properties

of the films might not be fully understood and is further investigated in this thesis.

In order to correlate the local density of states of the KCN etched absorbers to com-

positional changes, the samples were critically investigated with scanning tunneling

microscopy (STM) and spectroscopy (STS) and X-Ray & Ultraviolet photoemission

spectroscopy (XPS/UPS). The results are compared to the findings that exist already

in literature [37, 39, 40, 108, 109].

3.1.2 In-diffusion of cadmium into the Cu(In,Ga)Se2 front

surface

The cadmium element present in the CdS plays an important role during the manufac-

ture of a CIGSe based solar cell device. Photoelectron spectroscopy analyses showed

that Cd ions favorably modify the energy band diagram at the CIGSe/CdS interface

[24, 25]. The findings were supported by high resolution atom probe tomography and

energy dispersive x-ray spectroscopy measurements [79, 110, 111] where it was shown

that cadmium diffused into the surface of the absorber and substitute copper vacan-

cies, modifying thereby the doping concentration in the surface region [26, 27]. The

surface of the absorbers is n-type doped [29] and a homojunction is formed between
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the absorber and the buffer layer [28]. The results were promoted by the theoretical

study developed in Ref. [74]. Persson et al. showed that cadmium atoms replacing

copper vacancies act as shallow donor defects [74]. Moreover, it was also demonstrated

that pre-treated the CIGSe with Cd ions significantly improve CdS free buffer layer

solar cells [29].

The theoretical investigation describing the diffusion mechanism of these Cd atoms

into an over stoichiometric CuInSe2 compound as well as into its corresponding ordered

defect compound (ODC) Cu-poor CuIn5Se8 has been developed and is proposed in

[112, 113]. Kiss et al utilized ab-initio density functional theory (DFT) to analyze

the correlation between the diffusion procedure of cadmium dopants with the copper

content of CuInSe2 thin film materials. Details of the theoretical approaches and a

thorough discussion of the results can be found elsewhere [112, 113]. The authors

calculated the formation energies of Cd defects in CuInSe2 and showed that the most

stable energy configuration for Cd impurities is to substitute Cu elements. The result

suggests that after the growth of CdS buffer layers, some Cd elements diffuse into the

surface of the film and occupy Cu vacancies as indicated above. However, the authors

pointed out that the diffusion path for the Cu-rich and poor specimens is significantly

different.

In the case of Cu-rich CuInSe2 absorbers [Fig. 3.1(a-c)], their calculations exhibited

that the most favorable diffusion path is to transfer the Cd atom from the Cu site defect

into a Cd interstitial defect. An illustrative schematic of this situation together with

the activation energy approximated to be around ∼ 2.13 eV is displayed in Fig. 3.1(a)

where the blue arrow highlights the migration path [23]. The lattice structure of an

absorber including a Cd atom at an interstitial position is shown in Fig. 3.1(b). From

the interstitial position [Fig. 3.1(b)], Kiss et al ’s findings revealed as depicted in Fig.

3.1(c) that Cd elements can easily diffuse along the hexagonal channels formed by

three anions and three cations of the CuInSe2 structure [23]. The activation energy in

this particular case is a bit lower and was estimated to be ∼ 0.23 eV.

In the case of Cu-poor CuIn5Se8 absorbers [Fig. 3.2(a-d)] where a profuse number

of Cu vacancies (V
′
Cu) is present [Fig. 3.2(a)], a Cd atom is first inserted into one

of the V
′
Cu, and a Cu atom is kicked out from its original site leaving behind a new

Cu vacancy [Fig. 3.2(b]. The exchange pathway is highlighted by the green arrow
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Figure 3.1: Schematic representation of the in-diffusion of Cd extrinsic defect in Cu-

rich CISe thin film absorbers adapted from Ref. [23]. The Cd extrinsic defect is

depicted in red, the Cu, In and Se elements are shown in green, purple and yellow

colors, respectively. (a) shows the situation where a CdCu impurity in a Cu site moves

(blue arrow) to a Cdi interstitial position as shown in (b). From the the interstitial

position, the Cd can diffuse via the hexagonal channels in CISe [(see red arrow in the

image (c)] [23].

in Fig. 3.2(b) and the activation energy is ∼ 0.94 eV. Afterwards, the Cd impurity

squeezes into this newly created Cu vacancy as shown by the orange arrow in Fig

3.2(c) and resketched in Fig. 3.2(d). For this second migration, the activation energy

was approximated to ∼ 0.45 eV. In a Cu-poor absorber, the diffusion of the Cd atom

is realized just by successively repeating the above described reaction. Experimental

proofs of the Kiss et al calculations are shown in [23].

Therefore, it is clear that for both non stoichiometric and over stoichiometric CISe

specimens, the Cd atom diffuses into the absorber not only via grain boundaries but

also via the Cu vacancies. However, the impact of this in-diffusion of Cd atoms on

the surface electronic properties of the film and thereby on the CISe device efficiency

is still not fully understood yet.

Furthermore, efficient tuning of the electrical properties via in-diffusion of Cd into

the absorber matrix was reported to be facilitated by an inherent copper depletion

of the surface of non stoichiometric CuInSe2 [58, 111], which has yielded to be the

finest composition for powerful photovoltaic cells [18]. Nevertheless, it is important

to emphasize that a major part of these investigations was performed on Cu-poor

absorbers, where it is proved that the near-surface region is copper depleted [111, 58].
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Figure 3.2: Schematic representation of the in-diffusion of Cd extrinsic defect in Cu-

poor CuIn5Se8 thin film absorbers adapted from Ref. [23]. The Cd extrinsic defect

is depicted in red, the Cu, In and Se elements are shown in green, purple and yellow

colors, respectively. (a) shows a lattice structure of a absorber under the Cu-poor

configuration; (b) presents a Cd atom in one of the Cu vacancy, and the situation

where one Cu atom is to moving from its initial position to a vacancy position (green

arrow) leaving behind a V ∗
Cu vacancy; (c) Cd squeezes into a V ∗

Cu (yellow arrow); (d)

shows the situation where Cd is in V ∗
Cu. [23].

For the absorbers that have grown under Cu-excess, which exhibit reduced efficiency

in the final CIGSe devices and present fewer Cu vacancies, the favorable influence of

cadmium, which is nicely archived for non-stoichiometric absorbers, may be absent.

In order to fill this gap, the effect of Cd in-diffusion on the electronic properties of the

over stoichiometric CISe films is thoroughly scrutinized in this thesis. The results are

presented and widely discussed in Chapter 5.

Since the impact of the Cd in-diffusion is restricted to the very near surface of the

absorbers, highly surface-sensitive techniques have to be employed. If GBs need also

to be investigated, the tool has to present a high spatial resolution, as well. Hence,

scanning probe methods are ideal as they grant us to analyze the surface properties of

semiconductors with nanoscale resolution (See Chapter 4). Especially, Kelvin probe

force microscopy (KPFM) was used regularly to investigate band alignment at the

grain boundaries [48, 114]. Additionally, the influence of Cd in-diffusion was scruti-

nized on Cu-poor absorbers with KPFM [108]. The results exhibited that the diffusion

of Cd into the GB considerably reduces the band bending at the grain boundaries [108].

STS of polycystalline CISe revealed crucial pieces of information into the film
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properties anterior to the CdS growth [37, 40, 115], like the reduction of the density

of defect states at the GBs and heat-induced surface passivation. Wide bandgap

fluctuations were measured with STS on epitaxially deposited absorber [116]. In the

present thesis, STM and STS data published heretofore are extended. Thereafter,

the alteration of the grain boundaries and surface properties due to Cd in-diffusion is

thoroughly explored and discussed (See chapter 5).

3.1.3 Impact of alkali post deposition treatment

Post-treating the surface of CIGSe with alkali elements has been demonstrated to be an

efficient way to improve the performance of the CIGSe photovoltaic cells. During the

last decades, the PCEs in the laboratory exceeding the 20% efficiency benchmark due

to diverse PDTs with alkali elements was reported [77]. The PDTs change the chemical

composition at the surface and alter the deposition of the CdS. The open-circuit

voltages are boosted and the minority carrier lifetimes are enhanced [117, 118], which

indicates better passivation of the junction defects and/or better bulk properties. This

beneficial effect was observed for the first time in the early 1990s when a small amount

of Na provided by SLG substrate was found to considerably improve the structural

properties of the absorber during growth along with a superior device performance [41].

Since that discovery, investigating the role of Na in CIGSe has attracted the attention

of many researchers and has become one of the key topics to be closely analyzed in

the field of CIGSe based solar cells. Several studies [119, 120, 121, 122, 123, 124]

have been carried out and published on that topic. More specifically, Cabellero et al.

[119] reported that Na accelerates the formation of a MoSe2 layer [125] at the CIGSe

back surface, which is known to significantly enhance the electrical transport properties

across the MoSe2/ CIGSe back interface [119, 125]. Additionally, an increase of the net

carrier concentration after adding Na elements into the CIGSe bare absorber was also

reported [120]. Few years ago, numerous models involving the creation of acceptors

such as the antisite defect NaIn/Ga [101, 126], elimination of the antisite donor defect

InCu [127], and neutralization of donor like VSe [128] to justify the increase in holes

density after post-treating the film with Na or after their out-diffusion from the SLG

glass substrate were suggested in the literature. Regarding the neutralization of donor

like VSe vacancies, for example, Ruckh et al. showed in Ref. [128] that this effect
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takes place through a chemisorption of oxygen atoms in connection with the surface

oxidation, which is known to be accelerated by the presence of Na. This argument

was further promoted in Ref. [45] where it was shown that oxygen in a VSe donor site

(OSe) acts as a shallow acceptor with a defect energy of about ∼ 130 meV. Despite

these findings and thorough investigations, the impact of Na PDTs on CIGSe solar

cells might not be fully understood. Especially, since PDTs increase the complexity

of the process and the influence of Na on the film properties might also have changed.

Although the debate regarding the favourable effect of Na in CIGSe solar cells is

still ongoing, others alkali elements such as potassium (K), rubidium (Rb), and cesium

(Cs) as well as their fluoride compounds were recently found to increase even more

the performance of the devices. Their theoretical and experimental effects on CIGSe

absorbers are discussed in more detail in [30, 127, 129, 130, 131]. Since the best PDT

treated CIGSe solar cell (PCE ∼ 22.6% [30] ) has been achieved from films that were

treated with RbF [30], only the impact of RbF post-deposition treatments on CIGSe

is summarized in the following section.

As indicated earlier, the underlying reason behind the high performance of the RbF-

PDT CIGSe solar cells is still under intensive investigation and is widely discussed in

the literature. While some findings show an increase in both Voc [30, 31, 32] and fill

factor (FF) [31, 32, 33] others rather show an increase in Voc and a decrease in FF [34,

35, 36], suggesting that the power conversion efficiency of the RbF-PDT CIGSe device

may depend on the amount of RbF deposited or on how the bare absorbers have been

prepared. Depending on the deposition procedures, notably on the Cu concentration in

the bulk, the surface chemical composition of the film can be significantly different. A

formation of a thick layer of RbInSe2 extraction current barrier at the hetero-interface

[132, 133] was reported from the absorber with the bulk CGI of about ∼ 0.8, and

was proposed as the main origin of the reduced FF largely discussed so far in the

literature [134]. At the same time, the modification of the energy band diagram at the

interface between the CIGSe and CdS buffer after RbF-PDT has also been reported

to improve the Voc [33] of the devices. It was shown by Maticius et al. in Ref. [134]

that this enhancement in Voc depends again on the amount of the CGI present in

the absorber. The authors proposed as depicted in Fig. 3.3 that, contrarily to the

film with a CGI of about ∼ 0.8 where a thick layer of RbInSe2 that covers the entire
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Figure 3.3: Model explaining the diffusion processes and the formation of RbInSe2

secondary phase at the surface of the CIGSe proposed by N. Maticiuc et al. in Ref.

[134] before (left column), after RbF-PDT (middle column), and after RbF-PDT +

ammonia (NH4OH) rinsing, for the film with the bulk CGI of about 0.8 (top row)

and the one with the CGI of about 0.95 (bottom row). The oxides layer refers to

agglomerations originated from hydroxides and carboxides as well as to metal oxides.

The grain orientations were determined by means of electron beam scattered diffraction

(EBSD).

surface of the absorber is measured, on the surface of the absorber with the CGI of

about ∼ 0.95, a formation of a very thin and uneven distributed layer of RbInSe2

is formed, which suggest that in order to see the real influence of RbF-PDT on the

PCE of CIGSe devices the use of an appropriate bulk CGI is crucial. The RbF-

PDT beneficially affects the superior device characteristics of CIGSe solar cells grown

on samples with close-to-stoichiometry composition and deteriorates the ones of the

CIGSe devices prepared on samples with high Cu vacancies [133]. Consequently, in

this thesis only RbF-PDT CIGSe absorbers with a bulk CGI higher or equal to 0.95 are

investigated. On those types of absorbers, a reduced interface recombination [135, 136]

in line with the additional downward band bending at the CIGSe absorber surface and

a flat conduction band alignment upon interface formation with CdS buffer [33] were

reported.

In Fig. 3.3, a model explaining the diffusion processes and how the RbInSe2 sec-

ondary phase is formed at the surface of CIGSe film after RbF-PDT is proposed [134].

Two samples grown under the same conditions but with different Cu-concentrations,

23



Chapter 3

Figure 3.4: Morphological images of the RbF-covered CIGSe surfaces: (a) CIGSe film

with the lower bulk CGI content (CGI = 0.8) and (b) the one with the higher bulk

CGI (CGI = 0.95). The samples were explored as post-treated meaning without any

rinsing step. On the right hand side, the EBSD data showing the distribution of the

Rb-containing phase as a function of the grain orientations [134].

which have been treated with RbF elements were used to discuss the effect of nominal

CGI on the lateral distribution of the Rb alkali metals at the surface of the CIGSe

films. As can be seen, the surface of the two sets of bare absorbers is strongly Cu-

depleted (with CGI < 0.6). The surface CGIs are similar for the both series of CIGSe

absorbers and independent of the bulk composition. Both RbF free absorbers show

a Cu-depleted nanolayer of about ∼ 100 nm. However, after the RbF-PDT, the au-

thors demonstrated (results not shown here) that the reduction of CGI on the surface

depends on the nominal CGI composition and is stronger in the case of the film with

the lower bulk CGI (CGI = 0.8) where a higher amount of Cu-vacancies is expected.

While a few nanometer of RbF-containing particles are evenly distributed at the sur-

face of the film with the lower Cu-content (Fig. 3.3 upper row), non-evenly distributed

islands were found on the one with the higher CGI (CGI = 0.95) (Fig. 3.3 lower row).

On the higher CGI absorbers, the distribution of the RbF-containing islands depends

on the orientation of the grains. They are denser and more uniform on grains with

[221] orientation whereas on grains with [001] orientation they are less denser and uni-

formly distributed. As shown in Fig. 3.4, the grain orientations indicated here have

been determined via a combination of a SEM and electron backscatter diffraction data

acquired from the same absorbers.

In Fig. 3.4, the surface of the film with lower Cu-content is uniformly covered with

RbF containing particles when on the surface of the sample with higher Cu-content the
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formation of islands with different size and density depending on the CIGSe facets are

found, as indicated above. These findings are similar to the study carried out by Witte

et al. [137], where it was shown that the deposition of the CdS buffer layer on top of

PDT-free absorbers depends on the orientation of the CIGSe grains [137]. The former

author’s results exhibited that the CdS are not uniformly spread across the surface

of the sample. A dense and uniform precipitate was found on [001] oriented grains,

whereas a poor coverage of [221] oriented grains was observed after the growth of the

CdS buffer layer. This disparity between the two facets was ascribed to the lower

surface energy of the facet with the [221] orientation. In contrast to the reported

results in Ref. [137], a more uniform coverage of the absorber layers after CdS was

found on samples with RbF-PDT [138, 139].

On the other hand, as compared to the RbF-PDT sample with higher Cu-content,

a more pronounced formation of a GaF3 secondary phase, which are removed after

ammonia rinsing were detected at the surface of the RbF-PDT sample with lower

Cu-content (Fig. 3.3). Additionally, a higher surface Ga/(In+Ga) ratio (GGI) ratio

was measured after the removal of GaF3 and can be attributed to the incorporation

of Rb in the CIGSe matrix, which act as a driving force for Ga diffusion from the

bulk of the absorbers towards the surface [134]. The surface GGI values of ∼ 0.45 and

∼ 0.25 suggesting an accumulation of Ga at the surface of RbF-PDT absorbers were

measured for the absorber with lower and higher Cu-contents, respectively. This high

value of GGI (GGI ∼ 0.45 ) measured at the surface of the RbF PDT-absorber with

lower copper content can be one of the causes of its worse performance. A surface

GGI value of ∼ 0.3, which ensures a favourable flat conduction band alignment at the

buffer interface is so far considered as the ideal value to fabricate good solar cells [140].

Proper analysis of the real change in surface chemical composition due to the RbF-

PDT alkali metals as well as their impacts on grain boundaries electronics properties

requires the use of high surface sensitive and high spatial resolution characterization

methods like X-ray/ultraviolet photo electron spectroscopy (XPS/UPS), secondary ion

mass spectroscopy (SIMS), transmission electron microscopy (TEM), atomic probe

tomography (APT), Kelvin probe force microscopy (KPFM), scanning tunneling mi-

croscopy (STM) and spectroscopy (STS) and etc. SIMS and XPS measurements car-

ried out on low temperature co-evaporation CIGSe absorbers with RbF-PDT revealed
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Figure 3.5: Simplified representation of the displacement of sodium to the grain interior

by the heavier alkali metals after PDT and the possible formation of new compounds

and charged defects at the grain boundaries [48].

a Cu-depleted surface [32]. Moreover, TEM and X-ray fluorescence (XRF) study per-

formed by Schöppe et al. have shown the presence of Rb at the grain boundaries

(GBs) and at the Mo/CIGSe rear interface [141]. Raghuwanshi et al. demonstrated

via APT studies that the CdS buffer layer interface is In rich and Cu depleted [142].

These changes in elemental composition at the interface between the CIGSe absorber

and CdS buffer layer of the sample with RbF-PDT was reported to not affect its

surface band gap [34]. Hauschild et al. showed by means of XPS/UPS and inverse

photoemission spectroscopy (IPES) that compared to the findings relayed by Pistor

et al. [143] where an increase in surface energy bandgap of the absorber was mea-

sured after potassium fluoride (KF)-PDT, no change in surface bandgap is measured

after RbF-PDT [34]. Additionally, higher amount of Rb (1.5 at %) and lower amount

of Na and K (< 0.5 at%) was measured at GBs as compared with previous studies

performed on non PDT samples, which presumably indicate the substitution of Na

by K and Rb at GBs. In line with the TEM and XRF measurements carried out by

Schöppe et al., Rb was also found at the Mo/CIGSe interface[141]. Furthermore, a

pronounced Cu depletion was measured at GBs and no Rb were detected inside the

grain interiors. In this particular analysis, the concentration of Rb in the CIGSe grain

interior was found to be lower than the detection limit of APT [141]. KPFM studies

showed that compared to the samples with Na and K PDTs, CIGSe with Rb displayed

higher and a more homogeneous workfunctions over the surface of the film [48]. In

the same study, the alteration of the GBs elemental composition was also analyzed.

The authors emphasized as can be seen in Fig. 3.5 that during the PDT, the heavier

alkali metals such as Rb diffuse into the grain boundaries and displace the lighter Na
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into the grain interior (GI), leading thus to the formation of charged defects and/or

alkali-InSe2 (alkInSe2) phases at GBs [42]. The grain boundaries are partially passi-

vated and the Na elements occupy the Cu vacancies within the grain interior inducing

an increase of the net doping concentration of the film [42, 144]. Further pieces of

information regarding how GBs are formed in CIGSe and different models suggested

in literature in order to explain their impact on CIGSe are proposed in section 3.3. In

addition, a short overview of GBs in CIGSe is also presented.

To the best of my knowledge, heretofore there is not STM/STS data acquired from

the CIGSe sample with RbF-PDT available in the literature. In order to fill that

gap, the surface properties of CIGSe RbF post-treated absorbers was systematically

analyzed with STM/STS. The results are supplemented with KPFM, XPS, SIMS,

and Raman spectroscopy data obtained from the same samples.

3.2 Rear surface properties of Cu(In, Ga)Se2

Unlike the front surface of CIGSe where the utmost layer of the absorber interacts

directly with the CdS buffer layer, the rear surface is the part of the absorber that

forms together with the Mo layer the MoSe2/CIGSe back contact interface in a CIGSe

device. Therefore, it also plays an important role in CIGSe solar cells.

One of the breakthroughs that led to high PCE was the introduction of a Gallium

back-gradient at the rear contact of the CIGSe solar cells [145, 146]. The formation of

Gallium back-gradient considerably reduces the recombination rate at the Mo/MoSe2

back-contact and enhances the performance of the graded CIGSe devices [145, 146].

Nonetheless, optimizing the MoSe2/CIGSe interface is still under intensive investiga-

tion. It suffers from low optical reflectivity and exhibits high recombination velocity

[147], which indicates that efficient passivation strategies have to be developed if one

would like to obtain high performance CIGSe photovoltaic cells. This is particularly

true for ultra-thin photovoltaic cells [148] where bandgap grading is not achievable.

In contrast to the front surface, to investigate the back surface properties of the

CIGSe solar cells, the film has to priorly be lifted off from the Mo-coated SLG

substrates. At present, there are several interesting reports based on the buried

MoSe2/CIGSe interface, which exhibit that the absorber could effectively be exfoli-
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ated from the rear contact [54, 149, 150]. This facilitated the employment of surface-

sensitive techniques such as XPS/UPS to analyze compositional and electronic varia-

tions at the back contact of the CIGSe absorbers. The findings showed an accumulation

of Ga at the rear contact [151] and that the rear surface of CuInS2 was Cu-depleted

despite the fact that it was grown under Cu-excess conditions [150]. TEM exhibited

an in-diffusion of Cu into the Mo layer [152] and APT analyses revealed an increased

Cu and Ga content in the first 50 nm of the CIGSe films (measured from the rear con-

tact) [153]. For the case of CuGaSe2 it was shown via TEM investigation that CuxSe

precipitations could also be present in the bulk of the sample [154]. The existence of

the CuxSe precipitates in the bulk of absorber was already at that time speculated to

be the reason for the low performances of over stoichiometric grown absorber layers.

Nevertheless, up to now, the common agreement in the CIGSe research field is that

absorbers that are grown under Cu- excess have a precipitate-free bulk with CuxSe on

top, which can be washed away via KCN [155].

So far, much less is known about the spatial variations of the electronic properties

on the nanoscale of the rear contact. Kavalakkatt et al. used a combined electron

beam induced current (EBIC) and cathodoluminescence (CL) technique [147] to show

that for a number of films the electronic landscapes of GBs vary with the absorber

compositions and there is no straight link between the CL signal measured and the

collection efficiency. For low symmetry GBs, CL analyses revealed a reduced signal,

which suggests an enhanced amount of impurities at the GBs. In addition, there are

some KPFM analyses available [156] on CuGaSe2, which demonstrated that most of

the GBs revealed downward band bending in the order of ∼ 50meV compared to

the grain interiors. Moreover, a signature of Ga was detected on the Mo-surface.

Heretofore, there is no scanning probe microscopy (SPM) data for CISe that exist in

the literature.

In the CIGSe community, it is known that Cu-concentration is extremely impor-

tant [18, 100]. High efficiency CIGSe solar cells are made from the absorbers that

are synthesized under Cu-poor conditions (Cu/In<1) [100]. The Cu-poor absorbers

present higher VOC and quasi-Fermi level splitting (QFLS) compared to absorbers

with Cu/In>1 [100]. For CISe films without Ga, the difference in QFLS between Cu-

poor and Cu-rich samples is tiny [96, 157]. Nevertheless, in line with Ga containing
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films, the efficiency is higher for Cu-poor than for Cu-rich solar cells. In the case of

over stoichiometric films, the surplus of Cu precipitates as copper selenide secondary

phase on top of the CISe samples. A subsequent KCN etching [107, 150] cleans the

copper selenide, thus generating a film with a stoichiometric bulk composition. The

KCN cleaning, nonetheless, also has some unfavorable impacts on the composition and

impurities in the front surface region [106, 158]. The study of the back surface hence

offers a great opportunity to analyze stoichiometric films, which were not chemically

treated with KCN.

In chapter 6, CISe films deposited under Cu-excess conditions and subsequently

KCN etched were exfoliated from their original substrates and critically scrutinized

using SPM methods such as STM and STS and KPFM. The local density of states

was examined by STS and compared to analyses carried out on the front surface

[37, 39, 40, 158], while changes in workfunction of the absorbers were investigated

by KPFM in order to compare the finding to CuGaSe2 results available in literature

[156]. Furthermore, XPS and energy-dispersive X-Ray (EDX) analyses were employed

to study the surface and bulk compositions, and the effect of the exfoliating process

on quasi-Fermi level splitting was analyzed with photoluminescence (PL) imaging. At

last, an x-ray diffraction tool was used to analyze the formation of secondary phases

in the CISe absorber layers.

3.3 Grain boundary properties in Cu(In, Ga)Se2

A polycrystalline semiconductor is a material incorporating a multitude of grains,

which have various sizes and are randomly oriented. In such a material, crystallites

are connected one to another and the interface that separates two adjacent grains

is called the grain boundary (GB). GBs interrupt the long-range order provided by

the periodicity of the crystal [145] and induce thereby a distortion of the lattice and

the formation of dangling bonds. This local perturbation of the crystal structure

leads to a distribution of defect states at GBs in polymaterials [159, 160]. The defect

states eventually result in an electronic charge that, in turn, is compensated by a

space charge region surrounding the GB [161]. With these localized charges, grain

boundaries even though they are only localized to a few atomic layers in between
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two misaligned crystalline grains may significantly affect the electrical properties of a

polycrytalline semiconductor.

Unlike polycrystalline silicon (Si) [162, 163] and gallium arsenide (GaAs) [164,

165] solar cells where it is proven that the presence of GBs negatively affects the

conductivity of the materials, limiting thereby the performance of the whole device,

polycrystalline CIGSe based solar cells, despite containing a profuse number of GBs

have reached excellent power conversion efficiencies. This high performance of CIGSe

solar cells may lead forthwith speculating that in contrast to Si or GaAs semiconductor

materials, GBs are electrically inactive [166] in CIGSe thin film solar cells. However,

it is important to point out that despite the thorough exploration of the role of GBs in

high PCE-CIGSe devices, the physics underlying their electronic properties is still at

the heart of controversial discussions [37, 167, 168, 169, 170]. While some researchers

suggest that GBs could improve solar cell efficiency, some others rather claimed their

harmful effects on the device performance. In the following sections, the most relevant

models proposed in the literature to elucidate the electronic activity of GBs as well as

the current standpoint of the GBs in CIGSe are presented and are discussed.

3.3.1 Atomic relaxation model

To describe the electronic activity of GBs in CIGSe absorbers, Yan et al. [169] used

this model for the first time in 2007 to demonstrate that twin boundaries (Σ3) in

polycrystalline CIGSe materials are electrically benign. The study was conducted via

first principle density functional theory calculations, which is one of the more powerful

theoretical approaches to explore the density of states of semiconductor materials. The

authors showed that in opposite to CdTe, where dislocation cores at GBs create deep

level defects [171, 172], no signature of such defect states was found at twin-GBs in

CIGSe. The finding was found to be independent of the exact bonding configuration

and was ascribed to a sturdy repulsion between Se atoms [169]. The fact that it is

hard to form Se-Se wrong bonds at GBs in CIGSe materials leads to a large atomic

relaxation at the GB region [169]. Due to this atomic relaxation, the defect levels shift

down into the valance band, leaving behind a semiconducting GB region without deep

level defects inside the bandgap. As the GB region is free of charged defects, no band

bending or variation in workfunction as shown in Fig. 3.6 is observed between them
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Figure 3.6: Band alignment in the neighborhood of twin-GBs in CIGSe absorbers

adapted from Refs. [46, 64]: (a) 1D representation of two adjacent CIGSe grains, in

this particular case named Grain A and Grain B with one grain boundary between

them; (b) a sketch of the corresponding energy band diagram showing the EC , EV and

EF . The vertical purple dots highlight arbitrary defect states which are present at the

GB [64].

and the adjacent grain interiors. Based on this, Y. Yan et al. reported that GBs are

electrically inactive and consequently are not harmful for the solar cell performance.

3.3.2 Structural barrier model

The structural barrier model was developed by Person et al. [167, 173] to show as

graphically displayed in Fig. 3.7 and will be discussed below that the behavior of

the energy band diagram at the interface between the GBs and grain interiors (GIs)

in CIGSe chalcopyrite materials depends on the atomic structure of GBs. Similar to

the Yan et al. studies, the calculations were also performed via first principle density

functional theory but this time by considering the atomic structure of (112) and (112)

polar facets [174], which in CIGSe community are known to be cation terminated and
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Figure 3.7: Band alignment in the neighborhood of (112) GBs in CIGSe absorbers

adapted from Refs. [46, 64]: (a) and (c) 1D representation of two adjacent CIGSe

grains (Grain A and Grain B) with one grain boundary between them; (b) and (d)

are the sketch of the corresponding energy band diagram showing the EC , EV and EF .

The vertical purple dots highlight arbitrary defect states which are present at the GB

[64].

anion terminated [58, 174], to model GBs. In their work, Person et al. assumed in

one case that GBs are cation terminated and in another case that they are anion

terminated. In the case of cation terminated (112) GBs, they showed as can be seen in

Fig. 3.7(b) and (d) that the interface between the GBs and grain interiors exhibits a

valence offset of ∆EV ∼ 0.2 eV and ∼ 0.5 eV for CuInSe2 and CuGaSe2, respectively.

The ∆EV offset across the interface between GB and GI (GB/GI) measured was

ascribed to a reduction of the repulsive interaction between Cu-d and Se-p states at

GBs, induced by the Cu-depleted of the (112) facets. Moreover, the conduction band

maximum offset (∆Ec) across the GBs/GIs interface as well as the width of the band

offsets were also analysed. The findings showed a significant ∆Ec ∼ 0.5 eV at GBs

of CuGaSe2, whereas a negligible ∆Ec offset was observed at GBs of CuInSe2. The
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width of all band offsets was found to be only few atomic layers. In the case of anion

terminated (112) GBs, no such variation was found at the GBs/GIs interface. An

almost flat conduction band maximum and valence minimum was calculated across

the interface between GBs and GIs, and was speculated to be in connection with

the charge compensation mechanism at the (112) facets, which do not include the

formation of Cu vacancies. In CIGSe chalcopyrite materials the (112) polar facets

are Cu-depleted, while III-on-Cu defect states are preponderant on the (112) ones

[58, 174].

The valence band offset observed at the cation terminated GBs is an potential

barrier that hinders holes from arriving into the GB region. Consequently, the electron-

hole recombination is reduced at GBs and pathways for fast electron transport are

created. A conduction band offset meanwhile attracts electrons to the GBs, thus

causing a charge separation at the GB interface, which again reduces recombination

at GBs. Person et al.’s work leads to believe that it is in favor of solar cell performance

to reduce the presence of (112) GBs in CIGSe absorbers. Compared to (112) GBs,

(112) GBs do not exhibit any electronic band offset and are accordingly not favorable

for solar cell efficiency.

3.3.3 Electronic barrier model

The electronic barrier model was first developed in the early 1971 to describe the

electronic activity of GBs in p-type polysilicon films [161, 162]. Later on, it was

for the same purpose applied by Fisher et al. in [175, 176] to II-VI semiconductor

materials, and thereafter to p-type CIGSe chalcopyrite compounds [71, 177, 178, 179].

The model was built up focusing the main interest on the configuration of GBs, which

is the location of encounter of two grains, i.e a region in polycrystalline materials that

exhibits much-distorted lattice structures and pronounced dangling bonds. Due to this

atomic disordering, GBs are the preferential regions where a large number of charge

defect states are localized. These localized charges alter the electronic band structure

inducing thus a difference in workfunction or a formation of a potential barrier at the

interface between the GB and the GIs. Hence, the nature (positive or negative) of

defect states localized at a GB determines whether the energy band diagram across

the GBs will bend down or up. In other words, the change in workfunction measured
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Figure 3.8: Band alignment in the neighborhood of charged GBs in CIGSe absorbers

adapted from Refs. [46, 64]: (a) and (c) 1D representation of two adjacent CIGSe

grains (Grain A and Grain B) with one grain boundary between them; (b) and (d)

are the sketch of the corresponding energy band diagram showing the EC , EV and EF

in the case of the positive and negative charged trapped at a GB, respectively. The

vertical purple dots highlight arbitrary defect states which are present at the GB [64].

across the GBs/GIs interface depends on the sign of the charge which is trapped at a

GB.

In the case of p-type CIGSe chalcopyrite semiconductors, the two main configu-

rations adopted to describe how the sign of the charge trapped at a GB alters the

band diagram across the GBs/GIs interface are depicted in Fig. 3.8(b) and 3.8(d). In

Fig. 3.8(b), the configuration assuming that positive charges are trapped at a GB is

presented, while Fig. 3.8(d) depicts the one assuming that rather negative charges are

trapped.
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In the positive trapped charges situation, free holes are repelled from the

near GB region, and ionized acceptors that counterbalance the positive charge at the

GB are formed. As a consequence, a hole-depleted space charge region (SCR) causing

the band diagram to bend down at the GB is observed [Fig. 3.8(b)]. The resulting

potential barrier can be evaluated using the Poisson equation [180]:

ϵϵ0
∂2VGB(u)

∂u2
= −ρ(u) (3.1)

where u is the coordinate with u = 0 the exact location of the GB, VGB(u) is the

potential distribution across the SCR, ρ(u) is the charge density in the SCR, ϵ0 is

the dielectric constant, and ϵ is the dielectric permeability of the p - CIGSe material.

Considering that the band diagram displayed in Fig. 3.8(b) is under thermal equilib-

rium conditions [49] and the following boundaries conditions [64]: ∂VGB(u)
∂u

|u=w = 0 and

VGB(u = w) = 0, two-time integration of equation (3.1) can be written as:

VGB =
qNA

2ϵϵ0
(|u| − w)2 (3.2)

Here NA is the net doping density, q is the elemental charge, and w is the width of

the space charge region.

In the negative trapped charges situation, an opposite scenario is observed.

A negative charge is trapped at a GB and free holes that counterbalance the trapped

charge are accumulated in the near GB region. This compensation mechanism leads

to a formation of an upward band bending towards the GB, i.e a creation of a positive

potential barrier at the SCR (Fig. 3.8(d)). By taking into account only the major-

ity carriers (holes) and assuming that small potential barriers exist at the SCR, the

potential distribution across the GB can be approximated from [46, 114, 181]:

tanh

(
qVGB(u)

4kBT

)
∼= tanh

(
qVGB(u = 0)

4kBT

)
exp

(
−
√
2
|u|
LDb

)
(3.3)

where LDb =
√
ϵϵ0kBT/e2NA is the Debye-length, and u = 0 is the location of the

GB.

As mathematically expressed in equations (3.2) and (3.3), the potential across a

GB/GI in p-poly CIGSe depends on the nature of the charges that are trapped at

GBs. The positive charges GBs exhibit a quadratic potential dependence, whereas

the potential distribution follows an exponential function in the case where negative

charges are trapped at a GB.
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From Equations (3.2) and (3.3), the potential barrier width was evaluated [64, 114].

The calculations reveal similar widths for both negative and positive potential barriers

∆VGB. Baier et al. showed that for typical charge carrier density in the range of

1015cm−3- 1017cm−3 [71, 64, 114], potential variations in the range of 100 - 400 mV,

the barrier widths in order of 35 - 85 nm are obtained [64].

In CIGSe, the existence of these two types of potential barriers at a GB and

their impact on the resulting solar cell efficiency have been thoroughly explored. It is

believed that instead of forming a positive potential barrier, having a negative potential

barrier at GBs, i.e a downward band bending at GBs, is beneficial for cell performance.

When a downward band bending is formed at a GB, the majority carriers (holes) are

repelled from the near GB region and reflected toward the grain interior, while electrons

are attracted to the GBs. As a result, a hole depleted pathway conduction leading to

a reduction of the electron-hole recombination rate at GBs takes place in the CIGSe

material.

3.3.4 Electronic & tunneling barrier model

The electronic & tunneling barrier model could be defined as a combination of the

structural model and electronic barrier model. Additional to the above described

models (subsection 3.3.2 - 3.3.3), Azulay et al. [182] and Hafemeister et al. [170]

proposed it to explain further the potential landscape around the GBs in chalcopyrite

thin films [182, 170]. From their analyses carried out on polycrystalline and bicrystal

CIGSe films using in the first case conductive atomic force microscopy [182] and in

the latter case combined Kelvin probe force microscopy and Hall measurements [170],

the authors postulate as shown in Fig. 3.9 that both a potential barrier for holes and

a downward band bending can simultaneously exist at a GB in CIGSe. They showed

that a potential barrier with a few nm wide and several hundred mV deep, and a

downward band bending of about 100 mV can be observed. In fact, Hafemeister et

al.’s findings revealed that the Hall resistance measured at a GB in CIGSe varies as a

function of temperature. In order to explain this observation, the transport mechanism

across the GBs was simulated and the results showed the existence of a narrow hole

tunneling barrier at some GBs in CIGSe, which had not explicitly been highlighted in

the original structural barrier model.
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Figure 3.9: Band alignment in the neighborhood of GBs in CIGSe absorbers adapted

from Refs. [46, 64]: (a) 1D representation of two adjacent CIGSe grains (Grain A and

Grain B) with one grain boundary between them; (b) is the sketch of the corresponding

energy band diagram showing the the EC , EV and EF . The vertical purple dots

highlight arbitrary defect states which are present at the GB [64].

3.4 Current standpoint of the grain boundaries in

Cu(In,Ga)Se2

The presence of GBs and consequently their impact on the CIGSe based solar cells

performance have attracted significant research interest in recent decades and have

been widely investigated. In order to gain more insight into the electronic activity of

grain boundaries in CIGSe, various theoretical approaches, simulations methods, and
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experimental techniques were recently developed. Until now, the findings obtained are

still under intensive debate and some of them are even contradicting. In this section,

the summary of the progress made heretofore in understanding the grain boundaries

electronic properties in CIGSe is briefly presented. For a broad knowledge about the

physics underlying the grain boundaries as well as their implications in CIGSe based

solar cells, readers are strongly recommended to refer to the review studies proposed

in [46, 49, 183].

The experimental investigation of the electronic properties of GBs in CIGSe has

started in early 2002 [71, 184]. In fact, in 2002, Schuleret al. [71] demonstrated for the

first time by means of Hall measurements that similar to polycrystalline Si [161] solar

cells, grain boundaries also exhibit a potential barrier for majority carriers in polycrys-

talline CGSe solar cells. Schuleret al.’s findings were later supported by KPFM data

[168, 178, 185] where a potential barrier ascribed to charged defects at GBs between

∼ 100 and ∼ 170mV and the depletion width of ∼(42 ± 9) nm were estimated. Unlike

the polycrystalline case, Siebentritt et al. showed that rather a neutral potential bar-

rier for majority carriers exists across a twin grain boundary in epitaxially grown CGSe

[184]. Although these findings were already predicted by the structural model (section

3.3.2 ), the experimental valence band offset ∆EV of ∼ 30meV reported by Sieben-

tritt et al. was roughly 16.7 times lower than the theoretically expected value [173].

Hafemeister et al. [170] explored deeper this discrepancy between the experimental

and theoretical values of ∆EV by means of temperature dependent Hall resistance

measurements. The authors found out that in addition to the 30meV valence band

offset observed by Siebentritt et al., a narrow (∼ 0.96 nm) neutral hole barrier of ∼

170meV [184] is also present at twin GBs in CGSe. Nevertheless, the value obtained

is still lower than the theoretical one.

The impact of such a valence band offset ∆EV on the cell performance was largely

investigated as well. Several two-dimensional device simulation methods and exper-

imental models have been proposed in that respect. The two dimensional device

simulation data presented in Refs. [186, 187, 188, 189, 190] point out an improvement

of the performance of the solar cell with increasing ∆EV . Already at that time, solar

cells efficiency above 19% was anticipated for an ∆EV of at least 300meV. However,

these findings are in contradiction with the ones proposed by Rau et al. [49] where it
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is demonstrated that the internal valence band offset is unlikely the exclusive reason

for the low grain boundaries activity in CIGSe thin films. Yan et al. later confirmed

Rau et al.’s analyses by showing that not all GBs are Cu-depleted in CIGSe thin film

absorbers [191]. The authors showed by means of combined transmission electron mi-

croscopy high resolution z− contrast imaging and nanoprobe x-ray energy dispersive

spectroscopy that there is not depletion of Cu at (112) GBs in CIGSe films [191].

Based on their results, they reported that (112) GBs do not exhibit a valence band

offset. As a result, Yan et al. [169, 192] suggested the atomic relaxation model (section

3.3.1) as the best model to explain the electronic benign properties of GBs in CIGSe.

It is known that the symmetry of grain boundaries also impacts their electronic

properties. By means of KPFM measurements, a smooth surface potential was ob-

served across Σ3 GBs in epitaxially grown CIGSe, whereas a potential barrier of ∼

90meV was detected at Σ9 GBs within the same absorber [170]. Similarly, electron

beam induced current measurements exhibited differences in carrier recombination

mechanism between Σ3 GBs and non- Σ3 GBs [193, 194], which again confirm the

dependency of GBs properties with their symmetries.

The variation of the potential across the GBs, i.e a band bending is seen hitherto

as a consequence of charged defects as discussed in [161, 162]. Therefore, depending on

the sign of the defect states, the band can bend up or down. However, it is essential

to emphasize that, even here, the results are still on a controversial discussion, no

consensus has been found yet. Both a downward band bending [168, 169, 170, 178,

179, 182, 185, 195, 196] and an up band bending [193, 197] have been regularly reported

at GBs in CIGSe. A downward band bending of ∼ 100- 200meV was measured at GBs

in CGSe by Sadewasser et al. [185]. Similar studies reproduced on CIGSe [179] showed

that band bending at GBs in CIGSe varies with the concentration of Ga added. A

downward band bending of ∼ 150meV was observed at GBs of the films with x ∼ 30%,

while for higher Ga content films a flat band was observed [179]. These results suggest

that additional Ga included in the CISe matrix does not only tune the energy bandgap

of the whole absorbers but also alter the energy band diagram at GBs. Alike changes

at GBs were observed when CIGSe absorbsers are post-treated with the alkali metals.

After an alkali post-deposition treatment, the elemental composition at GBs is altered

leading to an additional defect state or a formation of an alkInSe2 phase at GBs [42, 48].
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To further explore the alteration of grain boundary properties, Romero et al. used

electro-assisted scanning tunneling microscopy to analyze the transport mechanism

across GBs in CIGSe as a function of the Ga ratio [198]. As already indicated in Ref.

[179], the authors showed both low and high Ga ratios exhibited a transport barrier

and no transport barrier at GBs in CIGSe, respectively.

Despite profuse studies carried out until now, a general consensus regarding the

influence of band bending on CIGSe solar cell performance does not exist yet. Under-

standing the real effect of band bending at GBs in CIGSe is one of the main topics that

are nowadays closely investigated in the CIGSe research community. While Taretto

et al. reported that the presence of a downward band bending at GBs in CIGSe will

be harmful to the cell efficiency [186, 187, 188], the study carried out by Jiang et al.

revealed their beneficial impact on the solar cell performance [178, 179]. Although

the presence of GBs in CIGSe causes an increase in the short circuit current, it also

reduces the open-circuit voltage leading thus to their harmful effect on the solar cell

efficiency [186, 187, 188].

In this thesis, the electronic properties of GBs is analyzed by means of combined

KPFM and scanning tunneling microscopy and spectroscopy. The findings are supple-

mented with the change in elemental composition acquired by using X-ray photoelec-

tron spectroscopy or ultraviolet photo electron spectroscopy.
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Characterization techniques and

sample preparation

This chapter discusses the characterization techniques, the sample preparation and

the experimental details.

4.1 Characterization techniques

This section focuses on the main experimental tools that were employed to analyze

the surface properties of the samples investigated in the framework of this thesis. It

starts with an introduction to scanning probe microscopy (SPM), which represents the

main characterization technique. Thereafter, the theoretical and working principles of

X-ray photoelectron spectroscopy (XPS) as well as a brief presentation of secondary

ions mass spectroscopy (SIMS) and Raman spectroscopy all used as supplemental

characterization methods are presented.

4.1.1 Scanning probe microscopy

SPM refers to a wide range of tools that can be used to probe the surface properties of

a sample on the nano-scale. In principle, the techniques employ a very sharp tip close

or in direct contact with the sample surface to investigate the topography, surface

mechanical and electrical properties of metallic, semiconducting and insulating mate-

rials. Since its working principle is derived from that of scanning tunneling microscopy

(STM) and atomic force microscopy (AFM), the theoretical background of STM and
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AFM is first introduced. Afterwards, the technical implementation of STM and AFM

along with their corresponding derivative techniques is described.

Scanning tunneling microscopy

STM is the very first SPM technique that allowed researchers to image both the topog-

raphy and the electronic properties of the surface of a sample with atomic resolution.

The technique was established in 1981 by Gerd Binnig and Heinrich Rohrer at IBM

Research Laboratory in Switzerland [199]. Five years later, the authors were awarded

with the Nobel Prize in Physics for their discovery. At present, STM is widely used in

nanotechnology and nanoscience. The tool is employed in various research fields such

as physics, chemistry, materials science, biology, and medicine [200].

The fundamental concept of STM is based on the quantum mechanical tunneling

effect, a phenomenon in which a particle tunnels through a potential energy barrier.

This is forbidden in the framework of classical mechanics and can only be explained

considering the wave-particle duality described in 1924 by L. de Broglie and experi-

mentally proved in 1927 by C. Davisson et al. [201]. A schematic representation of the

quantum mechanical tunneling effect is depicted in Fig. 4.1(a). The potential energy

barrier V0 is finite and is assumed to be higher than the total energy of the particles

E, and the barrier width (L) to be only in order of a few angstroms (∼ 0.3 - 1 nm

[200, 202]).

In such a configuration, it can be shown via the use of the Schrödinger equation

that although the wavefunction of the particle is gradually attenuated when tunneling

through the potential barrier [Fig. 4.1(a)], the probability for it to exist in region III

is non-zero [204]. This attenuation of the wavefunction when penetrating a potential

barrier depends on the transmission probability, which in turn, depends on the energy

of the particle, the width, and the height of the potential barrier. The model is

forbidden by the laws of classical mechanics. In the classical case, as the total energy

of the particles is lower than the barrier height (V0), the particles that move from

region I to region II will not have enough energy to overcome the barrier located at

z=0. Hence, at the position z=0, the particles will all be reflected back into region I

and will not pass through the potential barrier (region II) as shown in Fig. 4.1(b).

In the quantum mechanical case, a particle can be considered as a wave and the

42



Chapter 4

Figure 4.1: (a) simplified schematic representation of the quantum tunneling effect

showing exponential decays of the electrons when penetrating a potential barrier

adapted from Ref. [203]. The wave function of the electron is represented by the

green curve (ψ), the width, and the height of the potential barrier by L and V0, re-

spectively. (b) represents the situation where a classical mechanics approach is applied.

I, II, and III are region I, region II and region III, respectively

situation depicted in Fig. 4.1(a) can be described by a one-dimensional Schödinger

equation. The wavefunction of a particle in regions I, II, and III [Fig. 4.1(a)] is

expressed as followed [202].

ψ =


ψI = Aeiλz +Be−iλz for z < 0

ψII = Ce−γz +Deγz for 0 ≤ z ≤ L

ψIII = Feiλz for z > 0

(4.1)

Where λ =
√

2mE/ℏ2 and γ =
√

2m(V0 − E)/ℏ2 are the wave vectors, m the mass

of the particles, and A, B, C, D the complex numbers, which can be calculated using

the properties of the wavefunction [202]. In region I, A stands for the amplitude of

the incoming wave and B represents the part of the incoming wave that is reflected at

z=0. In region II, C is the amount of the wave that penetrates the potential barrier,

and D is the part that is reflected at z=L. In region III, F refers to the amplitude

of the final part of the wave that was transmitted. Two key points deserve to be

emphasized here. The existence of the wavefunction in the forbidden region (region

II), which clearly illustrates that in contrast to classical mechanics, a part of the wave
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tunnels through the potential barrier. In addition, the first term of the function ψII

shows an exponential decay of the wave through the barrier as indicated above. The

transmission probability (T) from region I to III also called the transmission factor is

the ratio of the probability density of the transmitted wave and the one of the incoming

wave. It can be evaluated via the following formula [202]:

T =
|ψIII |2

|ψI |2
=

|F |2

|A|2
=

4λ2γ2

(λ2 + γ2)2sinh2(γL) + 4λ2γ2
(4.2)

T is one of the important parameters to be considered when talking about the quan-

tum mechanical tunneling effect. It depends on the total energy of the particle, the

height, and the width of the potential barrier, which all define whether the tunneling

probability is high enough to be measured experimentally or not.

Figure 4.2: Sketch of the tunneling current between the tip and sample using a

one-dimensional metal-vacuum-metal tunneling junction approach adapted from Refs.

[203, 205]. ϕs and ϕt is the workfuntion of the sample and the tip, respectively. ρs

and ρt the corresponding density of states and i the tunneling current when a voltage

is applied.

STM applies the model described in Fig. 4.1(a) to measure the topography and

electronic properties of a sample. The basic principle consists of bringing a sharp
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metallic tip very close (∼ 1 nm) to the surface of a sample. Thereafter, a DC voltage

applied between the tip and the sample leads to a measurable tunneling current. If

region I is considered as the sample surface and region III the tip, the tunneling

current between the tip and the sample can also be modeled using a one-dimensional

metal-vacuum-metal tunneling junction [202, 203, 205], as shown in Fig. 4.2. The

model is built assuming that the workfunction (ϕ), which is defined as the energy that

one needs to provide in order to remove an electron from a material into a vacuum

(ϕ = Evac − EF ), of the sample is lower than the one of the tip. In Fig 4.2, ϕs and

ϕt are the workfuntions of the sample and the tip, respectively. ρs and ρt are the

corresponding density of states at an energy E, and i the tunneling current when a

voltage is applied. As the Fermi energy of the sample is higher than that of the tip,

i.e, as the sample density of occupied states is higher than that of the tip, if a negative

voltage is applied to the sample and a positive to the tip, a current will flow from the

sample to the tip.

From the model displayed in Fig. 4.2, the theoretical formula of the tunneling

current between the sample and tip was established and is expressed in equation (4.3)

[206, 207]. The calculations were introduced by Bardeen in 1961 [206] and were later

on extended by Tersoff and Hamann [207] who successfully used them to model the

current flowing between a flat metallic surface and a tip.

I =
4πe

ℏ

∫ eU

0

ρt(E − eU)ρs(E)T (L, ϕ, U,E)dE (4.3)

With T being the transmission factor.

T (L, ϕ, U,E) ≈ exp

[
−2L

√
2m

ℏ2

(
(ϕt − E + eU)

3
2 − (ϕs − E)

3
2

ϕt − ϕs + eU

)]
(4.4)

Equation (4.3) shows that the tunneling current between the sample and tip is the

convolution of the density of states of the sample, the density of states of the tip,

and the transmission factor. As a free-electron metal tip is commonly used to explore

the sample in STM, the density of states of the tip can be considered as a constant

[203, 205], although this is often not the case. Furthermore, if a very small voltage is

applied between the tip and the sample [203, 205], and slight variation in workfunction

over the sample surface (change in workfunction less than 100 meV [208]) is measured,

the transmission factor can also be considered as a constant. Then, equation (4.3) can
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be simplified [203, 205]:

dI

dU
≈ ρs(eU) (4.5)

Equation (4.5) shows that the variation of the tunneling current recorded during

STM measurements as a function of the applied voltage can be used to approximate

the surface density of states (DOS) of the samples. The technique is called scanning

tunneling spectroscopy (STS) and has been widely employed to estimate the surface

density of states of semiconducting samples [37, 38, 39, 40]. Its working principle

will be described below. For an ideal semiconductor material, the dI/dU is zero in

the bandgap and non-zero in the conduction and valence bands, which indicates that

with STS the bandgap of a semiconducting surface can be measured. The technique

might be very useful for the CIGSe solar cell technologies since it can allow researchers

to investigate the semiconducting-like properties of the near-surface of the absorbers

before the growth of the CdS buffer layer. Furthermore, with its excellent lateral

resolution (lateral resolution less than 0.1 nm [199]), STS is a nice tool to study the

surface and grain boundary properties in polycrystalline CIGSe. It was already used to

demonstrate that the surface of Cu-poor CIGSe that was etched with KCN is metallic

and exhibits reduced density of defect states at grain boundaries as compared to grain

interiors [37].

STM combines equations (4.3) and (4.5) to image the topography and surface

density of states of a sample. While the tunneling current acquired is used to measure

the morphology of the sample, its numerical differentiation as a function of the applied

voltage is employed to approximate the density of states.

In practice, the setup employs several components including a piezo driver with a

very sharp and cleaned conductive tip attached to it, a distance controlling unit, and

a computer to explore and acquire the information from the sample surface. The tip

aims to scrutinize the sample surface, the piezo driver to control the plane position

(x,y) and the tip-sample separation (z), and the distance controlling unit to approach

the tip near the sample.

Technically, to image the surface topography and also measure the density of states

of a sample, the STM system operates either in constant-height mode or in constant-

current mode. In the constant-height mode, the tip is kept at a specific height and
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the tunneling current between them is recorded while raster scanning line by line the

contour of a sample surface. In contrast, in the constant-current mode the current

is maintained constant while adjusting and recording the vertical position of the tip.

Although both modes can be used to image the surface properties of a sample, one

of the big disadvantages of using the constant-height STM mode is that during this

mode the system is strongly affected by the thermal drift and the piezo creep when

the measurements are carried out at ambient temperature. With these disadvantages,

it is hard to map the DOS of a sample due to the long duration of the measurements,

which should be at least 12 h if one would like to have a dI/dU image with an ac-

ceptable spatial resolution. The thermal drift due to the heating of the microscope

will distort the image. Besides, as the absolute height is kept constant during the

whole measurements, this mode is not adequate to explore the properties of polycrys-

talline samples where the surface is rougher and presents various grains and grain

boundaries, which are randomly oriented. Analyzing such samples in constant height

STM mode will damage the tip or induce its alteration due to the large topographic

changes when scanning over the sample surface. Consequently, the constant height

STM mode is recommended to be used for the very flat surfaces and to be performed

at low temperatures.

Since the samples analyzed in the framework of this thesis have polycrystalline

properties with peak to peak roughness of up to 1 µm, constant-current STM mode

(CCM) appears as the most suitable method to be used in order to investigate their

surface properties.

A sketch showing the working principle of the constant-current STM mode is de-

picted in Fig. 4.3. To run the measurements, the user has to initially preset a value for

the current via a computer interface. This initial current is called the current-setpoint

(Iset) and is the current that the setup must keep constant during the whole explo-

ration of the area of interest. The computer communicates the current setpoint to the

electronic system, which via an auto-approach gradually moves the piezo driver down

(according to the z-axis) till achieving the preset current setpoint. The measurements

then start by scanning line by line the region of interest and acquiring the variation

in height as a function of position to map the topography of the sample. To mea-

sure the variation in height over the surface, the setup first measures the tunneling
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Figure 4.3: Schematic representation of the working principle of STM. U is the dc

applied voltage and L the distance between the tip and sample

current (Imeas) between the tip and the sample at each specific (x, y) position, and

compares the value obtained via a feedback loop to the current value that was set

initially (current-setpoint). If the difference between the measured current and the

preset current is non-zero, the feedback vertically adjusts the position of the piezo

driver until Imeas- Iset becomes zero. The voltage applied to the piezo driver to can-

cel Imeas- Iset is then recorded and displayed on a computer as the topography of the

sample surface.

Scanning tunneling spectroscopy

As previously indicated, to measure the density of states of a sample with STS, the

tunneling current between the tip and the sample has first to be recorded for a specific

range of applied voltage. Afterwards, the density of states is obtained by numerical

differentiation of the current with respect to the applied voltage U. To do so, at each

specific (x, y) position or pixel a ramp voltage (see Fig. 4.4) needs to be applied to the

tip-sample junction. For each area of interest, a grid with a well-determined number

of pixels is defined and a range voltage is set (Ustart and Uend). The ramp voltage has

to be higher than the bandgap in the case of semiconductor materials if one would like

to resolve their bandgaps. At every single pixel, the voltage is ramped from Ustart to

Uend and the I-U current spectra are acquired. For a semiconductor material, in order
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Figure 4.4: Principle of the acquisition of a single point spectroscopy data. T1, T2,

T3 and T4 are the different waiting time. T-raster is the time distance between two

consecutive data points of the I-U signal

to see the bandgap of the material the ramp voltage has not only to be large but also

Ustart should be negative when Uend is positive or the way around because the Fermi

position corresponds to the zero voltage. The data are acquired by scanning line by

line or pixel by pixel the surface of a sample. During the acquisition of the very first

line data, the feedback loop is switched on and the topography information is recorded.

After this, the tip is moved back to its initial position and the feedback loop used for

maintaining a constant current for topography imaging is switched off in order to keep

constant the tip-sample separation while acquiring the I-U spectrum. A schematic

representation of how an I-U signal is obtained is shown in Fig. 4.4. At the waiting

time T1, the gap voltage U employed while recording the topography signal changes to

Ustart, after that the tip moves (with a predefined slew rate) to T2 where the system

gets ready to perform the first point spectroscopy. It is important to note the use

of appropriate T1 and T2 is crucial for the stabilization of the measurements. Using

inappropriate values for these parameters induce artifacts in the I-U signal. After

T2, the ramp voltage is applied and the first single point spectroscopy is recorded.

The T-raster is the time distance between two consecutive data points of the I-U

signal. After recording the first I-U signal, the feedback loop is switched on at T3

and additional time T4 is needed before the tip passes to the next pixel where the

same algorithm will be repeated. The repetition of the above described procedure
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all over the surface of the region of interest will enable the acquisition of the current

imaging tunneling spectroscopy (CITS) data, which afterwards can be numerically

differentiated as function of voltage for density of states mapping or spectra. In Table

4.1, an example of CITS parameters used in the framework of this thesis is given.

Table 4.1: CITS parameters used to investigate the surface of CIGSe.

Ustart Uend slew rate T1 T2 T3 T4 T-raster points

V V V/s ms ms ms ms ms a.u

-2 2 18 150 10 10 200 3 200

Atomic force microscopy

Since the tunneling current is the quantity that is measured in STM, the technique

only works for semiconductor or metallic materials. It could not be used to investigate

the topography of thick insulating materials. Hence, to overcome this limitation and

thereby also explore the surface properties of insulators, AFM was developed in 1986

[209]. The method is based on the force interaction between the tip and the specimen

and was successfully employed to analyze the properties of both conductor [210] and

insulator surfaces [211] on the atomic scale. A schematic representation showing how

AFM works is displayed in Fig. 4.5. The tool uses a sharp tip attached to a flexible

cantilever to explore the properties of a sample. The tip interacts with the specimen.

A laser beam from the diode is reflected off from the rear surface of the cantilever and

the reflected light is measured with a photodetector. When the tip scans the surface

of the sample, the interaction force that exists between the tip and the sample causes

the cantilever to deflect. The cantilever deflections are detected by a photodiode and

are used to map the surface properties of the sample.

The measurements can be carried out in several modes such as the contact mode,

the tapping mode, and the noncontact mode. These different operations modes are

visualized in Fig 4.6. The curve is divided into three main parts. The first part

represents the region where the tip and the sample are brought in contact. It is also

called the repulsive regime and is highlighted by green color in Fig. 4.6. The second

part (region highlighted in yellow) commonly called the attractive regime is the region
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Figure 4.5: Schematic of the beam-deflection in the atomic force microscopy setup.

where the tip-sample separation is a bit larger (L ∼1 nm). The third part is the region

between the attractive and repulsive regimes.

In contact mode (CM) - AFM, the setup works in the repulsive regime. The

probe and the specimen are in perpetual contact while the probe scans the sample

surface. Thereby, by keeping a constant tip-sample separation or a constant force

between the tip and the specimen, and recording the change in height of the probe

deflection while scanning the contour of the area of interest, the surface topography of

a sample can be acquired. The mode works perfectly on soft materials like polymers

but one of its main disadvantages is that as the probe is in direct contact with the

sample during the whole measurements, the sample can be damaged or the tip can

easily be broken.

In tapping mode (TM) - AFM, the measurements are conducted in the both

repulsive and attractive regimes. The probe vibrating at or close to its natural reso-

nance frequency is brought near the sample and regularly touches it at different specific

intervals. When the tip approaches the sample surface, the vibrating amplitude varies

due to changes in the force that exists between the tip and the sample. These changes

in amplitude, while keeping the resonance frequency of the cantilever constant, are

recorded and used to determine the surface topography of a sample. Although the

mode is less destructive compared to the CM - AFM [212], as the tip intermittently
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Figure 4.6: Variation of the interaction force between the tip and the sample as a

function of the tip-sample separation along with the corresponding AFM operation

mode adapted from Refs. [202, 212].

touches the sample surface, the probability to break it or to damage the sample is not

zero.

In Noncontact (NC) - AFM (also called dynamic mode), the measurements are

carried out in the attractive regime. In this mode, the tip oscillates a bit far away from

the sample surface and does not touch the sample during the measurements, which

suggests that the probability to break the tip or damage the sample during NC - AFM

is reduced compared to CM and TM - AFM. Since NC - AFM is the AFM mode used

in the framework of this thesis, its theoretical background and basic working principle

are discussed in more detail in the following. Detailed information regarding the CM

and TM - AFM can be found in Refs. [202, 212].

As indicated above, the NC - AFM operates in the dynamic mode. The cantilever

is mechanically excited and its natural resonance frequency f0, which depends on both

the spring constant k and the massm of the cantilever can be written as [202, 212, 213]:

f0 =
1

2π

√
k

m
(4.6)

52



Chapter 4

Due to the force acting between the tip and the sample, when the tip approaches

the sample the vibration amplitude of the cantilever changes inducing thereby a change

in spring constant of the cantilever [213].

k′ = k − ∂Fts

∂z
(4.7)

where ∂Fts

∂z
is the force gradient that interacts between the tip and the sample and

z the distance between the tip and the sample.

Taking this into account, the resonance frequency can be re-written as :

f ′ = f0

√
1− 1

k

∂Fts

∂z
(4.8)

Equation (4.7) and (4.8) clearly show that the spring constant as well as the corre-

sponding resonance frequency are not constant anymore. The two quantities depend

on the force gradient between the tip and the sample. If the force gradient is small

compared to the natural spring constant of the cantilever [214, 215], equation (4.8)

will become:

f ′ = f0

(
1− 1

2k

∂Fts

∂z

)
(4.9)

This leads to:

∆f = f ′ − f0 = − f0
2k

∂Fts

∂z
(4.10)

The variation of the resonance frequency (∆f) is proportional to the force gradient

between the tip and the sample. The topography is being built up by keeping ∆f

constant.

To use this change in frequency ∆f of the cantilever to measure the surface topog-

raphy of a sample, two distinct NC - AFM modes can be employed: the amplitude

mode (AM) and the frequency modulation (FM) mode. In the AM-mode, the change

in the vibration amplitude induced by ∆f is measured and is used to map the topogra-

phy of the sample [216], whereas, in the FM mode, the ∆f itself is directly quantified

[217]. Although the two modes can be employed to study the surface properties of

a sample, note that FM mode provides a higher accuracy and better lateral resolu-

tion [215], especially, when the measurements are performed in vacuum as it is the
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case in this thesis. The mode is highly sensitive to tip-sample force interaction and

presents a better signal-to-noise ratio [217]. Thus, frequency modulation is the NC

operation mode employed in the framework of this thesis. While the noncontact FM

- AFM mode is used to measure the topography, the noncontact FM - kelvin probe

force microscopy mode is employed to measure the workfunction of the samples. How-

ever, in contrast to AFM where the cantilever is mechanically excited and the Van der

Waals (VdW) force is quantified, the electrostatic force is measured in KPFM. The

cantilever is electrically excited to disentangle the VdW force from the electrostatic

and thereby avoiding the crosstalk between the topography and workfunction signals.

In the next section, a model describing how the workfunction is acquired in KPFM is

presented. Afterwards, the theoretical and technical implementation of this powerful

tool, which allows simultaneous mapping of the topography and workfunction with

nanometer resolution are introduced.

Kelvin probe force microscopy

In KPFM, the workfunction of a sample surface is measured by first acquiring the

contact potential difference (CPD) between a sharp conductive tip and a sample.

The technique was developed in 1991 [218] and was broadly used to measure, with

nanoscale resolution, the workfunction of semiconductor surfaces [219, 220, 221] and

several other semiconductor devices [222, 223]. In Fig. 4.7, a model showing how

the CPD is determined in KPFM is displayed. In Fig. 4.7(a), the tip and sample

with different workfunction are not in electrical contact. Their vacuum positions are

identical and the workfunction of the sample is assumed to be lower than that of

the tip. Therefore, if both materials are electrically brought into contact, electrons

will flow from the sample to the tip until the Fermi levels are aligned. The charges

transferred between them create a potential difference also called contact potential

difference VCPD at the tip/sample interface as can be seen in Fig. 4.7(b). The resulting

contact potential difference is proportional to the workfunction difference between the

tip and the sample and can be compensated by applying an external DC reverse voltage

[Fig. 4.7(c)] [224].

VCPD =
ϕs − ϕt

e
(4.11)
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Figure 4.7: A model describing how the contact potential difference (CPD) is measured

in KPFM adapted from Ref. [224]. (a) sample and tip are not in contact, (b) the two

materials are brought in contact and a CPD is created between them, (c) an external

DC reverse voltage (VDC) is applied between the sample and the tip to cancel the

CPD. When CPD= 0V the VDC applied to cancel it is recorded and is employed as

a feedback signal to map the workfuntion difference between the tip and the sample.

EF,s, EF,t, EV AC , ϕs and ϕt are the Fermi level of the sample, the Fermi level of tip,

the vacuum level, the workfunction of the sample, and the workfunction of the tip,

respectively.

ϕs, ϕs and e are the workfunction of the sample, the workfunction of the tip and

the elementary charge, respectively.

The external DC voltage (VDC) applied to cancel the VCPD is recorded as the

workfunction difference between the sample and the tip. Thus, if the workfunction of

the tip is known, the one from the sample can be extracted using equation (4.11).

There are two fundamental ways of applying a DC voltage in order to measure the

CPD between the sample and the tip in KPFM: The AM mode and the FM mode

KPFM [215]. In the AM mode KPFM, the electrostatic force between the specimen

and the tip is minimized, while in the FM mode the electrostatic force gradient is

minimized [225].

As previously indicated, FM - KPFM is the operation mode employed in the frame-

work of this thesis. The technique provides credible workfunction values and better

lateral resolution [226, 227] as compared to AM - KPFM. During the analyses, the

results are less affected by the measurement artifacts due to the large size of the

cantilever [226, 227]. The CPD obtained is recorded right underneath the tip apex
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Figure 4.8: Simplified schematic showing how the FM - AFM topography and KPFM

workfunction map are measured in this thesis. The sketch is adapted from Refs.

[64, 228]

[226, 227]. Hence, by replacing the VdW force Fts in equation (4.10) by the electro-

static force Fw obtained after applying a combination of DC and AC voltages between

the tip and the sample and after considering the sample-tip system as a parallel plate

capacitor, ∆f in KPFM can be written as [215, 225]:

∆f ≈ ∂Fw

∂z
=
∂2C

∂z2
(VDC − VCPD)VAC sin(wt) (4.12)

Where ∂2C
∂z2

is the second derivative of the capacitance and VAC sin(wt) the AC

voltage that was applied to electrically excited the tip.

The frequency variation ∆f expressed in equation (4.12) is the quantity that is

measured in frequency modulation operation mode KFPM. As can well be seen, when

the external reverse DC voltage applied is equal to the contact potential difference

VCPD, the amplitude of ∆f oscillating at w becomes zero, which suggests that the force

gradient that was acting between the tip and sample was nullified. Therefore, the VDC

applied to cancel the force gradient is recorded and is displayed as the workfunction

difference between the sample and the tip. A simplified schematic showing how the

FM - AFM topography and KPFM workfunction map are acquired in this thesis is

depicted in Fig. 4.8.
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For the FM - AFM measurements, the cantilever is mechanically excited a few

µm away from the sample surface and its fundamental resonance frequency f0 and set-

point amplitude A0 are detected. When it approaches the sample and starts to interact

with the sample surface, the VdW force acting between the tip and sample causes the

cantilever to deflect inducing thereby a shift of its resonance frequency as well as a

change in the oscillation amplitude, as shown in equation (4.10). All these changes

will therefore vary the location of the laser beam on the position sensitive detector

(PSD). The new position of the laser is detected as an input signal, i.e, the measured

amplitude Ameas and frequency fmeas, and is later on amplified via a pre-amplifier.

Afterwards, while the measured amplitude Ameas is compared to the preset value Ao

and is maintaining constant using an amplitude regulation system, a phase-locked-loop

(PLL) measures the difference between the fmeas and f0 (fmeas-f0 ) and send the values

obtained to a feedback loop, which varies the piezo driver until fmeas-f0 becomes zero.

This variation will induce a change in height of the piezo materials, which is acquired

and is displayed on a computer as the topography image of the sample.

For the FM - KPFM measurements, except for the fact the cantilever is electrically

excited and an additional look-in amplifier is needed to apply external voltages (AC+

DC) to the cantilever in order to quantify the contact potential difference, the approach

is similar. The lock-in amplifier records the measured ∆f from the PLL as input data

and sent it to the KPFM controller unit, which acting as a feedback loop in this case

continuously applied a DC voltage to cancel the lock-in amplifier out signal. The

resulting DC voltage applied is then recorded and is displayed on a computer as the

workfunction difference between the tip and the sample.

4.1.2 X-ray photoelectron spectroscopy

In this section, the theoretical and working principles of XPS is shortly presented.

For a broad knowledge about the XPS technique, readers are highly recommended to

refer to works presented in Refs. [229, 230, 231]. XPS is based on the photoelectric

effect, a phenomenon where an electron is released from the specimen after interaction

with light of energy much higher than its binding energy and the workfunction of the

sample. In this method, a sample is bombarded with an X-ray source. The X-ray

photons interact with the material and transfer their energies to core electron. The
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Figure 4.9: Schematic representation of how a photoelectron and how an Auger elec-

tron are generated in XPS adapted from Ref. [229]. (a) extraction of a photoelectron

from the sample, (b) relaxation of another electron from a higher energy core level and

emission of a photon with energy hν ′ and (c) creation of an Auger electron.

electrons with enough energies escape the atom and the sample as shown in Fig. 4.9(a).

In Fig. 4.9(a), the green, black and red spheres stand for the holes, the electrons,

and the escaped electrons also called photoelectrons. The kinetic energy (KE) of the

ejected photoelectrons can then be measured and its corresponding binding energy

(EB) determined via the following formula [229, 230].

KE = hν − EB − ϕs (4.13)

In equation (4.13), h is the Planck constant, ν is the frequency of the photon, and

ϕs is the workfunction of the sample. As the binding energy of electrons is element

dependent, measuring the EB of electrons can help to determine the elemental or

chemical composition of the sample. After the emission of a photoelectron, another

electron from a higher energy core level can relax into the hole left behind releasing

thereby new photon energy hν ′, as depicted in Fig. 4.9(b). This newly created photon

energy can then be transferred to another core level electron (the Auger electron),

which is also emitted from the sample, as depicted in Fig. 4.9(c).

Practically, the released photoelectrons are detected and counted by a spectrom-

eter. During the measurements, the spectrometer and the specimen are in electrical

contact, the Fermi positions of the two materials are aligned as graphically shown in

Fig. 4.10 [229, 230, 231]. The alignment of the Fermi levels leads to a reduction of the

energy that an electron has to overcome to reach the detector by ∆ϕ = ϕsp−ϕs, where
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Figure 4.10: Simplified representation of XPS system when the sample and the spec-

trometer are in electrical contact adapted from Ref. [229].

ϕsp is the workfunction of the spectrometer [229, 230, 231]. Introducing the variation

∆ϕ of the workfunction in equation (4.13) gives:

KE = hν − EB − ϕsp (4.14)

Equation (4.14) is the theoretical formula that is applied while running XPS analy-

ses. As can well be seen, if the workfunction of the spectrometer is known, the kinetic

energy of the sample can be measured. In general, Cu, Ag, and Au metal samples

are used to calibrate the spectrometer or to determine ϕsp. After measuring the work-

function of the spectrometer, it can be assumed to remain constant as long as the

spectrometer is kept in ultra high vacuum (UHV) [231].

Basic working principle of XPS

As indicated above, in XPS, photoelectrons escaped from the sample after interacting

with the x-ray source. Those photoelectrons are then detected and counted depending
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on their kinetic energy. The instrument consists of an X-ray tube and a spectrometer,

as shown in Fig. 4.11. Two main X-ray sources are commonly used. The Mg Kα

source with an incident energy of 1253.6 eV and the Al Kα source with an incident

of 1486.6 eV. Once the x-ray irradiates the sample, a part of it is lost in form of heat,

whereas the other part is transferred to core level electrons in the sample. Afterwards,

electrons with an energy higher than their binding energies and the workfunction of

the sample escape from the sample. The released electrons are detected and their

corresponding kinetic energies are measured by a spectrometer, which is composed of

electron optics, a kinetic energy analyzer, and a detection system (CDD camera). The

optics aim to decelerate the incoming electrons, the analyzer (composed of one inner

and one outer hemisphere) to select electrons as a function of their kinetic energy,

and the detector to count the incoming electrons. Combining the kinetic energies

Figure 4.11: Schematic depiction of an electron spectrometer along with the x-ray

source.

recorded and the total number of electrons acquired, the valence band offset as well

as the chemical composition of the sample can be determined [229, 230, 231]. After

experimentally acquiring the valence band spectra, a linear extrapolation approach

can be used to extract their numerical values [40]. Concerning the quantification, the
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experimental spectrum of the core level element of interest has to be fitted using an

appropriate function. Before fitting, a background subtraction of the signal originating

from the inelastic scattering electrons is needed [229]. After the fitting process, the

area as well as the binding energy position of the fitted curve are extracted and used

to estimate the samples chemical composition [229].

The chemical sensitivity of XPS technique makes it one of the most suitable tools to

investigate the change in the elemental and chemical composition of samples containing

several elements such as CIGSe. XPS has been already used to explore the changes in

valence offset and elemental composition of the bare CIGSe and the CIGSe samples

after various chemical treatments such as KCN etching [98], the growth of the CdS

buffer layer [34], or after the alkali PDT treatments [32, 134, 232, 233].

4.1.3 Secondary ion mass spectroscopy & Raman spectroscopy

As indicated earlier, to better understand the SPM results, supplemental analyses

with the SIMS and the Raman techniques were carried out. With both methods,

the different elements and segregated phases that exist at the specimen surface were

studied.

As its name indicates, during the SIMS measurements, secondary ions (positive

or negative) escaped from the samples are used for the exploration of the surface

composition. The basic principle can be described as followed. The primary ions

(PIs) with energy in order of a few keV are shot into the sample [234]. Due to the

interaction of PIs with the specimen, secondary ions with diverse masses related to the

elements present in the sample are created and detected by a mass spectrometer. As

each measured mass corresponds to one specific element that exists at the surface of

the sample, their reconstruction can be used to map the sample surface composition.

Further information regarding the SIMS technique can be found in [234, 235].

The Raman method is based on inelastic scattering of the light while interacting

with a sample. When light interacts with a specimen, it can be scattered at the

same energy as the incoming light or at a different wavelength than the incoming

light [236]. The latter case is used in Raman measurements to determine the different

segregated phases that exist at the surface of a sample. During the analyses, if the

sample exhibits various phases, the setup will detect different wavelengths with each
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of them that corresponds to one specific precipitate present at the sample surface.

Hence, depending on how many wavelengths are obtained the number of phases can

be measured. The tool was widely used to study the different compounds present at

the surface of the bare or PDT CIGSe samples [138, 237].

4.2 Sample fabrication

The solar cell absorbers that are analyzed in the framework of this thesis are poly-

crystalline CIGSe. They are deposited on molybdenum-covered SLG substrates via

a physical vapor deposition system and by using a co-evaporation process. The in-

vestigations are carried out on three types of samples: the over stoichiometric CISe

samples, the Cu-poor CIGSe pristine samples as well as the Cu-poor CIGSe that were

post-treated with NaF and NaF+RbF. The stoichiometric samples also called Cu-rich

samples refer to CIGSe, which have a Cu/(In+Ga) or Cu/In ratio for Ga free samples

higher than one [100], whereas the CIGSe is considered as Cu-poor absorbers when

this ratio is lower that one [238]. The CISe samples were grown via single-stage co-

evaporation process at a nominal substrate temperature of 580◦C (as estimated with a

pyrometer) and the Cu-poor pristine and PDTs treated samples using multistage low

temperature (∼450 ◦C) co-evaporation process. The PDT treatments were performed

in - situ and directly after the deposition of the CIGSe absorber. The NaF samples

were prepared by evaporating NaF into the CIGSe matrix (for 20 minutes) at a sub-

strate temperature of ∼ 280 ◦C and in the Se atmosphere [52]. A similar procedure

was followed for NaF+RbF PDT samples. However, in this case, the samples were

first post-treated with NaF and thereafter with RbF. Details of the deposition process

and PDT treatments can be found elsewhere [52, 100, 238, 239].

Since the aim was to investigate the surface and grain boundary properties of

the samples, the Cu-rich CISe absorbers were etched with KCN in order to remove

the CuxSe secondary phase from the front surface. In addition, to study the rear

surface properties of the samples, they were mechanically exfoliated from their original

substrates. In order to remove the residual fluoride from the surface of samples of NaF

and NaF+RbF samples, the films were rinsed with distilled H2O and 1 molar solution

of NH4OH, respectively.

62



Chapter 4

The following sections focus on sample preparation and measurements details.

4.3 Experimental details

4.3.1 Sample preparation

• KCN etching of the front surface of Cu-rich CISe

The Cu-rich CISe films investigated in this work were grown in the Laboratory for

Photovoltaics of the University of Luxembourg. In order to wash away the CuxSe

secondary phase from the front surface, the absorbers were etched with KCN (10wt%

KCN in H2O, 300 seconds) and extensively cleaned with distilled water in line with

literature [106]. Pinholes observed in the absorber layer after KCN cleaning [see Fig.

5.1(b)] exhibit that the CuxSe precipitates have been washed away with the treat-

ment. With the surface still covered with deionized water, the absorbers were im-

mediately introduced in an N2-filled glovebox (H2O< 1 ppm; O2< 1ppm). However,

before introducing the samples into the glovebox, they were first dried into the glove-

box anti-chamber by pumping and refilling it several times with N2 to ensure that the

resulting surface was free or at least had a low amount of oxygen and contamination

from ambient conditions. Afterwards, a suitable vacuum suitcase was used to transfer

the samples into the UHV SPM machine without any longer exposing them to air.

The alike approach was followed for the XPS and PL analyses. Furthermore, to in-

vestigate the impact of Cd in-diffusion on the electronic properties, the KCN etched

absorbers were chemically treated with Cd ions. To conduct the treatment, 2mM

of CdSO4 were dissolved in 1.5M ammonia (NH4OH). Afterwards, the solution was

poured into a double jacketed glass reactor preheated to 67 ◦C. Thirty seconds later,

the KCN etched films (which were cleaned extensively with H2O) were introduced into

the mixed solution for three minutes. The treatment is called cadmium pre-electrolyte

treatment (CPE) in the framework of this thesis. Subsequently, the absorbers were re-

moved from the CPE solution and were also extensively rinsed with distilled H2O and

transferred in the SPM, PL, and XPS spectrometer machines following a procedure

similar to the one described above. Concerning the UHV annealing process, it was

carried out as detailed in Ref. [40]. The samples were annealed to 280◦C and in the

time of heating, the base pressure in the UHV machine did not surpass 2× 10−9mbar.
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• Exfoliation of the rear surface of Cu-rich CISe

In order to analyze the rear surface of the Cu-rich CISe, the samples were exfoliated

from their original substrates. A schematic representation showing how the peel off

process was done is displayed in Fig. 4.12. The absorbers were glued to clean fluorine

doped tin oxide covered SLG substrates using an UHV well suited Ag epoxy glue.

Figure 4.12: Schematic representation of the peel off process of the CISe films. First,

a fluorine doped tin-oxide covered glass substrate was glued on top of the CISe films.

After heating and application of mechanical force an exfoliation at the MoSe2/CISe

interface could be achieved. The peel off was performed in a N2 filled glovebox to avert

oxidation. The Figure was extracted from the Boumenou et al. paper [208] and was

reproduced with the permission of the Wiley © 2020.

Afterwards, they were cured in air on a hot plate at ∼100 ◦C for 45minutes and

were introduced into a nitrogen filled glove box (H2O< 1 ppm; O2< 1 ppm) where

they were mechanically peeled off. After the exfoliation process, the samples were

investigated using a combination of STM/STS, KPFM, XPS, energy dispersive X-

ray ( EDX), photoluminescence (PL), and X-ray diffraction (XRD) characterization

methods. The samples were transferred from the N2 filled glovebox to the SPM system

via a vacuum suitcase without exposing them to air. The alike approach was applied to

the XPS study. PL and EDX analyses were carried out in ambient conditions therefore

a minuscule air exposure could not be bypassed. For the PL investigations, the time

between exfoliating and measuring was roughly ten minutes.

Regarding the XPS analyses, the films were glued in Luxembourg and then shipped

to Münster in an N2-filled and hermetically sealed sample container. The absorbers

were anew introduced into a N2 filled glovebox, which was attached to the UHV
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machine. The films were exfoliated in this box and immediately transferred into the

XPS system. Hence, the rear surface was exposed to N2 just for a few minutes. Since

only one sample could be loaded at a time, the Mo-surface was retained in N2 and

transferred into UHV the next day.

• Cleaning of the CIGSe PDT samples

The NaF and NaF+RbF samples explored in this thesis were grown at the Swiss

Federal Laboratories for Materials Testing and Research (EMPA) using multistage low

temperature coevaporation process. Immediately after growth, they were shipped in a

nitrogen sealed transport box to the scanning probe microscopy (SPM) laboratory of

the University of Luxembourg and were introduced into a N2 filled glove box (H2O ≤ 1

ppm, O2 ≤ 1 ppm ) within the same day to minimize any exposure to air or moisture.

In Luxembourg, to remove the residual fluoride from the surface, the samples were

inserted in a N2 purged glove bag, attached to the load lock of the glovebox and were

consecutively rinsed with distilled water and 1M diluted solution of ammonia. The

purging procedures conducted by pumping and refilling the glove bag with N2 were

performed several times to make sure that at the end the bag will be free of oxygen

or any other contamination from ambient conditions. After rinsing the samples, they

were directly transferred back into the N2 filled glove box and were prepared for the

STM/STS, XPS, KPFM, SIMS, and Raman measurements.

4.3.2 Measurements details

Before moving forward, note that all the STM/STS, as well as the XPS/UPS measure-

ments detailed in the following, were conducted in a variable temperature ultra-high

vacuum system with a base pressure in the 10−11 mbar range. The STM/STS analyses

were performed employing chemically-etched tungsten tips, which were cleaned in-situ

on a clean Au substrate prior to the investigation of each sample. The XPS system

was calibrated on clean single-crystal metal surfaces anterior to the investigations of

the samples. Al Kα and He I&II sources were employed for the XPS and UPS, respec-

tively. To measure the workfunction of the samples, tips were calibrated on a highly

oriented pyrolytic graphite (HOPG) sample. To ensure that the workfunction of the

tips did not change during measurements, the calibration was done before and after
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each analysis. Furthermore, the compensated DC voltage was applied to the sample

for the KPFM measurements conducted in UHV and to the tip for the ones carried

out in N2.

• Analysis details of the front surface of CISe

The local density of states was acquired at several different spots with a scan size

varying from 1 to 5 µm. At each area of interest, a 100x100 grid was defined and the

DC voltage was ramped from 1.5V to -1.5V to measure the local current curves and

thereafter derived the local density of states [203, 205]. The elemental composition was

measured with XPS using a calibrated Axis Ultra DLD X-ray photoelectron spectrom-

eter. Additionally, the films were sputtered with argon ions with an incident energy

of 500 eV inside the XPS machine and re-measured in order to compare the surface

and bulk chemical composition. The ion fluence (1×1014 ions/mm2) was chosen such

that roughly 5 nm of material was removed from the sample. After sputtering, the

findings exhibited a small amount of metallic In, while the Se and Cu binding ener-

gies values were unaltered. The quantification reported in Chapter 5 does not involve

this metallic contribution of In. However, the compositions obtained after taking into

account the metallic In are presented in the Appendix for a comparative study.

The valence band position of the sample after various treatments was studied,

as well. The absorbers were sent in N2 filled shipping box from Luxembourg to

Münster. In Münster, they were analyzed with a commercial UHV machine from

SPECS equipped with a PHOIBOS 100 hemispherical analyzer.

The PL analyzes were conducted at room temperature. A Laser source with a

wavelength of 660 nm, as well as, an incident excitation power of ∼10mW and with

a spot size of ∼ 2.6mm were employed. The absorber was climbed on a transfer arm

and was inserted into a cryostat, which was pumped down to ∼ 10−6mbar. Carrying

out PL measurements in such conditions allows acquiring the optical properties of the

sample without exposing them to air.

• Analysis details of the rear surface of CISe

EDX investigations were carried out on both the front and rear surfaces of the films

in order to compare the surface composition of the samples to their bulk compositions.
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The measurements were performed at 20 kV, 15 kV, 7kV and 5kV acceleration voltage,

and the sample compositions were derived via the well-established ZAF approach [240]

without standardization.

Grazing incidence X-ray diffraction investigations were conducted at an incident

angle of 1◦ in a parallel beam configuration. To perform the analyses, the absorbers

were first KCN etched in order to remove the CuxSe precipitates from the front surface.

Afterwards, they were peeled off following the procedure described above.

The effect of the peeling-off process and the Ag epoxy glue on the optoelectronic

properties of the absorbers were studied. The measurements were carried out using

a custom-built PL imaging system. The area of interest analyzed was ∼ 2×2 cm2

and a pulsed laser source with a wavelength of 532 nm were employed. An InGaAs

camera with a high quantum efficiency in the range of 800 nm to 1600 nm was used to

collect the emitted PL spectrum. In order to evaluate the PL quantum efficiency and

the quasi Fermi-level splitting of the sample before and after cleaving, the system was

calibrated to absolute photon numbers.

• Analysis details of the PDT CIGSe absorbers

The density of states (DOS) was achieved via current imaging tunneling spec-

troscopy (CITS) maps at diverse regions of the samples with the aim to get repre-

sentative data. The measured areas vary from 600× 600 nm2 to 2× 2µm2. For each

CITS map, a grid of 150 × 150 pixels was set out and the local current-voltage spectra

(I−U) were recorded while the feedback loop was switched off. While the DC applied

voltage was ramped from +1.3 to - 4 V to probe the surface properties of the water

rinsed samples, it was swept from -2 to +2 V after rinsing the sample with ammonia.

Subsequently, the DOS, which is proportional to dI/dU [203, 205] was extracted by

numerical differentiation of the current I with respect to the applied voltage U . Re-

garding the XPS measurements, an Al Kα x-ray source was used to investigate the

change in the chemical composition of samples. To determine the binding energy posi-

tion of photoemission peaks, the experimental spectra of each element of interest were

fitted using the same background and Voigt function with a constant full with half

maximum (FWHM). To examine the EB of In enclosed in the as grown, the water and

ammonia rinsed samples, for example, a same background, FWHM and Voigt func-

tion were used to fit their respective measured signals. KPFM measurements were
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carried in the N2 environment. The analyses were performed with a Nanoscope V

AFM setup operated in FM mode. SIMS measurements were carried out at the Lux-

embourg Institute of Science and Technology, in Luxembourg, using the Helium Ion

Microscopy Secondary Ion Mass Spectrometry (HIM-SIMS) system. We concentrated

on the HIM-SIMS setup since it provides as compared to standard SIMS analyses a

high lateral resolution (resolution less than 20 nm) [241]. In addition, due to its ex-

cellent surface sensitivity [241], the comparison between the results obtained with this

powerful technique and to SPM and XPS ones, which are the primary tools employed

in the framework of this thesis is favored. For the Raman results, the measurements

were conducted in air. The signals were obtained with a Renishaw inVia spectrome-

ter. A laser with a wavelength of 442 nm along with an incident power density of ∼

700µW.µm−2 were used.
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Electronic and compositional

properties of the front surface of

stoichiometric CuInSe2: The effect

of cadmium pre-electrolyte

treatment

An in-depth understanding of the changes in surface composition along with their

implications on the overall device performances is important for the optimization of

CIGSe solar cells. Hence, it is largely accepted in the literature that the presence of

cadmium diffusing from the CdS side into the CIGSe, alters the near-surface compo-

sition of CIGSe absorbers and thereby improves the junction quality and the power

conversion efficiency (PCE). The theoretical explorations [112, 113] and experimental

proofs [23] demonstrating that this diffusion process is performed via Cu vacancies

present in CIGSe are summarized in section 3.1.2. Nevertheless, as indicated above,

the influence of this in-diffusion of Cd atoms on the surface electronic properties of

the absorber and thus on the over stoichiometric CISe solar cell might not be fully

understood.

In this chapter, the question of whether the absence of Cu-depletion is an intrinsic

property of a Cu-rich absorber and how the removal of a CuxSe secondary phase via

KCN etching alters the Cu-content at the surface are first addressed. Thereafter, the
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effect of Cd in-diffusion on the surface electronic properties of the films is critically

discussed and is compared to the results achieved from the UHV annealed samples. To

investigate the morphology of the samples after KCN etching, a few SEM micrographs

were quickly measured and are depicted in section 5.1. This is followed by section

5.2 where changes in surface density of states after different treatments such as KCN

etching, cadmium pre-electrolyte treatment (CPE) and ultra high vacuum (UHV)

annealing are presented. Furthermore, changes in surface composition and valence

band offsets are depicted in sections 5.3 and 5.4, respectively. Section 5.5 focuses on

the influence of CPE on the bulk properties of CISe and the last section focuses on

the discussion and brief summary of the chapter.

Before moving forward, it is important to highlight that the chapter is a faintly

altered version of Boumenou et al.’s article published in Physical Review Materials

[158] and was reproduced hither with the permission of the American Physical Society

© 2020.

5.1 SEM micrographs

Fig. 5.1 shows a cross-sectional view (a) and plane view (b) of a Cu-rich CISe absorber

layer prior to the cadmium pre-electrolyte treatment investigated in this chapter. As

Figure 5.1: SEM micrographs of a Cu-rich absorber etched with KCN. (a) cross-

section and (b) plane view. The red circles in (b) depict the positions of the CuxSe

secondary phase prior to etching.

can be seen, the CISe sample is polycrystalline with well-defined grains and grain

boundaries. The film thickness exceeds 3µm with peak to peak roughness of up to

1µm. In Fig. 5.1(b) clear holes with a diameter of several hundred nanometers can be
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observed. These depressions are characteristic of a Cu-rich layer that has been etched

with KCN [105]. A characteristic feature of a Cu-rich absorber layer is the extremely

large grains of up to 5µm.

In the following, the study carried out on the front surface of this sample after dif-

ferent chemical treatments such as potassium cyanide etching, cadmium pre-electrolyte

treatments, and ultra-high vacuum annealing is presented.

5.2 Electronic properties of the chemical treated

CISe surface

5.2.1 Impact of the cadmium pre-electrolyte treatment on the

surface density of states

Since the samples analyzed in this section were grown under Cu-excess where a thin

CuxSe detrimental layer is formed at the surface of the absorbers after the growth,

measuring them prior to the KCN etching was not possible. Thereby, they were etched

with KCN and were extensively rinsed with distilled water before the measurements.

Details of the cleaning process can be found in section 4.3.1.

Fig. 5.2 displays STM topography images of the same absorber after KCN etching

[Fig. 5.2(a)] and after CPE treatment [Fig. 5.2(e)]. The corresponding dI/dU -CITS

maps at different applied voltages are shown in Fig. 5.2(b-d) for the KCN etched and

Fig. 5.2(f-h) for the CPE treated sample. All images were optimized to have the best

possible contrast, as indicated by the scale bar below each sub-figure. In Fig. 5.2(b-d)

the dI/dU -CITS maps of the KCN etched samples show pronounced granular inho-

mogeneities, which manifest themselves by changes in the contrast between different

grains and within individual grains. Moreover, a reduced dI/dU value at the grain

boundaries (GBs) compared to the grain interiors at U=0V is observed [Fig. 5.2(c)].

These observations are in agreement with the published results by Mönig et al. [37],

who attributed the reduced dI/dU contrast to a reduced defect density at the GBs.

In a subsequent publication [40] the effect of UHV annealing has been studied and

it was found that the inhomogeneities are reduced and the distinct dI/dU contrast

at the GBs has disappeared. It was cross checked if the samples analysed in this
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Figure 5.2: (a) STM topography of a KCN etched CISe sample, (b)-(d) dI/dU -CITS

maps of the same area at -1V, 0V and 1V. (e) STM topography of the CPE-treated

sample, (f-h) dI/dU -CITS maps at -1V, 0V and 1V. Note that the contrast of each

image has been optimized as indicated by the scale bar below each image. All mea-

surements have been carried out at the same current setpoint of 1 nA at U=1.5V prior

to each dI/dU measurement.

work show a similar transition and the findings confirmed that even on Cu-rich KCN

etched absorber surfaces, the inhomogeneities are reduced and the GB contrast has

disappeared after UHV annealing. A detailed discussion of this observation can be

found in the Appendix (see section A.1). Furthermore, the findings are also in good

agreement with the others results reported in literature [37, 40]. This is somewhat

unexpected since the samples explored in this particular case were grown under Cu-

excess, whereas most of the literature results published so far have been obtained on

Cu-poor material. Nevertheless, in Ref. [39] Cu-poor (CGI = 0.78) and Cu-rich (CGI

= 1.05) materials have been compared with STM and it has been shown that Cu-rich

material exhibits less granular inhomogeneities and no reduced dI/dU contrast at the

grain boundaries. This is not in line with the findings presented here. However, as it

will be shown below, the stronger KCN etching has converted the stoichiometric sur-

face into a Cu-poor surface and consequently, the excellent agreement between these

measurements and the published results on Cu poor absorber could be anticipated.

This is already a very important outcome since it exhibits for the very first time that
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KCN etching is a valuable tool to form a Cu-depleted surface, despite the fact that

the growth has been carried out under Cu-excess.

In Fig. 5.2(f-h) the changes in the local density of states after the CPE treatment

are presented. The first focus is on the image at U=0V [Fig. 5.2(g)], which is indicative

of the density of states at the Fermi-level. The dI/dU contrast compared to the

KCN etched film is reduced by approximately a factor of 5 (see scale bar below the

images), which corroborates that Cd2+ ions effectively reduce the number of defects

at the surface. Moreover, the grain boundary contrast has completely disappeared.

At positive and negative voltages some grain to grain variations are observed [Fig.

5.2(f) and (h)]. However, the magnitude has been greatly reduced compared to the

KCN etched case. From these measurements, it asserts that the passivation effect

of the CPE treatment is, as displayed in Fig. 5.3, similar to the UHV annealed

samples despite the fact that the surface treatment is very different. Fig. 5.3 shows

Figure 5.3: STM/STS measurements performed on a Cd-treated (a-d) and UHV an-

nealed (e-h) sample. In both cases, the dI/dU contrast is strongly reduced as compared

to the KCN etched one which is shown in 5.2(b-d). Please note that Fig. 5.3(a-d) is

the reproduced data displayed in Fig. 5.2(e-h) and was re-showed here just for com-

parative study purposes.

the dI/dU -CITS maps at difference specific voltages, extracted from the CPE treated

(b-d) and UHV annealed (f-h) samples. The respective topography images of the two

absorbers are depicted in Fig. 5.3(a),(e). It is important to stress that the films
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were synthesized in the same process and were both KCN etched. Only sample (e-h)

underwent a subsequent heat treatment in order to passivate the surface. The dI/dU

graphs exhibit a similar passivation effect for the heated and CPE treated samples.

Even the magnitude of the fluctuations is reduced by a similar value (compare the

scale bars of the dI/dU maps).

The result was reproduced for a number of different spots on several samples with

different tungsten tips. The extracted dI/dU curves of several spots of one sample are

presented in Fig. 5.4(a) for the KCN etched film and Fig. 5.4(b) for the Cd2+ treated

sample. The curves in Fig. 5.4 represent averaged dI/dU -curves, i.e. an average of

the 100×100 CITS map acquired for each spot. In agreement with the dI/dU -CITS

maps presented in Fig. 5.2, a finite conductance (dI/dU), which is strongly reduced

after the Cd2+ treatment is observed at the Fermi-energy for the KCN etched samples

(shaded region in both graphs of Fig. 5.4).

The presented results in Fig. 5.2 are therefore considered to be independent of

the spot chosen and are generally applicable. The scattering of the dI/dU curves

observed at positive and negative applied voltages is ascribed mostly to changes in the

workfunction of the tip and the sample and will be discussed in more detail later in

this chapter. The important point at this stage is that there is undoubtedly a change

in the density of states at the Fermi level between the KCN and CPE treated samples,

which yields a metallic dI/dU curve for the KCN etched sample (dI/dU(EF ) > 0) and

a semiconducting one for the CPE treated ones (dI/dU(EF ) ∼ 0).

To further analyze the difference in electronic properties between GBs and grain

interiors of the samples after different treatments, the dI/dU average curves extracted

from the vicinity of a GB of the KCN etched sample, the ones from the heated and

CPE treated samples are depicted in Fig. 5.5. Fig. 5.5(a) represents the average

density of states curves extracted from the vicinity of a GB of the etched sample and

Fig. 5.5(b) the ones extracted from the Cd treated and UHV annealed samples, as well

as, from Ref. [40]. The image with the blue triangles, red and grey dots inside Fig

5.5(a) are cut out from the density of states map of KCN etched sample [Fig. 5.2(c)].

The blue, red, and grey curves are extracted directly from the GB, adjacent to the GB

and on the grain, respectively. In line with the surface density of states map displayed

in Fig. 5.2(c), a finite conductance and reduced density of defect states at GBs [see
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Figure 5.4: dI/dU curves of several spots extracted from (a) the KCN etched sample

and (b) CPE treated sample. The different regions indicate that these measurements

have been conducted at different positions of the sample, which were at least 1mm far

away from each other in order to see if the results are representative. A spot denotes

a microscopic region, similar to the topography images in Fig. 5.2, which consists of

several grains including grain boundaries.

the cyan ellipse on Fig. 5.5(a)], which strongly reduced after UHV annealing and after

the Cadmium treatment [Fig. 5.5(b)] are obtained at the Fermi-energy for the KCN

etched sample. The UHV annealed and CPE samples averages density of states curves

display a semiconducting like characteristic with EF located at the midgap.

As indicated above, the dI/dU -curves are influenced by changes in the workfunction

of the sample and the tip. In fact, the measurements presented in this chapter have

been carried out at a specific current setpoint. In the present case, a current setpoint

of 1 nA was chosen for all the measurements. The tunneling current depends on

the product of density of states of the sample and the tip and on a term, which

is known as the transmission coefficient, which in turn depends on the tip sample
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Figure 5.5: dI/dU curves extracted from the vacinity of a GB of the KCN etched

sample (a) and (b) the one from the UHV annealed and CPE treated samples. All

measurements have been carried out at the same current setpoint of 1 nA and at U=

1.5 V prior to each dI/dU measurement.

distance, the shape of the tip apex and the workfunctions of the tip and the sample

[see equation (4.4)]. In all of the measurements presented in this work, the tip and

sample workfunction may vary, which changes this transmission coefficient. Since the

tunneling setpoint needs to stay constant (in our case I=1nA), the feedback loop

has to adjust the tip sample distance. This means that if changes in workfunction

between the different samples/spots occur the dI/dU curves have been measured at

slightly different distances. For an ideal semiconductor, the density of states in the

bandgap is zero and it increases sharply at the conduction band (CB) and valence band

(VB). The onset in the dI/dU curves at the band edge is therefore determined by the

position where the tunneling current exceeds the noise level of the current amplifier.

Since the tunneling current depends exponentially on the tip sample distance, the CB

and VB onsets depend on the tip sample distance and consequently a change in the

workfunction during the CITS maps alters these onsets. In a single measurement the

workfunction of the tip is assumed to be constant and variations in the transfer function

are therefore only related to changes in the workfunction of the sample. However, on

different spots, the tip workfunction can not be considered to be constant anymore
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and the changes in the transmission coefficient are increased further. Therefore, the

variations in the curves presented in Fig. 5.4 and 5.5(b) is attributed to changes in the

workfunctions of the tip and the sample. This fact also makes it difficult to extract

the bandgap of the material, based on the measurements presented above.

Nonetheless, the results of the heat and CPE treatments are compared to the

Mönig et al. findings [40]. In Fig. 5.5(b), the blue curve corresponds to the curve

extracted from Ref. [40], the black and red ones are from the Cd-treated and from

the annealed sample, respectively. The CPE treated and the literature curves look

very similar, whereas the UHV annealed sample seems to have a somewhat smaller

bandgap compared to the two others. As stated previously, all three curves display

a semiconducting like characteristic with EF located almost at the midgap. In Ref.

[40] the STS data was supplemented with ultra-violet photoemission spectroscopy and

inverse photoemission spectroscopy, which can be used to estimate the valence and

conduction band onset. They deduced a value of 1.5 ± 0.2 eV, which is consistent with

most of the CISe literature where a bandgap widening of the surface is assumed. Since

the CPE treated sample measured here exhibits a very similar dI/dU curve than the Cu

poor sample in Ref. [40], this is considered as an indication that the surface bandgap

is also similar. This is in-line with the explanation model proposed below where a very

similar surface is assumed for the Cu-poor UHV annealed and the CPE treated sample.

The annealed sample is however somewhat different and the measurements indicate a

smaller bandgap. This is also consistent with the above mentioned model that reveals

that heating a stoichiometric absorber, which was treated with KCN removes most of

the Cu vacancies at the surface.

In order to better understand these variations in the local density of states over the

surface of different samples, they were further analyzed with the XPS. The changes

in elemental composition and valence band offsets after each chemical treatment were

measured and the results will be presented in the following.
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Figure 5.6: a) XPS survey spectra of the KCN and CPE treated samples ; (b-e)

Individual spectra of each element. The intensity of the Cu and In peaks have been

normalized to the In 3d5/2 in order to highlight relative compositional changes.

5.3 Changes in surface composition after various

chemical treatments

In Fig. 5.6 the surface composition of the KCN etched and Cd2+ treated samples are

presented and the calculated elemental surface compositions are summarized in table

5.1. In Fig. 5.6(a) the two survey spectra are depicted and the XPS peaks of individ-
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ual elements of interest are presented in Fig. 5.6(b-e). In addition to the elements in

the CISe matrix, some oxygen atom was found on the absorber surfaces [Fig. 5.6(a)].

The presence of oxygen seen here is attributed to water absorption, resulting from the

chemical treatment or a slight surface oxidation. The determination of the elemental

composition in table 5.1 has been done without taking into account the carbon signal,

where the quantification is difficult due to an overlap with the selenium Auger lines.

The Cu 3p line was considered for the quantification since its corresponding peak is

closer in energy to the other elements of interest, which means that the information

depth is similar. Nonetheless, alike quantification was also done considering the Cu 2p

line and is reported in the Appendix (see section A.2). All interpretations are inde-

pendent of the choice of the Cu XPS-line. In the present case the information depth

of XPS is of the order of 6-8 nm since all the XPS peaks that are considered are below

500 eV in binding energy. This also means that all the changes in composition are

averages over this characteristic distance. As can be seen in table 5.1 the KCN etched

Table 5.1: Surface composition of CISe samples after various treatments, as measured

via XPS. The following peaks have been used for the quantification: Cd 3d, Cu 3p,

In 3d, O 1s, Se 3d. The sputtering for both treatments was constant and approximately

5 nm of material has been removed.

sample Cd Cu In O Se Cu/In

[at%] [at%] [at%] [at%] [at%]

CISe KCN etched 0.0 17 26 6 51 0.65

etched & sputtered 0.0 22 26 0.0 52 0.84

CISe Cd2+ 10 16 18 7 49 0.87

Cd2+ & sputtered 1 22 25 0.0 52 0.88

sample exhibits a strong Cu-depletion at the surface. The Cu/In ratio is 0.65, which is

much lower than the expected value of one. After sputtering, thereby removing approx-

imately 5 nm of material, the Cu/In ratio increases (Cu/In= 0.84), which corroborates

that the bulk is closer to the expected stoichiometric value of Cu/In=1. This depletion

of Cu elements is ascribed to the strong KCN etching, which removes some Cu from

the near surface region in accordance with Auger depth profiling measurements [242].

79



Chapter 5

In the present case, it was assumed that the absolute accuracy of the compositional

measurements with XPS is of the order of 1 at%, neglecting preferential sputtering,

ion beam induced diffusion, errors in the sensitivity factor and compositional varia-

tions at the grain boundaries compared to the bulk. Taking all these simplifications

into account, the measured ratio after sputtering is reasonably close to the expected

stoichiometric value. After sputtering, the oxygen has almost completely disappeared,

which corroborates that this element was only present at the very top surface. From

these measurements it concludes that the KCN treatment does not only remove the

CuxSe secondary phase but it also removes some Cu from the near surface region of

the absorber. Similar observations have also been reported in literature [103, 104],

albeit less pronounced, presumably due to a different KCN concentration. The KCN

etching thereby forms a Cu-poor surface on a stoichiometric absorber, which has been

shown to be beneficial for device performance of stoichiometric CISe absorbers [242].

In a subsequent step the KCN etched film has been treated with Cd2+. The findings

reveal an additional In depletion (reduction of ∼ 30%) compared to the KCN etched

sample. The result suggests that additional indium is removed from the top surface

and the Cu content is slightly reduced (see Fig. 5.6(b) and table 5.1). After sputter-

ing, the Cu/In ratio are similar to the values obtained from the KCN etched samples

(within the error of the measurement) showing that there was not much inter-diffusion

of these elements during the CPE treatment. The residual Cd after sputtering could

arise from ion beam induced intermixing or due to some Cd that has diffused into

the bulk during the CPE, presumably along the grain boundaries in accordance with

findings reported in Refs. [79, 110]. A slight reduction of the selenium concentration

is also observed after Cd2+ as depicted in Fig. 5.6(d), although these changes are close

to the experimental error of the technique.

In XPS, a change in binding energy of a specific element indicates a change in the

chemical environment whereas a shift of all elemental lines is indicative of surface

band bending in the case of a semiconducting surface. The XPS measurements on

the KCN and CPE treated absorbers shown in Fig. 5.6(b-e) exhibited a shift in the

binding energy of all elements of approximately 300meV, which immediately shows

that there is a change in surface band bending. In addition to the collective shift

of the XPS peaks, a change in the chemical environment of the selenium elements
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and difference in valence band offsets between the KCN etched and CPE were also

measured and will be presented below.

5.4 Valence band onset for KCN and CPE treated

absorbers

In Fig. 5.7(a,b) a peak deconvolution of the Se 3d peaks is presented. The binding

energy of 54.4 eV is close to the tabulated values of CISe (between 54.0-54.5 eV) [243].

The values given here refer to the highest peak of the Se doublet, i.e. the Se 3d5/2 for

the KCN etched film. In the case of the KCN treated samples, it is found that ap-

proximately 95% of the selenium atoms are in one oxidation state (i.e. CISe), whereas

5% exhibit a smaller binding energy (i.e. a different oxidation state). For the present

discussion, this peak is denoted as defective CISe since the selenium environment is

distinct from the ideal case where only a single chemical environment for the Se is

present. The outcome displays a shift of 0.7 eV to lower binding energy compared to

the CISe environment. It is important to note that Hunger et al. [244] have mea-

sured a similar peak on CuInSe2 surfaces, which were oxidized or selenium decapped.

Upon Cd2+ treatment the amount of this defective peak increases substantially from

approximately 5% to 10%. This indicates that some of the selenium atoms in the near

surface regions bind to Cd. Again, a slight shift of the peak position of the defective

peak to higher binding energies (∼ 0.1 eV ) is measured, which corroborates that new

chemical bonds have been formed which were not present on the KCN etched sample.

Hunger et al. [244] have observed a similar change in the low energy doublet after the

CPE treatment on Cu poor absorbers. XPS data of CdSe exhibit a peak position of

54.1 eV [243], i.e. slightly lower than CISe, which is in accordance with our observa-

tions. The Auger parameters of both In and Cu do not change within the resolution

limit of the XPS (see table A.4 in the Appendix). The Auger parameter deduced from

the Cd3d5/2 peak equals to 786.5 eV in excellent agreement with the tabulated values

of CdSe and also in agreement with Hunger et al. [244] who concluded that the ma-

jority of the Cd binds to the selenium atoms, presumably only in the first monolayer.

They have shown that NH4OH cleaning of a CISe surface selectively removes oxidized

indium, which leaves vacancies and selenium dangling bonds at the top surface, which
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Figure 5.7: (a) Se 3d XPS peak of the KCN etched sample. The two main peaks

correspond to the Se 3d3/2 and Se 3d5/2 contributions. Reasonable fitting can only be

achieved if two chemical environments for the Se are used. The blue curve corresponds

to the Se in the CISe matrix whereas the green curve represents the Se atoms that are

in a different oxidation state. (b) Se 3d XPS peak of the CPE treated sample. The

colors of all the lines are equal to Fig. 5.7(a). Note that the defective contribution

is increased in the CPE case. (c) Valence band onset for the KCN and CPE treated

samples measured via XPS. A comparison to UPS measurements on the same absorber

can be found in the supplementary information. The KCN etched data has been shifted

vertically to improve the visibility

can then be filled with Cd [244]. This interpretation would be in agreement with our

observations where the chemical environment of the selenium atoms change upon Cd2+

treatment whereas the chemical environment of Cu and In does not change within the

resolution limits of the XPS. Due to the water cleaning after the chemical treatment it

is hard to disentangle residual water adsorption from indium-oxide formation on top

of the KCN etched samples.

Furthermore, the valence band position of the two samples [Fig. 5.7(c)], as well as

the one of UHV annealed (Fig. A.2), were investigated with high-resolution XPS at

low binding energies. A comparison to UPS measurements is presented in table 5.2,

which yields very similar results.
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Table 5.2: Comparative study of the valence band position of the Cu rich CISe samples

after various treatments such as KCN etching, CPE treatment and UHV annealed.

Both XPS and UPS surface sensitive characterization techniques were used to per-

formed the measurements. The XPS data were acquired with an Alkα source and the

UPS data with an He-II source. The values denote the distance of the Fermi-level to

the onset of the valence band as deduced via linear extrapolation.

sample XPS-Alkα UPS-HeII

KCN etched 0.75 eV 0.77 eV

KCN UHV annealed 1.08 eV 1.06 eV

CPE treated 1.05 eV 1.06 eV

The Fermi-level equals to zero binding energy in the spectrum and the valence

band position is deduced via linear extrapolation as shown in Fig. 5.7(c). A shift

of 0.3 eV of the valence band position is seen between the KCN etched and the CPE

treated absorber. This shift is a direct consequence of band bending since it was shown

above [Fig. 5.6(b-e)] that all the other XPS peaks at higher binding energies exhibit a

similar energetic shift. From the measurements it is concluded that the CPE treated

samples exhibit downward band bending. The distance between valence band and

Fermi-level is larger than 1 eV, which suggests that the CPE treated sample is type

inverted, i.e. the majority carriers at the surface are electrons whereas the majority

carriers in the bulk are holes. It is essential to point out that the Fermi-level is still

well inside the bandgap since Cu-poor absorbers exhibit a larger surface bandgap [40].

As it will be shown below, this type inversion has also important consequences for the

interpretation of the tunneling spectra.

The measurements show that after UHV annealing a similar band bending effect

is observed and the value of the valence band is very close to the one after the CPE

treatment (1.08 eV compared to 1.05 eV). This result makes a lot of sense considering

the fact that a very similar passivation effect of the UHV and CPE treated samples

was observed in the STM data. The XPS measurements show that in both cases

a substantial downward band bending is induced which eliminates the metallic like

conductivity in the STS spectra. The similarity between the two treatments (CPE vs.
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UHV annealing) suggests that they have the same origin.

Finally, to examine the impact of these Cd ions on the bulk electronic properties of

the sample, some Photoluminescence (PL) measurements were performed on the same

samples and the results are presented in the following section.

5.5 Influence of the cadmium pre-electrolyte treat-

ment on the bulk properties of CISe absorbsers

In Fig. 5.8 the PL spectra of the KCN etched and the Cd2+ treated sample are

depicted. The spectra are plotted on a logarithmic scale in order to better visualize

small changes. Only a small change in intensity as a result of slight differences in the

light in/out coupling or optical adjustments can be detected. Although the samples

Figure 5.8: PL spectra of both KCN etched and Cd pre-electrolyte treated samples.

The red and dark curves are extracted from the KCN and Cd treated samples, re-

spectively. The measurements were carried out at room temperature in an evacuated

cryostat under nominally the same excitation conditions.

have been measured the same day with exactly the same settings without air exposure,

the focus had to be re-adjusted for each sample since only one sample could be placed
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on the sample holder inside the evacuated cryostat. The changes in intensity by less

than a factor of two are well within the error of the measurement. However, it is crucial

to recall measurements that have been reported by Mönig et al. [109] who showed that

the metallic dI/dU curves can be changed to a semiconductor like dI/dU curve if the

sample is illuminated with laser light. They used a laser intensity of 30mW/cm2,

which is much lower than the 188mW/cm2 used in this study. Consequently, the PL

measurements are not sensitive to changes in the surface state density since the high

number of injected electron hole pairs will screen those states very effectively. From

these measurements it is concluded that the surface treatment does not change the

radiative recombination in the bulk of the sample and the changes in the surface state

density are masked by the generated electron hole pairs.

5.6 Discussion and summary

In the following, an energy band diagram is constructed and a discussion aiming to

determine, which defects are responsible for the observed changes in the surface den-

sity of states is proposed. Thereby, in the first part of this section, the key findings

presented above are briefly summarized and the second part focuses on the interpre-

tation of the results.

Recap of the key findings

• The STMmeasurements show a substantial improvement of the electronic quality

of the CISe surface after the Cd2+ treatment suggesting an efficient surface and

grain boundary passivation.

• Despite the Cu-rich growth conditions (stoichiometric bulk (Cu/In=1) with an

additional CuxSe on the surface), KCN etching leads, not only to the removal of

the CuxSe secondary phase but also to a strong Cu-depletion right at the surface,

which gradually changes back to the stoichiometric composition after removal of

a few nanometers, as shown by the XPS measurements on the sputtered CISe

surface. This suggests that there is a large amount of Cu vacancies present in

the near surface region due to KCN etching.

• XPS and UPS measurements corroborate that there is a type inversion upon CPE
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treatment in analogy to UHV heating. This finding shows that type inversion is

a crucial ingredient to understand the STS measurements. Moreover, the CPE

treatment produces the same effect as UHV annealing of KCN etched samples.

The STM and the XPS/UPS data show the same trend for both treatments.

• PL measurements show that the bulk recombination is not affected by the CPE

treatment. The high intensity photon flux is likely to screen most of the surface

states at the surface.

• The XPS measurements suggest a further reduction of the Indium content after

the CPE treatment compared to the KCN etched case. This finding suggests

that at least a part of the Cd ions will be incorporated at indium sites, which is

a direct consequence of the removal of indium-oxides/hydroxides in the NH4OH

aqueous solution. This observation is in line with reference [244].

Interpretation of the results

The model that is proposed in the following needs to be compatible with the five

points mentioned above. In general, charge neutrality needs to be guaranteed at the

surface and in the bulk of the semiconductor. In the presence of band bending, the

charge in the space charge region QSC needs to be compensated by surface charges QS,

i.e. QSC +QS = 0. Additionally a dipole layer that is present at the surface may alter

the local vacuum level. It is emphasized that the dipole layer itself does not contain a

charge. However, the dipole layer may influence the surface chemistry, which in turn

leads to a change in the number of surface charges.

The discussion starts with the KCN etched case [Fig. 5.9(a)]. In Fig. 5.9(a) a

defect denoted as ED1 is considered to be located above the Fermi-level EF. It has a

certain energetic width, which is at least of the order of kBT. In the sketch, it assumes

that this broadening has a Gaussian distribution. Additionally, at the surface charge

neutrality needs to be assumed. Due to air exposure and subsequent etching with KCN,

the number of defects at the surface is quite large. This is a reasonable assumption,

taking into account the large compositional changes and oxygen contamination after

KCN. In order to explain the STM data, it is assumed that the charge neutrality level is

located above the Fermi-level. This leads to the formation of positive surface charges

QS, which is compensated by a negative space charge QSC, resulting in downward
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Figure 5.9: (a) band diagram of the KCN etched surface. EVL, EC, EF and EV denote

the vacuum level, the conduction band, the Fermi-level and the valence band. The

space charge is denoted as QSC and QS is the number surface charges. On KCN etched

samples a large number of defects located at ED1 gives rise to the high conductance

at EF. The surface bandgap is labeled as EG,surf and is slightly larger than the bulk

bandgap, (b) The CPE treated sample exhibits much less defects at ED1 and an

increased number of donor like defects at ED2, which are empty. (c)-(e) sketch of the

evolution of the defects at the surface due to (b) KCN, (c) Cd2+ and (d) heating in

UHV.

band bending. From the XPS measurements only, the surface bandgap cannot be

measured. Consequently, it is difficult to directly corroborate that this assumption

is correct. However, other measurements on Cu-poor materials have shown that the

surface bandgap is approximately 1.5 ± 0.2 eV [40], which renders the interpretation

of a small downward band bending plausible.

Due to the broadening of the defect ED1 the states above EF will be empty and

the ones below are filled. The empty states above EF will lead to a large tunneling

conductance at positive sample biases since there the current is determined by the

tunneling of electrons from the occupied tip states into empty surface states. Since

the number of states right at EF is large a finite conductance is observed and the

position of the conduction band is masked.

After the CPE treatment an increase in downward band bending is measured sug-

gesting that the number of positive surface charges needs to increase. Due to the larger

band bending EF completely crosses the defect level ED1, as depicted in Fig. 5.9(b).

Since the defect thereby moves below EF, all available states at ED1 are filled with
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an electron and consequently, this defect will not contribute anymore to the tunneling

conductance at positive bias voltages, as in Fig. 5.9(a). The density of this defect

needs to be much lower, as compared to the KCN etched case since otherwise EF will

be very close to ED1 (i.e. Fermi-level pinning at ED1). A reduction of ED1 is however

not enough to explain the experimentally observed changes. Positive charges at the

surface still need to be considered in order to explain the type inversion. For this aim,

two possible scenarios are availables.

(a) In accordance with theory, one can assume that Cd-ions, which are adsorbed

at the surface during the CPE treatment fill Cu-vacancies. It is known from XPS that

the surface is Cu-depleted and consequently this assumption is well justified. Cd on

Cu defects (CdCu) are known to form shallow donors [245] as shown in Fig. 5.9(b).

Since they are located well above EF they are empty, i.e. positively charged and induce

strong band bending as observed in the XPS/UPS data.

(b) The XPS data have also emphasized that some of the Indium is replaced by Cd

and probably a thin CdSe forms at the surface. This CdSe layer could be the origin

of the enhanced downward band bending. In contrast to scenario (a), this does not

include a change in the amount of Cu vacancies.

Now, the proposed passivation mechanisms in the context of UHV annealing, which

has a similar effect on passivation and surface band bending in the absence of Cd ions

needs to be discussed. In Fig. 5.9(e) the UHV annealing is sketched. As discussed

before, the absorbers exhibit a Cu-poor surface with a stoichiometric bulk. Conse-

quently the heat treatment will level out some of the gradient that is present after the

KCN treatment, i.e. the number of Cu vacancies are reduced. This is in analogy to

the CPE treatment where the number of Cu vacancies are reduced due to Cd incor-

poration. This interpretation is in-line with the XPS measurements by Broker et al.

[39] who also observed an increase in the Cu concentration upon UHV annealing for

Cu-rich material.

Here it is shown that the Cd treatment has a similar effect as the heat induced

passivation as discussed above, by incorporating Cd atoms into Cu vacancies. From the

preceding discussion it becomes clear that scenario (a) is more probable than scenario

(b) since it is not straightforward to explain the passivation of the CISe via heat

treatment with a CdSe layer as there is not Cd involved in this treatment. Therefore
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scenario (a) is the most probable explanation, which allows us to explain the UHV-

and the CPE-treatment.

One still needs to discuss the insensitivity of the surface treatment on the PL

measurements. The electron and holes generated by the laser beam will screen the

high density of surface states and consequently the changes in the surface state density

does not translate in a measurable change in the PL yield. Moreover, PL essentially

measures bulk properties and the change in the surface defect density will only be

visible indirectly due to an increase in the surface recombination velocity, which needs

to change by a few orders of magnitude in order to see a strong change in the PL [246].

Another important result of the present study is the change in the dI/dU contrast

at the grain boundaries before and after Cd2+ treatment. It can clearly be seen that

the lower defect density at the grain boundaries after KCN treatment is not visible

any more after the surface has been exposed to Cd ions or heat. This extended the

model proposed in Ref. [37] where the reduced defect density at the grain boundaries

has been identified as a characteristic of the CISe grain boundaries. The absence of a

pronounced grain boundary contrast at positive voltages also allows us to exclude a

large change in workfunction between the grain boundaries and the grain interior. This

is a direct consequence of the fact that the dI/dU is proportional to the product of

the density of states of the sample, tip and the transmission function where the latter

one is proportional to the workfunctions of the sample and the tip. The absence of a

contrast a positive bias voltages is therefore a good indication that there is no band

bending at the grain boundaries after the Cd-treatment. However, the incorporation

of Cd ions at the grain boundaries and into the near surface region of the grains leads

to a collective inversion of the CISe surface.

In this chapter, it is shown that the surface and the grain boundary signatures of the

KCN etched CISe surface change significantly due to a Cd pre-electrolyte treatment.

The grain boundary contrast vanishes and the surface inhomogeneities are reduced.

The positive effect of the Cd2+ treatment can be traced back to a passivation of Cu

vacancies via Cd2+ ions. A direct consequence of the CPE treatment is an inversion of

the surface in analogy to the UHV heat treatment, which has already been discussed in

the literature. The beneficial effect of the CPE treatment is probably one of the reasons

for the success of CdS in CISe thin film solar cells. Moreover, it is demonstrated that
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a strong KCN etching produces a Cu-poor surface with a stoichiometric bulk, which

has been identified as one of the important ingredients for high efficiency CISe solar

cells.

It is well known from the literature that CIGSe films grown under Cu-rich condi-

tions always have a detrimental CuxSe secondary phase at the front surface. In fact,

this thin layer of the CuxSe phase is highly conductive and may cause a short circuit

in the CIGSe final device. The results presented above revealed that removing the

CuxSe phase by KCN etching as it is done in most of the cases in literature makes the

surface of the absorber become highly defective. Therefore, to circumvent carrying

out the measurements on this high defective surface, over stoichiometric CISe samples

investigated above were mechanically peeled off from their original substrates and the

rear surface properties were examined. The reason is that it is the only way to measure

the surface of Cu-rich films which have not been KCN etched. In the next chapter,

the findings acquired from that study are presented. It is shown that the CuxSe phase

does not only form at the top surface of the Cu-rich films but also at the back surface.
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Electronic and compositional

properties of the rear surface of

stoichiometric CuInSe2: The

formation of CuxSe secondary

phase

Extensive knowledge and subsequent optimization of the contact layers in thin film

solar cells are of high importance in order to reduce the amount of non-radiative re-

combination and thereby improve device performance. In Chapter 5, the influence of

KCN etching and Cd in-diffusing on the front surface properties of CISe were stud-

ied. In this chapter, the back surface of absorbers grown using the same recipe was

investigated. The procedure detailing how the sample was exfoliated can be found

in section 4.3.1 (Fig. 4.12). The objective is to investigate the surface of the Cu-rich

CISe (Cu/In=1) that was not KCN etched and to compare the outcomes to the results

recorded from the top surface.

In section 6.1, the topography images along with the corresponding surface density

of states (DOS) data, as well as, the XPS survey spectra acquired from the Mo-surface

and CISe back-surface are presented. These results are followed by the quasi-Fermi

level splitting (∆EF ) of the same samples measured before and after peeling off process,

and a calculation showing how the variations in the workfunction can affect the DOS
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curves. The section 6.2 shows the workfunction measurements carried out with KPFM

where a slight increase compared to the grain interiors of the workfuction is measured

at the grain boundaries. In section 6.3, the element composition measured at various

excitation voltages and changes in chemical composition are evaluated, and section 6.4

is based on a discussion and a brief summary of the chapter.

As in the case of chapter 5, please note that this chapter is part of Boumenou et

al.’s paper published in Progress in Photovoltaics: Research and Applications [208] and

was reproduced here with the permission of the Wiley © 2020.

6.1 The MoSe2/CISe surface

Fig. 6.1(a) shows a representative STM image of the rear-surface of a Cu-rich CISe

absorber. The surface is very flat with a RMS roughness of 8 nm. The locations of the

grain boundaries are well visible in the image as they exhibit a slightly lower height

than the grain interior. The large grains are covered with tiny little grains, which

are observed in all of the images analyzed in this chapter. Furthermore, some deep

holes (black contrast) were observed, which were likely to be caused by pinholes in the

absorber layer prior to or during the peeling process. In Fig. 6.1(b) the corresponding

STM image of the Mo-side is presented, where no indications of grain boundaries were

found. The surface was covered with small precipitates, which had an extension of

approximately 70 nm.

In order to corroborate that the absorber peeled at the MoSe2/CISe interface, XPS

measurements were carried out on both samples (back-side and Mo-side) and the scans

are presented in Fig. 6.1(c). On the back-side all the peaks of the CISe matrix were

detected, i.e. Cu, In, and Se. Contrary, the Mo-side did only show peaks that are

related to Mo and Se in the survey scan. At a later stage of the chapter, high-resolution

scans will be discussed in more detail. In contrast to the survey scan presented in Fig.

6.1(c) a very small amount of Cu was observed on the Mo side, whereas no traces of In

was found. The XPS measurements corroborated that the absorber cleaved exactly at

the MoSe2/CISe interface in accordance with previous reports [147, 156, 150] due to

the formation of a MoSe2 layer during synthesis, which is known to be a Van der Waals

solid where exfoliation is feasible. The higher oxygen signal at the Mo-side was likely
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Figure 6.1: (a) STM image of the back-surface of the CISe absorber. (b) STM image

of the exposed MoSe2 surface after cleaving. Scan parameters: I= 1nA, U= -2V, (c)

XPS survey scan. Important to note is the absence of the Cu and In peaks on the Mo-

side and the absence of Mo on the backside. High-resolution scans will be discussed

at a later stage of this report. (d) PL mapping of the absorber top-surface before

cleaving and gluing (e) top-surface of the CISe absorber after exfoliation. The dark

region is where the CISe absorber was removed from the substrate. (f) PL image of the

exfoliated part. The PL image was performed via illumination from the rear-surface.

(d)-(f) the PL yield indicated on the scale bar is given in PL quantum yield, which

was converted to a quasi-Fermi level splitting ∆EF via equation (6.1).

to be caused by the longer storage time of this sample compared to the back-side. As

only one sample could be loaded at a time, the Mo-surface was kept in N2 and was

analyzed the day after measuring the back-surface.

Additionally, some Ag was also found in the XPS spectra and are ascribed to the
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glue that was present at the edges of the exfoliated absorber due to the small size of

these samples [see Fig. 6.1(f)]. Complementary EDX measurements showed that the

Ag concentration in the bulk is lower than 1 at%, which is within the experimental

error of the machine, considering the close distance of the In and Ag L-lines (InL:

3.286 keV vs AgL: 2.984 keV). In order to check if the absorber layer was still intact

after the peeling process, PL imaging measurements were carried out before the gluing

and after the peeling process and the results are presented in Fig. 6.1(d)-(f). The scale

bar is given in units of PL quantum yield (PLQY), which is defined as the quotient of

the PL yield (photons/cm2 · s) emitted from the sample Yout to the impinging photon

density Yin generated by the laser. This quantity can then be used to extract the quasi

Fermi-level splitting ∆EF of the absorbers via equation (6.1) [247].

∆EF = ∆Erad
F + kBT ln

[
Yout
Yin

]
(6.1)

∆Erad
F refers to the maximum achievable VOC in the absence of non-radiative re-

combination. In this case the bandgap of the absorber is 1.0 eV, which translated

to ∆Erad
F =749 meV [248, 249]. The remaining constants in equation (6.1) are the

temperature T at which the sample was measured and the Boltzmann constant kB.

From the measurement right after KCN etching, a ∆EF of ∼ 471meV (measured by

illuminating the front side of the CISe) which is a typical value for Cu-rich CuInSe2

absorbers was obtained [96, 157]. After the gluing process and the subsequent liftoff

the non-cleaved part of the absorber did not change significantly and ∆EF=465meV

was very close to the fresh case (still measuring the front-side of the CISe absorber).

The result of the back-surface, which is presented in Fig. 6.1(f) shows a somewhat

reduced ∆EF of only 426meV. This showed that the gluing and exfoliation procedure

had a negative impact on the opto-electronic properties of the absorber layer. How-

ever, it is important to note that the absorber was still intact and ∆EF=426meV was

only 39meV lower, which ruled out extensive metallic in-diffusion of Ag that would

have increased non-radiative recombination massively. It is also essential to note that

the roughness of the exposed back-contact was extremely low, in contrast to the front-

surface, which may also have altered the reflection coefficient of the impinging laser

light and thereby the re-absorption probability of the emitted photons, which also has

an impact on PLQY [250]. From this analysis, it is clear that the peeling process of the
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Figure 6.2: (a) STM topography image of the back-surface of the CISe absorber layer.

The black lines highlight the position of the grain boundaries. (b)-(d) dI/dU -CITS

maps at different applied voltages of the region shown in Fig. 6.2(a). The measure-

ments were performed at a tunneling set-point of 1 nA, and the voltage was changed

from -2V to +2V. The blue solid, red dotted and black dashed curves displayed in (e)

represent the average density of states extracted from the back-side, Mo-side, and the

UHV annealed front-surface.

back-surface was successful and that this procedure did not deteriorate the absorber

much and an in-depth analysis of the back-surface with scanning probe techniques was

well justified.

In Fig. 6.2(a) the visible grain boundaries of Fig. 6.1(a) are highlighted together

with the dI/dU -CITS maps at different applied voltages [Fig. 6.2(b)-(d)]. In all three

cases (U=-1V, U=0V, and U=1V) the maps are relatively featureless. The results

are not in agreement with top-view measurements on potassium cyanide etched CISe

samples presented in Chapter 5 and other air-exposed CISe results previously reported

[39, 37, 158]. Especially, no distinct grain boundary contrast at U=0V could be

observed, which indicated that the density of states at the grain boundaries was similar

to the grain surfaces. The measurements showed some similarity to absorbers after

UHV annealing, where a passivation of the defect states at the Fermi-level (U=0V) was

observed [39, 40, 158]. Since the CITS maps at all specific voltages were featureless

(no lateral variations), an average dI/dU curve from the scanned region, shown in

Fig. 6.2(a) was extracted. The curve is shown in Fig. 6.2(e) as a solid line together
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with a measurement on the Mo-side (see Fig. 6.1(b)) and one that was measured after

heat-induced passivation on the front surface of a CISe absorber synthesized with the

same process in the same physical vapor deposition system [158].

The first thing to note is that the UHV annealed sample and the measurement from

the back-surface were very similar. The parts at positive voltages were almost identical

whereas the curves at higher negative applied voltages were different. This variation

is attributed to a difference in density of states of the tip, which was certainly not

identical in the two measurements. Important however, was the excellent agreement

of the valence band and conduction band onsets. The Fermi-level, which is located at

U=0V was very close to mid-gap, in agreement with the UHV annealed case [40, 158].

However, the valence band and conduction band edges were not sharp and there was

substantial tailing into the bandgap region. A possible reason for this will be discussed

later in the chapter.

The measurements on the Mo-side, which mainly consisted of MoSe2 were different.

A finite conductance was measured at EF. Furthermore, the Fermi-level was closer

to the conduction band, which points towards n-type doping in agreement with UPS

measurements [54]. The finite conductance at EF was an indication that the Mo-side

had a lot of defects and explained why a well-defined semiconducting gap as expected

for MoSe2 has not been resolved.

The absence of a clear grain boundary contrast in STS on the back-side is somewhat

surprising since it was shown via a combined electron beam induced current (EBIC)

and cathodoluminescence (CL) study that carrier collection efficiency and the CL yield

were different at distinct grain boundaries. STS measurements presented here do not

support this interpretation. However, one needs to keep in mind that the information

depth was very different for EBIC/CL (several hundred nanometers) and STS (<

1 nm). Furthermore, the oxygen content may have been very different. In the present

study, the cleaving was carried out in a glovebox preventing air exposure. This is

usually not done for EBIC/CL measurements, which are much less surface sensitive.

Another question to be discussed is the sensitivity limits of the STS measurements

to detect changes in workfunction. This can conveniently be done using the fact

that the tunneling conductance can be approximated by the following formula [205]:

dI
dU

∝ ρS(E)T (L,U,E) ≡ DOS(E).
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This equation assumes that the density of states of the tip ρt is constant for all

applied voltages and that the voltage dependence of the tunneling coefficient T is small

and can be neglected. The density of states of the sample is denoted with ρs. The

tunneling coefficient depends on the workfunction of the tip ϕt and the sample ϕs, the

tip-sample separation L and the tip radius R and is given by [205]:

T (L, ϕs,t, U, E) ≈ exp

[
−2(L+R)

2

3

√
2m

ℏ2
·
(
(ϕt − E + eU)3/2 − (ϕs − E)3/2

ϕt − ϕs + eU

)]
(6.2)

Assuming that the density of states of the sample ρs is not changing if the workfunc-

tion of the sample varies, its effect on the dI/dU can be simulated via: (dI/dU)ϕs,B
=

(dI/dU)ϕs,A

Tϕs,B

Tϕs,A

where the subscripts A,B denote the regions of different surface work-

functions at constant density of states of the sample and of the tip.

Figure 6.3: Influence of a change in the sample workfunction ϕs on dI/dU assuming a

constant density of states of the sample ρs and of the tip ρt. A tip sample separation

L=5Å , a tip workfunction ϕt=4.5 eV and a tip radius R=1nm were assumed for the

calculations. The workfunction difference depicted in the figure is given by: ∆ϕ=ϕs,A-

ϕs,B. The shaded regions highlight the changes in conductance at a voltage of ±1V,

which corresponds to the voltages shown in Fig. 6.2(b),(d).

Fig. 6.3 illustrates how the variations in the workfunction change the dI/dU curve
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assuming a constant density of states ρs of the sample. In the present study, the

experimental dI/dU curve was not symmetric, which led to a larger change at positive

voltages than at negative ones. Overall, it is observed that the curve at positive

voltages is influenced mostly by the changes in workfunction. However, it is important

to note that a large variation in the workfunction is needed in order to see an effect in

the STS spectra. From the graph (Fig. 6.3) one can conclude that at least 100meV

difference is required to see a clear change in the experimental dI/dU -curves. This

observation is confirmed by the Kelvin probe force microscopy (KPFM) measurements

carried out on the same sample.

6.2 Variation of the workfunction across the rear

surface of CISe2 as measured with KPFM

KPFM is one of the most powerful tools to analyze, with nanoscale resolution, the

change in electronic properties of semiconductor surfaces. The technique is more

sensitive to changes in the workfunction than STS [214]. Therefore, it was chosen to

further investigate the change in workfunction across the rear surface of the sample.

The results are presented in Fig. 6.4 where a topography image [Fig. 6.4(a)] and a

CPD map [Fig. 6.4(b)] are depicted. As indicated earlier, the CPD map is related to

the workfunction via equation (6.3).

VCPD =
ϕs − ϕt

e
(6.3)

Consequently, the brighter regions in the CPD map corresponded to regions with

higher workfunctions, assuming a constant workfunction of the tip. In the topography

image one again observed the grain boundaries as slightly lower regions, in agreement

with the STM measurements. Furthermore, very small dots are also observed on

the rear-surface. The contact potential difference map showed, in contrast to STS

a slightly higher contrast at the grain boundaries. A line profile along such a grain

boundary is shown in Fig. 6.4(c). The shaded area in the graph highlights the grain

boundary region. The result shows a decrease of the topography by approximately

10 nm, together with an increase in the workfunction of approximately 40meV. This

anti-correlation was observed on all grain boundaries in the image. Comparing this
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Figure 6.4: KPFM measurements carried out at the back-side of a Cu-rich CISe ab-

sorber. (a) surface topography image, (b) surface potential map, (c) line profiles as

indicated in (a),(b). The shaded area highlights the grain boundary region. The green

dashed lines indicate local minima in topography whereas the dashed black lines show

local maxima in the topography line-scan. (d),(e) topography and CPD map of the

small precipitations. Some regions are highlighted in both images to correlate the

topographic information to the workfunction variations.

result to the STS measurements (Fig. 6.2) and the calculations (Fig. 6.3) it is clear

that values of grain boundary band bending of approximately 40meV were too small

to be detected in STS.

However, one important aspect still needed to be discussed in more detail. A careful

inspection of the density of the small dots that cover the complete back-surface showed
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that, at the grain boundaries the density seemed to be slightly lower [see Fig. 6.1(a)

and Fig. 6.4(a)]. It is therefore important to analyze if the changes of the dot density

at the grain boundaries were responsible for the observed workfunction changes. At

least the dots seemed to have an impact on the workfunction since variations in CPD

were also seen on the grain surfaces. The line profiles in Fig. 6.4(c) showed that the

variations were approximately 20mV - 30mV in the area outside of the shaded region.

In Fig. 6.4(c) all the prominent minima in the topography are indicated by green

dashed lines whereas the maxima are highlighted with black dotted lines. For both

situations (maxima or minima) in the topography, corresponding CPD variations were

measured in both directions. The findings exhibited no direct correlation between the

maxima and minima in topography and CPD. Hence, it is deduced that the dots are

not the main reason for the systematic changes in the workfunction that is observed

at the grain boundaries. However, a thorough analysis revealed that the dots do have

an impact on CPD across the surface of grain interiors albeit not always in the same

direction [ Fig. 6.4(d) and (e)].

To explore the elemental composition of the sample and mainly the one of those

dots measured with both KPFM and STM/STS, the sample was analyzed with EDX

and XPS and the results are discussed in detail below.

6.3 Elemental composition at the rear-surface

Table 6.1 summarizes the elemental compositions that were measured with EDX and

XPS. The EDX measurements were acquired at 20kV, 15kV, 7kV and 5kV in order to

gain some insights into the compositional changes as a function of depth. On the other

hand, Table 6.1 also contains the measurements carried out at 20 kV on the front-

side of the absorber after KCN etching for a comparative study. This measurement

can be considered as a reference since an etched stoichiometric CISe absorber layer

should exhibit a Cu/In ratio of 1 in the bulk in agreement with the results presented

here. The systematic error for the elemental concentration is at least 1 at% for an

EDX measurement and consequently the small deviations from the expected values

were well within the error of the measurement technique. Although the systematic

errors in EDX are large, changes in the composition at varying acceleration voltages
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Table 6.1: Elemental composition of the rear surface of CISe samples, as measured

via EDX and XPS. EDX and XPS analyses were acquired on large areas (compared

to the grain size) in order to get representative averages. EDX values in brackets were

measured after KCN etching of the back side. All samples were etched on the front

side prior to the peel off process. All measurements performed on the back side were

carried out in one session to limit the error bar. The measurements on the front side

were done with another SEM machine and different systematic errors may influence

the absolute numbers.

EDX composition [at%] Cu In Se Cu/In

Back-side (20kV) 24 (24) 25 (25) 50 (50) 0.9 (0.9)

Back-side (15kV) 28 (28) 24 (24) 48 (48) 1.2 (1.2)

Back-side (7kV) 30 (30) 24 (24) 46 (47) 1.3 (1.3)

Back-side (5kV) 32 (30) 23 (23) 45 (47) 1.4 (1.3)

Front-side (20kV) 25 24 51 1.0

XPS composition [at%] Cu2p In3d Se3d Cu/In Na1s Mo3d O1s

Back-side 29 17 42 1.7 0.5 / 11

Mo-side 1 0 36 / 0.3 38 24

are much less susceptible to large errors if the quantification is done with the same

characteristic X-ray lines. Consequently, the measurements performed at different

acceleration voltages suggested that the Cu-content is slightly higher at the back-

contact region. However, EDX measurements are not surface sensitive enough to

analyze compositional changes in the near surface region. XPS measurements are

much more surface sensitive (∼ 6-8 nm) than EDX measurements which are entirely

bulk sensitive at the used acceleration voltages (information depth ∼ 0.1-1µm at

5 kV-20 kV acceleration voltage). Interestingly, the Cu concentration, as deduced via

XPS was much higher close the interface with a Cu/In ratio of 1.7. This was a clear

indication that excess Cu was present at the back-contact and further strengthens the

EDX results. At the Mo-side a small amount of Cu was measured and no In was

detected, which corroborated that there was no CISe remainders on the Mo-side. The

Mo/(Se+O) ratio is 0.6, which points towards a MoSe2 layer, partially oxidized due

to the rather long storage time of this substrate in the glovebox before introduction
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into the XPS system. The oxygen concentration was more than doubled compared to

the back-side absorber, which was introduced directly after the exfoliation. However,

residual oxidation of the substrate prior to the growth process cannot be excluded and

may also have contributed to the higher oxygen content.

In the following, some high resolution scans of the individual elemental transitions

acquired via XPS are presented and discussed. In Fig. 6.5(a) the Cu 2p line of the back-

side and of the Mo-side are shown. The binding energy of 932.4 eV was in excellent

agreement with the reported values for CuInSe2 [243]. The Auger parameter, which

Figure 6.5: (a-d) High resolution XPS analyses of the rear surface and the Mo surface

(a) Cu 2p, (b) In 3d, (c) Se 3d, (d) normalized Cu 2p curves depicted in (a).

is only sensitive to the chemical environment and not to changes in binding energy as

a result of different band bending, was 1849.7 eV, which was also in good agreement

with CISe [243]. The Cu concentration at the Mo-side was only 1% (see Table 6.1).

In Fig. 6.5(d) the Cu 2p spectra were normalized to the peak maxima in order to

improve the visibility. Within the error of the measurement no significant shift in
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the binding energy was seen and the Auger lines were too weak to estimate an Auger

parameter. The In 3d lines are presented in Figure Fig. 6.5(b). The binding energy

was in accordance with the reported values [243] and almost no signature of Indium

was observed at the Mo-side. This showed that the detected Cu that was measured on

the Mo side is not bound to CISe. The Se 3d lines are depicted in Fig. 6.5(c). A clear

shift in the binding energy was visible when comparing the two substrates. On the

back-side the Se 3d5/2 was located at 54.2 eV whereas on the Mo-side the value was

located at 54.4 eV. The shift towards higher binding energies was attributed to a change

in the chemical environment of the Selenium from a CISe matrix on the back-side to

a MoSe2 matrix on the Mo-side. The measured value of the binding energies were in

agreement with reported values [243, 251]. The elemental composition of the MoSe2

(Table 6.1) was not equal to 2 and the large amount of oxygen was likely to influence

the MoSe2 concentration measured here. For both surfaces the Na concentration was

on a similar level with approximately 0.5%.

Figure 6.6: Grazing incidence XRD measurement performed on a peeled absorber

(the front-side of the absorber was etched whereas the back-side was not). The peaks

highlighted by blue, green and red vertical lines are from the CISe, CuxSe secondary

phase and the holder, respectively.
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The XPS and the EDX measurements strongly suggested that there was excess Cu

at the back contact of the absorber layer. In order to corroborate the existence of

a CuxSe secondary phase, grazing incidence X-Ray diffraction was used. The results

are presented in Fig. 6.6. It needs to be emphasized that this absorber layer was

KCN etched before the peeling process in order to make sure that all the CuxSe

detected in the diffractogram originated from precipitates in the bulk or from the

back contact. The findings revealed a peak located at 25.6◦ and additional shoulders

Figure 6.7: SEM micrograph of the back-side of the CISe absorber: (a) prior to KCN

etching. (b) identical absorber after KCN etching.

around the (312) CISe peak at 52.39◦, which were also reported to originate from

CuxSe [155, 252]. Consequently, the XRD data confirmed that precipitations exist in

Cu-rich absorbers, despite the fact that the front surface was etched with KCN prior

to the peel off process. In Fig. 6.7(a) and (b) high resolution SEM measurements are

presented, which show the morphology of the CISe back side prior to KCN etching

and after KCN etching.

The small white grains completely disappeared after KCN etching and furthermore,

substantial changes was observed at the grain boundaries. The brighter contrast in

SEM as shown in Fig. 6.7(b) is not indicative of an accumulation of material but

rather due to a higher secondary electron yield at the grain boundaries, i.e. a different
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Figure 6.8: KPFM measurements carried out at the back-side of a KCN etched Cu-

rich CISe absorber. (a) surface topography image, (b) surface potential map, (c) line

profiles as indicated in (a),(b). The shaded area highlights the grain boundary region.

electron affinity or workfunction. Currently, it assumes that the etching rate at the

grain boundaries was enhanced, suggesting that there was a larger amount of CuxSe

present compared to the absorber back-surface. The small grains in Fig. 6.7(a) are

attributed to CuxSe precipitates, which were removed during the KCN etching process.

EDX measurements performed on the same sample showed a reduction of the Cu/In

ratio from 1.4 to 1.3 due to the removal of a CuxSe secondary phase.

To further analyze the higher contrast observed at GBs of the etched sample, it was

analyzed with KPFM. The result is shown in Fig. 6.8 where the topography image,

the workfunction map as well as line profiles extracted from a GB [blue circles in Fig.

6.8(a) and (b)] are depicted in (a), (b), and (c), respectively. The topography image

is featureless, no grain boundary signatures are resolved. The white particles see on

its surface are ascribed to the residual CuxSe2 phase which is left at the surface of

the film after KCN etching. In line with the SEM measurements, a variation in the

CPD contrast was also observed at GBs with KPFM confirming thereby that changes

in the contrast between GBs and grain interiors measured with the SEM are due to

difference in workfunction.
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Figure 6.9: SEM measurements acquired in (a) before KCN etching and in (b) after

KCN etching. The corresponding AFM image is presented in (c) and a line profile

showing a cavity of ∼ 35 nm deep in (d). The line profile is extracted from the region

indicated by the green circle in (c).

Alike SEM and EDX measurements were conducted at the rear surface of Cu-poor

CISe before and after KCN etching for a comparative study. The results are depicted

in Fig. 6.9 and the elemental composition in Table 6.2.

The micrographs showed no significant change after KCN etching suggesting that

contrarily to the film grown under over stoichiometric conditions the backside of Cu-

poor CISe is CuxSe free. Both images show the presence of voids of ∼35 nm deep [Fig

6.9(c) and (d)] over the surface, similar to the ones measured at the surface of UHV

annealed Cu-poor CIGSe [253]. Although some very small dots are seen on the AFM

image, note that in contrast to results acquired from the rear surface of Cu-rich CISe,

the backside of Cu-poor film is unaffected by the KCN etching. This suggests as can

be seen in Table 6.2 where a similar elemental composition was recorded before and

after KCN treatments that tiny dots observed here are not CuxS secondary phase.

The elemental composition measured before and after KCN etching is similar.
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Table 6.2: Elemental composition of the rear surface of Cu-poor CISe samples, as

measured via EDX. EDX measurements were acquired on large areas in order to get

representative averages. EDX values in brackets were measured after KCN etching of

the backside. All samples were etched on the front side prior to the peel off process.

All measurements performed on the backside were carried out in one session to limit

the error bar.

EDX composition [at%] Cu In Se Cu/In

Back-side (20kV) 25 (25) 27 (27) 48 (48) 0.9 (0.9)

Back-side (15kV) 27 (26) 26(26) 47(48) 1.0 (1.0)

Back-side (7kV) 27(27) 28(26) 45 (47) 1.0 (1.0)

Back-side (5kV) 29 (29) 24(24) 47(47) 1.2(1.2)

6.4 Discussion & summary

The following list summarizes the key findings of the preceding sections.

• The back-side of stoichiometric CISe absorber showed an increased concentration

of Cu in the region close to the interface. XRD measurements showed small

amounts of a CuxSe phase, which could be removed with a subsequent KCN

etching of the back-side as evidenced by high resolution SEM micrographs.

• A weak upward band bending of approximately 40meV was measured at the

grain boundaries with KPFM.

• The STS data were similar to the results obtained on UHV annealed CISe ab-

sorbers. However, there was still substantial tailing highlights by a gradual

decrease of the dI/dU curves into the bandgap region and the absence of sharp

conduction and valence bands.

• The Fermi-level was mid-gap, similar to the absorbers surfaces after UHV an-

nealing [40, 158].

• For the Mo-side, EF was closer to the conduction band and a finite conductance

was measured at EF, which pointed towards a high number of defects in the

MoSe2 or very high doping levels.
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The most intriguing finding is certainly the high concentration of Cu at the absorber

back-side and a non-negligible concentration on the Mo-side. XRD and SEM measure-

ments corroborate that a very thin layer of CuxSe formed at the MoSe2/CISe interface

due to the Cu-rich growth conditions. This finding is not in accordance with reports

on Cu-rich CuInS2 where the back surface did show an indium enrichment [150] and no

indication of a CuxS phase. To the best of our knowledge there are no reports avail-

able where the back-surface of a Cu-rich CISe absorber was investigated with XPS

measurements. However there is a lot of literature available for the Cu-poor material.

In accordance with TEM measurements [152] of the back-surface a MoSe2 layer which

included some Cu was measured. However, no CuxSe secondary was observed in their

studies. Furthermore, XPS and UPS measurements of the Cu-poor CIGSe/MoSe2 in-

terface also excluded a CuxSe secondary phase. They observed an accumulation of Ga

and Cu at the rear contact, in accordance with APT measurements [153].

The present investigation shows that Cu-rich Selenium based absorbers exhibit

different surface and back-surface compositions compared to the absorber bulk. The

Cu-rich growth conditions trigger the precipitation of a CuxSe secondary phase, which

is not present in Cu-poor material and which segregates at both interfaces. In the

STM and AFM data presented here, one can observe that both sides of the rear-

interface were covered with very small grains in the order of several tens of nanometers.

The result shows a correlation of the workfunction with the grains although it is not

straightforward to observe one distinct value. It rather seemed like randomly oriented

small grains that exhibit slightly different workfunctions. The small grains and their

variations in workfunction on the grain surfaces (∼20meV) are assigned to CuxSe.

This conclusion was drawn on the basis of our XPS and EDX measurements, which

showed a clear increase in Cu at the back-side of the CISe absorbers and the XRD

measurements that showed that residual CuxSe was present in the absorber layer.

From XRD it is hard to rule out that there was no CuxSe present in the bulk of the

absorber. However, the EDX and SEM measurements confirm that at least a part of

the CuxSe was present at the rear-side.

The workfunction changes at the grain boundaries that are measured in this study

are inverted compared to results reported by Marron et al. [156]. However, these

investigations were performed on Cu-poor CuGaSe2. The differences can be assigned
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to a different Cu concentration at the grain boundaries, which favours upward band

bending for the case of Cu-rich material and downward band bending for Cu-poor ma-

terial as exhibited by the investigations performed at the surface of Cu-poor materials.

KCN etching of the back-side of Cu-rich film showed an increased etching rate at the

grain boundaries compared to the surface, which was attributed to a larger amount of

CuxSe at the grain boundaries.

Another important point that needs to be discussed further are the STS results.

Based on the XPS findings the back-surface of the CISe were partially covered with

CuxSe. In the present study the focus was on large area scans where the dI/dU maps

averaged over large areas covered with a large number of small grains. This fact may

explain the rather undefined band edges that are observed in the dI/dU average curve.

High resolution STS measurements are necessary to disentangle the signal from the

small grains from the one of the underlying substrate. At present this was not possible

due to the duration of the CITS scans (approximately 15 hours), which imposed very

strict limits for the maximum allowed temperature drift during STS measurements.

Finally, the implications of the formation of CuxSe phase at the rear surface of a

film on the device performance need also to be discussed. The measurements presented

above corroborate that CuxSe precipitations do not only form at the front contact but

also at the rear-surface under Cu-rich growth conditions in CISe. The interface recom-

bination velocities are likely to be higher than for a pure MoSe2/CISe interface since

the MoSe2 is a layered material with pure Van der Waals bonding along the growth di-

rection, i.e. no dangling bonds. It is likely that the CuxSe secondary phase makes the

interface worse and thereby reduces the PCE of the final device. Furthermore, band

bending is different than in Cu-poor CuGaSe2. Although at present it is difficult to

disentangle the influence of the Ga/In from the different Cu content, the results still

showed the composition has important consequences for the properties of the grain

boundaries as also described in a recent APT study for CuInS2 [254]. The reported

measurements showed an increased concentration of Cu at the grain boundaries in

Cu-rich CuInS2. If a similar behavior is assumed here, i.e a similar grain boundary

chemistry in Cu-rich CISe, excess Cu would segregate out at all interfaces (front, back

and grain boundaries) with distinct opto-electronic properties compared to the Cu-

poor absorbers. The SEM measurements performed before and after KCN etching of
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the back side are in line with these observations since a preferential etching of the

grain boundaries was also observed.

In summary, it was shown that for stoichiometric CISe absorbers the rear-surface

exhibited an accumulation of Cu, which is assigned to a CuxSe secondary phase. This

is in contrast to Cu-poor CIGSe where a Cu and Ga enrichment were measured. With

KPFM, a slight upward band bending of approximately 40meV which because of its

reduced value could not be measured with STS was measured at the grain boundaries.

The density of states of the rear-surface was similar to that of the UHV annealed

absorbers. This finding must be taken into account when discussing why Cu-rich

material does not perform well in solar cells compared to Cu-poor absorbers. The

detrimental CuxSe secondary phase, which can be etched off on the front-side is also

present at the rear-surface, increasing thereby the back-surface recombination velocity.

In the absence of a suitable back-surface field, this may be very detrimental for device

performance. Finally it is important to note that it is likely that similar processes

occur in other selenium based absorbers layers such a Cu2ZnSnSe4 where Cu-poor

growth conditions are also mandatory to reach the current record power conversion

efficiencies.
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Impact of NaF and NaF+ RbF

alkali elements on the surface

properties of Cu(In, Ga)Se2: The

formation of ODC phase

Cleaning the CIGSe surface after alkali-metal post deposition treatment (PDT) is

one of the important steps that need to be filled in order to achieve high power con-

version efficiency. For that purpose, numerous washing strategies including distilled

water rinsing [233] and diluted ammonia rinsing [32, 134, 135] were developed and

are widely used in the CIGSe community. Although different alkali elements such as

sodium (Na), potassium (K), cesium (Cs) and rubidium (Rb) were all found to sig-

nificantly improve the performance of CIGSe solar cells, the best PDT treated CIGSe

solar cell was obtained from an absorber that had undergone RbF. After treating the

CIGSe with RbF PDT, a PCE exceeding 22 % was measured and was mainly assigned

to the enhancement of both the open circuit voltage (Voc) and the fill factor (FF) of

the film after the treatment [30]. Despite the various studies that were carried out in

order to explain this outperformance, the influence of RbF treatment on CIGSe surface

electronic properties is still unclear. Several mechanisms were proposed, including the

formation of a thin RbInSe2 secondary phase [132, 232] which in some cases acts as

an extraction current barrier at the hetero-interface, or the creation of an additional

downward bend bending right at the interface between the CIGSe film and CdS buffer
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[33, 34] as well as the formation of a strong Cu and Ga depleted surface after RbF

PDT were suggested but are still under ongoing debate. In fact, having a thick layer

of RbInSe2 was reported to be detrimental to the device performance, whereas a for-

mation of a thin layer of such material at the CdS/CIGSe interface was found to be

beneficial for the solar cell [133]. This suggests that the effect of RbF on the CIGSe

based solar cells is not elucidated yet.

To shed more light on the impact of the NaF and RbF PDTs on CIGSe surface proper-

ties, combined KPFM, XPS, STM/STS, SIMS, and Raman techniques were employed

to systematically investigate the properties of CIGSe samples, which were post-treated

with NaF and RbF. Three samples were considered for the study: an as grown non-air

exposed sample, a NaF and a NaF + RbF as PDT deposited samples. Additionally,

the influence of rinsing with the distilled water and with the diluted ammonia solution

on the NaF and NaF+RbF CIGSe treated samples was examined and discussed in

detail. For this purpose, in the following the as grown non-air exposed CIGSe film

will be called “Rf-CIGSe”, the CIGSe PDT treated with the NaF the “NaF” and the

CIGSe PDT treated with the NaF+RbF the “RbF”. Details of sample preparation

and how measurements were carried out can be found in section 4.3.

The chapter is divided into two main parts. In the first part (section 7.1), the surface

properties of the as grown non-air exposed CIGSe (Rf-CIGSe), i.e, absorbers that have

not been in contact with air, and which were not KCN etched were analyzed. The

findings are compared to the reported results acquired from the CIGSe surface, which

was exposed to air and etched with KCN. The second part (section 7.2) focuses on

the investigation of the surface electronic properties of NaF and RbF samples. Here,

the question about how the cleaning process affects the topography, the workfunction

values, the chemical composition, and the surface electronic properties of the NaF and

NaF+RbF PDTs will be addressed. The last section focuses on the discussion and

brief summary of the chapter.
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7.1 Surface properties of as grown non air-exposed

and non chemical treated Cu(In, Ga)Se2 ab-

sorbers

In this section, the STM/STS and KPFM results recorded from the surface of Rf-

CIGSe are presented. The SEM micrograph, the PL spectrum as well as the elemental

composition of the film are reported in the Appendix, in Fig. A.3 and Table A.6,

respectively. After the deposition of the Rf-CIGSe absorber via PVD (pressure ∼ 10−9

Figure 7.1: a) STM topography image presenting well defined grains and grain bound-

aries; (b)-(d) dI/dU -CITS maps extracted at different specific voltages, in this case at

−1V , 0V and 1V ; (e) average dI/dU curve extracted from the region with the lower

contrast[(d)]. The measurements were carried out with the V-gap of −2V , the current

setpoint of 0.2 nA and the ramp voltage was from −2V to 2V .

mbar), the sample was immediately moved into a suitable vacuum suitcase, with a

base pressure of ∼ 10−9 mbar, from there into the SPM machine to reduce the surface

contamination. In Fig. 7.1, the STM topography image showing different grains and

grain boundaries [Fig. 7.1(a)], the corresponding dI/dU - CITS maps extracted at

different specific voltages [Fig. 7.1(b)-(d)] as well as the dI/dU average curve from the

regions with the lower contrast in (d) [Fig. 7.1(e)] are depicted. Again, even in this

case, all images were optimized to have the best contrast, as indicated by the scale
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bar below each sub-figure. The dI/dU - CITS maps were extracted at −1V , 0V , and

1V voltages because they provide better contrast to distinguish various regions that

are present at the surface of the film. The map is featureless at −1V [Fig. 7.1(b)]

and shows a small variation in the contrast over the surface at 0V [Fig. 7.1(c)]. No

strong variation of the density of states within individual grains, from grain to grain

as well as across the grain boundaries is observed. The results exhibited no changes in

the density of states across the GB/grain interface, suggesting that grain boundaries

might be passivated. At U = 1V two main regions can be identified. One with the

Figure 7.2: Average dI/dU curve extracted from the regions with the higher and

lower contrasts. The onset between the two curves observed at the positive voltages is

ascribed to difference in workfunction between the two domains. The measurements

were carried out with the V-gap of −2V , the current setpoint of 0.2 nA and the ramp

voltage was from −2V to 2V .

higher contrast and another with the lower contrast representing in total ∼ 55% of

the analysis area. These two different contrasts can be assigned to a difference in

density of defects states at the surface of the film or to a change in workfunction.

To disentangle this, some KPFM measurements were also performed, and will be

discussed in the following. In Fig. 7.1(e), the average dI/dU from the region with
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lower contrast presents a semiconducting like-characteristic with a bandgap of ∼ 1.2 eV

and the Fermi energy position close to the valence band. Regarding the region with the

higher contrast, the corresponding dI/dU curve (Fig. 7.2) exhibits a semiconducting

behavior as well, but this time, with a Fermi energy position close to the conduction

band. The onset observed at the positive voltages in Fig. 7.2, is as indicated above and

also reported by H. Mönig et al. in Ref. [37], ascribed to a difference in workfunction

between the region with high and low contrasts. These findings suggest semiconducting

properties, and zero finite conductance [dI/dU(Ef ) = 0] at the Fermi energy level of

the Rf-CIGSe sample surface. It is important to point out that the measurements were

repeated at several spots microscopically distinct from one to another using different

tips and the results were similar. Only a few grain boundaries have shown a slight

increase in the density of defect states. This can be seen in Fig. 7.3 where one of the

grain boundaries exhibiting such augmentation of the DOS is highlighted by the green

dots circle. The dI/dU map is displayed at U = 0V only, because, it is the voltage at

which the grain boundary was clearly resolved. Alike analysis was performed on CIGSe

Figure 7.3: STM/STS data of one of the regions of interest studied on Rf-CIGSe

surface. (a) STM topography image, (b) dI/dU map at the Fermi level position (U=0

V). The dI/dU map was extracted at U=0 V because at this specific voltage, the

grain boundary could be clearly resolved. The GB which exhibits an increase in the

density of states compared to the surface of the grains is highlighted by the green dots

circle.

samples that were exposed to air and KCN etched [37]. The former authors reported a
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strong variation from grain to grain and within grains, and a reduced density of states

at grain boundaries. Their results are not in line with the findings presented here.

First, most grain boundaries of Rf-CIGSe sample do not show a change in the local

density of states as compared to the grains. Besides, the sturdy variation of density of

states observed on air exposed/KCN etched samples was ascribed to different degrees

of oxidation of the absorber after exposing them to air [38] or to some additional

defect states induced by KCN etching [158], which both are absent in the case of

the vacuum transferred samples. Therefore, the results acquired from the Rf-CIGSe

suggest that the features observed at the surface of the samples after exposing to air

or after KCN etching them might not reflect the pristine electronic properties of the

film. In contrast to the air exposed/KCN etched absorber, the Rf-CIGSe sample has

not shown a strong variation in the density of states across the surface of the film and

has exhibited a semiconducting-like characteristic.

In Fig. 7.4, FM-KPFM results performed on the Rf-CIGSe surface are depicted.

The KPFM topography image presenting different grains and grain boundaries is dis-

played in Fig. 7.4(a) and the corresponding workfunction map in Fig. 7.4(b). The

Figure 7.4: Topography and workfunction images of the Rf-CIGSe film adapted from

Evandro et al. [227]. (a) topography image displaying well-defined grain and grain

boundaries; (b) workfunction map showing a workfunction value that varies between

4.4 eV and 4.9 eV; (c) 3D image of the topography overlaid with the workfunction map.

The measurements were carried out in UHV using FM mode KPFM. G1 and G2 refer

to grain 1 and to grain 2, respectively. The interface between them, as highlighted by

the black dots curve, is the so-called grain boundary in polycrystalline CIGSe.

topography image shows a peak to peak height variation of ∼ 200 nm. The workfunc-

tion map exhibits a strong variation of the workfunction over the surface of the samples

116



Chapter 7

and a smooth variation accross grain boundaries. Interestingly, the map reveals several

domains with two main ones, which present a very bright contrast and a very dark

contrast exhibiting thus higher and lower workfunction values, respectively. The work-

function difference between these important regions is ∼ 500meV. As demonstrated in

Section 6.1, this workfunction difference of 500meV between the two patches is 5 times

higher than the minimum workfunction (100meV) which is needed in order to see the

effect of the workfunction of a sample in the STS spectra in STM/STS. Therefore, it

is concluded that the strong variation observed on the dI/dU −CITS map at U=1V,

in STM/STS data is not linked to difference in bandgap but is due to the variation in

workfunction over the surface of the sample.

Following the approach proposed in Ref. [220] both topography and workfunc-

tion images are merged onto one three dimensional representation and are shown in

Fig. 7.4(c) to check whether there is a link between the change in workfunction and

facet contrasts present at the surface of the sample. It is clearly seen that most of

the contrast are facets related. To corroborate this and therefore analyze the change

in workfunction at the GB/grains interface, line profiles perpendicular to the grain

boundaries were investigated. The analyses were done on various regions of interest

with the one depicted in Fig. 7.4 included. To illustrate how the investigations were

performed, lines profiles extracted from the grain boundary located at the interface

between G1 and G2 (see Fig 7.4) are shown in Fig 7.5. G1 and G2 refer to grains 1

and 2. To reduce the noise level, each curve was obtained by averaging fifteen neighbor

line profiles across each grain boundary. Fig. 7.5(a) depicts the data recorded while

the probe is scanning in the forward direction (line profile trace) and Fig. 7.5(b) the

ones acquired when it is scanning in the backward direction (line profile retrace). A

similar approach was applied for all grain boundaries present in Fig. 7.4(a). The result

is reported in the Appendix (Figs. A.4, A.5 and A.6 ). The outcomes exhibit that

the minima of the grain boundaries do not appear at the same position as the min-

ima/maxima of the workfunction suggesting that the workfunction contrast observed

arises mostly from facet contrast and not from the grain boundaries [ see Fig. 7.5(a)

and retrace Fig. 7.5(b)]. The analyses were reproduced on different other areas of

interest and similar observation was seen. It is important to point out that all these

observations are opposite to what was measured at the surface of air exposed KCN
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Figure 7.5: Topography and workfunction line profiles extracted from GB located be-

tween G1 and G2: (a) line profiles recorded when the probe is scanning in the forward

direction, (b) line profiles recorded when it is scanning in the backward direction. G1

and G2 refer to grains 1 and 2.

etched samples [158, 37].

It is shown in the literature [227] that in order to measure an accurate workfunction

value of a sample, it has to be cleaned and free of any contamination. In addition, FM

mode KPFM that is largely recognized as the KPFM mode that provides a credible

accuracy and better lateral resolution needs to be used for measurements [226, 227].

Although those recommendations were respected, i.e, FM mode KPFM was used for

the analyses and the sample was transferred in UHV to avoid any contamination, the

aspect of the UHV cross-contamination was scrutinized. Fig. 7.6 displays topographies

(a-c) and workfunction maps (d-f) of the Rf-CIGSe measured immediately after growth

[Fig 7.6(a, d)], after keeping it in UHV for a few weeks [Fig 7.6(b, e)] as well as after

UHV annealing it at 200◦C for 30 minutes [Fig 7.6(c, f)]. Note that the annealing

temperature was chosen such as the loss in Se, which is one of the most volatile elements

in CIGSe compound could be neglected. The findings exhibit an average workfunction

of approximately (5.1±0.1) eV for Rf-CIGS fresh sample which drops to (4.3±0.1) eV

after keeping the sample in UHV for a few weeks and completely recovered after

UHV annealing steps. The value of the workfunction achieved (5.07 ± 0.01) eV after
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Figure 7.6: Exploration of the UHV cross-contamination of a Rf-CIGSe sample by

means of FM-KPFM. (a-c) AFM topography images and (d-f) the corresponding work-

function maps. (a-d) represent the data acquired from the Rf-CIGSe fresh sample, i.e,

the Rf-CIGSe measured directly after introducing it into the SPM machine; (b-e) the

data from the same sample after keeping for few weeks in UHV, (c-f) show results after

UHV annealing it at 200◦C for roughly 30 minutes. The scale below each subfigure

was individually optimized with the aim to have better contrast for each image.

UHV annealing is similar to the one of as grown fresh CIGSe sample. This variation

in workfunction is also shown in a corresponding histogram depicted in Fig. 7.7.

Fig. 7.7 clearly shows that the workfunction of Rf-CIGSe fresh and UHV annealed

samples are similar, and are ∼ 1.2 times higher than the one of the sample that

was kept in UHV for a few weeks. Such a decrease in workfunction after leaving a

sample in UHV was also measured at the surface of a single crystal CIGSe sample

[227] and was ascribed to change in surface dipole induced by the adsorbates. These

results showed that even when the sample is transferred under UHV conditions, its

workfunction may be strongly different from the as grown fresh sample workfunction

value if one leaves it in UHV for sometime. Nevertheless, after UHV annealing the

workfunction recovers to the initial value indicating that changes at the surface of

the sample induced by adsorbates have not permanently modified the electrostatic
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Figure 7.7: Distributed spectra acquired from the Rf-CIGSe fresh sample, the sample

that has been kept in UHV for a few weeks as well as from the sample that was

UHV annealed at 200oC for 30 minutes. The red, black and green dots curves are

extracted from the fresh, the sample kept in UHV and the UHV annealed sample,

respectively. The values presented in the graph represent the average workfunction

values (ϕ) from different analysis areas, which are microscopically distinct one from

the another. Therefore, the errors indicate on those values are the standard deviation

errors.

landscape [227] of the polycrystalline CIGSe sample. Thus, annealing in UHV can

be considered as an alternative to clean the surface of a sample that initially was not

exposed to air and was free of all contamination and moisture, but, which was kept in

UHV for sometime.

The following sections will be mainly based on results achieved from the NaF and

RbF samples.
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7.2 Effect of NaF and RbF PDTs on Cu(In,Ga)Se2

surface

In this section, the surface properties of the RbF and NaF samples were investigated

and critically discussed. The basic idea is to examine how the electronic and chemical

properties of the samples vary with respect to the rinsing process. Hence, the sam-

ples were analyzed as grown, and after rinsing them with the deionized water (H2O)

and diluted ammonia solution (NH4OH), respectively. The description of the clean-

ing procedure is reported in subsection 4.3.1. As indicated earlier, the samples were

grown in EMPA using a multistage low-temperature co-evaporation process. Detailed

information regarding the growth process can be found in [52]. Immediately after

growth, they were shipped in a nitrogen sealed transport box to the scanning probe

microscopy (SPM) laboratory of the University of Luxembourg and were introduced

into a N2 filled glove box (H2O ≤ 1 ppm, O2 ≤ 1 ppm) within the same day to minimize

their exposure to air.

7.2.1 Variation of the workfunction of the RbF and NaF sam-

ples as a function of the various rinsing process

Fig. 7.8 shows topography and corresponding workfunction maps recorded from the

RbF sample after each treatment. All the analyzes were performed in a nitrogen envi-

ronment to minimize any exposure to air and moisture. In Fig. 7.8(a) the topography

image acquired from the as grown sample is presented. The result reveals that the

sample is covered with granular structures, which are very densely spread across its

surface. Those precipitates represent roughly 45 % of the surface and show lower

workfunction (4.9± 0.1) eV as compared to the average workfunction value (5.0± 0.1)

eV of the sample [Fig. 7.8(d)]. With such agglomerations, it is hard to identify the

grains or grain boundaries, neither on the topography or on the workfunction map.

After rinsing the sample with deionized water, the topography image shows some

CIGSe features [Fig. 7.8(b)], and the workfunction map exhibits a reduction in the

low workfunction structures [Fig. 7.8(e)], suggesting thus a partial removal of some

surface residues. Approximately 27 % of the precipitates with a workfunction of (4.6

± 0.1) eV are still present at the surface of the water rinsed sample. The same results
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were observed after cleaning the samples for 30 seconds, 1 minutes and 5 minutes with

H2O. At this point, it is clear that rinsing the RbF sample with only distilled water is

not efficient in removing the surface residues.

Figure 7.8: FM-KPFM data of RbF sample; (a-d) as grown sample; (b-e) RbF sample

after rinsing with the distilled water; (c-f) RbF sample after rinsing with the diluted

ammonia solution.

After ammonia rinsing, a clean topography with well known grains and faceted

CIGSe surface are observed [Fig. 7.8(c)]. All the surface residues that were found at

the surface of as grown and water rinsed samples are not there anymore. In contrast

to the results achieved from the as grown sample, the workfunction map [Fig. 7.8(f)]

exhibits high workfunction structures of (5.3± 0.1) eV with the average workfunction

of the surface of (5 ± 0.1) eV. The findings confirm that ammonia cleaning allows

removing most of the precipitates with the lower workfunction that was present at the

surface of the sample before cleaning the sample with NH4OH. Hence, it is concluded

that ammonia rinsing is an efficient method to remove the surface residues from the

surface of the CIGSe samples that were pre-treated with NaF+RbF alkali metal.

Alike measurements were carried out on the NaF sample for comparative purposes.
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Figure 7.9: FM-KPFM data of NaF sample; (a-d) as grown sample; (b-e) NaF sample

after rinsing with the distilled water; (c-f) NaF sample after rinsing with the diluted

ammonia solution.

The results are shown in Fig. 7.9. In Fig. 7.9(a)-(d), the KPFM data obtained from

the NaF as grown is depicted. The images are similar to the results acquired from

the RbF as grown sample. The topography shows that the surface of the NaF sample

is also densely covered with granular structures [Fig. 7.9(a)]. The workfunction map

[Fig. 7.9(d)] exhibits that the workfunction of those precipitates is lower (4.4±0.3) eV

compared to the average workfunction value of the sample (4.9±0.2) eV. Furthermore,

the average workfunction of NaF and RbF samples are very close one to another.

Although the findings shows a strong correlation between the two samples, it is difficult

to say at this stage that the granular structures observed on both sample surfaces have

the same origin. The samples were post-treated differently. One sample was treated

with NaF only and another one with NaF and RbF.

In contrast to the RbF sample [Fig. 7.8(b)-(e)] where it was shown that rinsing with

the distilled water is not enough to remove all the patches from the sample surface,

the NaF sample shows a clean topography and workfunction map already after the
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H2O cleaning [Fig. 7.9(b)-(e)]. The precipitates that were found on the as grown

sample completely disappeared after rinsing the sample with the purified water. The

data become cleaner after NH4OH washing [Fig. 7.9(c-f)]. Nevertheless, the average

workfunction of the NaF NH4OH rinsed sample (4.5±0.3) eV is lower than that of the

RbF NH4OH rinsed sample (5±0.1) eV. The reason for this difference in workfunction

between the two sample is not clear at present, however, will be closely investigated

below. Nonetheless, it is speculated that this variation in workfunction can be due to

a difference in electron affinity or surface band bending between the two samples.

7.2.2 Changes in surface chemical composition of the film af-

ter different cleaning processes

In order to analyze what happened at the surface of samples after each treatment and

to investigate whether there is a link between the variation in workfunction presented

above and the change in chemical composition, the surface of as grown, the water

(H2O), and ammonia (NH4OH) rinsed RbF samples were systematically explored with

XPS. Their survey spectra are plotted in Fig. 7.10. All curves were normalized for

better visualization. Additional to the elements embedded in the CIGSe matrix, it was

found that the surface of RbF as grown sample is covered with a lot of sodium, fluorine

and a bit of rubidium. The results reveal almost no signature of copper and gallium

elements at the surface of the film. This depletion of Cu and Ga after RbF PDT is

known and is well documented [32, 232, 255, 233]. After washing the samples with

water or ammonia, sodium and fluorine completely disappeared. However, the H2O

rinsed samples still do not exhibit any signature of Cu at the surface although a small

signal of Ga is detected. Besides, a tiny amount of rubidium is detected after H2O

and NH4OH rinsing steps. As the signal from the H2O rinsed sample has only shown

a clear signature of Ga, In, Se, and a little bit of Rb, it is assumed that either the

amount of Cu present at its surface is below the detection limit of XPS or its surface

is fully covered with a thin layer of RbInSe2 secondary phase as widely reported in the

literature [134, 232, 233].

After NH4OH cleaning a slight signal of Cu is observed, suggesting that the Cu-

free compound that was formed at the surface of as grown and water cleaned film is

gone. This finding is in good agreement with our KPFM data where it was shown that
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Figure 7.10: Survey spectra of RbF film measured as grown, after water and ammonia

rinsing step. All spectra were normalized for better visualization.

removing the residues from the surface of RbF amples required necessarily the use of

ammonia. The surface of the ammonia cleaned samples clearly exhibits all elements of

CIGSe along with a tiny bit of rubidium. Other than the Cu, In, Ga and Se elements

enclosed in the CIGSe compound and the alkali elements and their residual fluoride,

a tiny contamination of oxygen was also detected at the surface of the three samples

(see Fig. 7.10). This negligible amount of oxygen indicates that the transfer from the

PVD to the XPS analysis chamber was successful and will not be further discussed

in this work. A similar study was also carried out at the surface of the CIGSe film

deposited using the same recipe but which was post-treated with sodium fluoride only

(the NaF sample). The result is presented in Fig. 7.11.

Except the fact that a clear signal of Rb was seen on RbF samples, the surface of

the two samples looks more or less similar in term of sodium and fluorine contents. A

huge amount of sodium and fluorine, which is completely washed away after cleaning
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Figure 7.11: Survey spectra of NaF film measured as grown, after water and ammonia

rinsing step. All spectra were normalized for better visualization.

was observed. Nevertheless, it is important to emphasize that in this case, a tiny signal

of Cu is seen at the surface of non cleaned sample. This small signal of Cu slightly

and strongly increases after rinsing the samples with water and ammonia, respectively.

To compare the two samples, the survey spectra of both samples acquired as grown

and after water, and ammonia cleaning are simultaneously plotted in Fig. 7.12(a),

(b), and (c), respectively. The only big change that can be highlighted right now is

the difference in Cu content between the two absorbers. The NaF sample exhibits a

higher signal of Cu, which is more pronounced after NH4OH cleaning than the RbF

sample. This observation was already reported in literature. It is well-known in the

CIGSe community that in contrast to light alkali elements, heavier alkali PDT make

the surface of the film to become more Cu-depleted [77, 87, 134, 256, 257].

In Fig. 7.13, high resolution XPS spectra of Rb3d, In3d, and Se3d are presented

with the corresponding curve fits. All considered peaks were fitted using the same
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Figure 7.12: Comparative study between NaF and RbF samples. (a) survey spectra of

as grown films, (b) and (c) the ones of water and ammonia rinsed samples. All spectra

were normalized for better visualization.

Voigt function with a constant full width half maximum and background for each spe-

cific element. The first focus was on Rb3d, In3d, and Se3d signals mostly because they

exhibit various interesting features after each treatment. In fact, for each of these ele-

ments, the results exhibit different chemical environments before the cleaning process,

which slightly reduce after water cleaning and collapse to only one environment after

ammonia washing. However, the detailed XPS signals of Cu2p, Ga3d as well as the

ones of Na1s and F1s were also analyzed and are depicted in the Appendix (Fig. A.7).

On the surface of RbF as grown sample, several dissimilar peaks indicating different

chemical environments for Rb, In, and Se are observed. For convenience purposes, they

are named I, II, and III. In Fig. 7.13(a) the measured data of Rb is presented. Two

different doublet peaks appearing at binding energy (EB) of 113.0 eV (Rb3dIII) and
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111.05 eV (Rb3dII) are seen. The values given here as well as the ones that will be

given later in this Chapter refer to the highest peak of the spin-orbit doublet, i.e.,

the peak located at the total angular momentum 5/2. As suggested in [232, 233]

where similar features were observed, the doublet peak at higher binding energy is

presumably assigned to RbF and the double peak at lower binding energy to RbInSe2

secondary phase. The first statement is in good agreement with the survey spectra

acquired from the same sample where it was found that the surface of the film is

more or less entirely covered with sodium and fluorine. The later statement will be

thoroughly explored in the following.

Figure 7.13: High resolution XPS spectra of Rb3d, In3d, and Se3d of RbF as grown,

after H2O and NH4OH cleaning together with their curves fits, respectively. (a)-(c)

show detailed XPS spectra from the as grown sample; (d)-(f) show the data acquired

from the H2O rinsed sample, (g)-(i) show the measured data acquired from the NH4OH

rinsed samples. The detailed XPS signals of Cu2p, Ga3d as well as the ones of Na and

F is depicted in the Appendix.

Although the results exhibited several different peaks as reported in the literature,
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it is important to point out that the binding energies that are measured are ∼ 2.1

eV higher than the ones reported by J. Bombsch et al [233] and N. Maticiuc et al

[232]. Usually, such high binding energy is attributed to surface band bending or the

charging effect. But neither of the two speculations is fulfilled here. Although all

the signals were acquired in one run and in series, this shift to higher binding energy

was observed only for the Rb. In general, to talk about surface band bending or the

charging effect in XPS, the peaks of all elements enclosed in a sample should shift

in the same direction and with the same energy. Such behavior was not observed

suggesting that the feature that is observed for Rb elements in RbF as grown sample

is not an XPS artifact and is not due to surface band bending, but, might be associated

with a change in the chemical environment of the Rb. It is important to emphasize

that the three samples were prepared differently, which might have an effect on the

chemical state of the Rb. The measurements presented in this work were performed

on RbF as grown sample, whereas the J. Bombsch et al and N. Maticiuc et al ’s results

were acquired from the RbF PDT samples that were rinsed with water and ammonia,

respectively. Hence, ascribing this difference in the binding energy of Rb to how

the sample has been chemical treated makes sense. There were still a lot of alkali

metals [Fig. 7.10 ] and their corresponding residual [Fig. A.6(c), (d)] present at the

surface of the sample investigated in our case. However, due to the long duration of

measurements, approximately 6h in the present case, note that the effect of momentary

charging effect when acquiring Rb signal can not be completely excluded.

Fig. 7.13(b) and (c) show the In and Se signals acquired from the same film.

The presence of various chemical environments observed illustrates that the sample

surface does not only have elements enclosed in the CIGSe. The indium data exhibits

two different doublet peaks located at 447.05 eV (In3dIII) and 445.5 eV (In3dI),

and Se two distinct doublet peaks positioned at 54.86 eV (SeI) and 54 eV (SeII). As

mentioned above, these peaks can help to determine the different segregation phases or

compounds present at the surface of the sample. For example, the In binding energy

of 445.5 eV and Selenium binding energy of 54.71 eV measured fit well the In and

Se EB values extracted from the bare CIGSe [258]. This indicates that the surface

of the sample analyzed may be partly covered with CIGSe. At the same time, the

Se peak at 54 eV is close to the ones measured at the surface of RbF PDT absorber
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[232]. Furthermore, the indium peak positioned at higher binding energy is close to the

tabulated value of In binding energy in the InF3 compound. Therefore, it is concluded

that the surface of as grown RbF sample exhibits three different compounds: the

CIGSe, InF3 and RbInSe2. These findings are also in good agreement with the KPFM

findings depicted earlier where different workfunction values were measured over the

surface of the sample.

After washing the sample with water, all fluorine-related peaks (Rb3dIII) and

(In3dIII) completely vanished [Fig. 7.13(d) and (e)]. The water rinsed surface remains

only with one Rb doublet peak that in this particular case is assigned to Rb3dII , and

two more pronounced doublets of In and Se. The binding energy that is measured for

Rb3dII (110.01 eV) is close to the values proposed in Ref. [232]. The two indium peaks

are located at positions 444.96 eV (In3dII) and 445.33 eV (In3dI) and the selenium

ones at 54.43 eV (Se3dI) and 54.10 eV (Se3dII). The binding energies values that are

measured for Rb3dII , (In3dII) and Se3dII are in line with the binding energy measured

for these elements in RbInSe2 [232]. Additionally, the In3dI and Se3dI binding energies

are similar to the reported values on CIGSe absorbers [258]. Therefore, it is deduced

that after rinsing the sample with water, the InF3 phase that was observed on non

rinsed completely vanishes leaving behind a surface which is partly composed of CIGSe

and RbInSe2 secondary phase as already reported in the literature.

To mimic the standard chemical rinsing process that is commonly conducted prior

to the deposition of the buffer and window layers of the CIGSe based solar cell, the

sample was thereafter cleaned in 1 molar solution of NH4OH and was re-explored.

Interestingly, in contrast to as grown or water rinsed samples where various chemical

surroundings assigned to a mix of a strong Cu-poor CIGSe phase and a RbInSe2

secondary phase were measured, only a single chemical environment was seen after

ammonia rinsing [Fig. 7.13(g-i)]. The binding energies of In3d (445.11 eV) and Se3d

(54.4 eV) nicely fit the values reported for CIGSe compound, indicating that they are

not oxidized. The Rb elements found at a binding energy of 110.70 eV is therefore

assumed to be bounded to CIGSe as suggested in [232]. Although there is still a bit of

Rb present at the surface of the sample, in line with our KPFM no signature of residual

fluoride or RbInSe2 phase was detected after rinsing the sample with ammonia.

The high-resolution XPS signals of the elements enclosed in the NaF sample were
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Figure 7.14: High resolution XPS spectra of elements enclosed in NaF sample as

grown, after H2O and NH4OH cleaning together with their curve fits, respectively.

(a)-(b) show detailed XPS spectra from the as grown; (c)-(d) show the data acquired

from the H2O rinsed sample, (e)-(f) show the measured data acquired from the NH4OH

rinsed samples.

also recorded. The data are displayed in Fig 7.14 for the In and Se elements. The rest

of the elements, as well as the Na and F signals, are reported in the Appendix (Fig.

A.8). The indium signal of as grown NaF [Fig. 7.14(a)] showed two doublet peaks

with binding energies similar to the binding energy of In3dI and In3dIII obtained from

the RbF sample. The binding energies measured for In3dI and In3dIII , in this case,

are 445.47 eV and 446.10 eV, which are close to the EB values extracted from the

RbF sample. Therefore, it is deduced that the surface of as grown NaF sample is also

partially covered with InF3 as demonstrated above. This finding is in line with our

KPFM data. It was shown that the topography and workfunction map of NaF and

RbF samples were both covered with precipitates, which have a reduced workfunction

value compared to the average workfunction of the sample. After washing the sample

131



Chapter 7

with H2O, the fluorine related peak (In3dIII), as in the case of the RbF sample,

completely vanished [Fig. 7.14(c)]. Nevertheless, the EB of the remaining In signal

(In3dI) acquired (445.11 eV) is close to EB value of In reported in the In2Se3 compound

[93]. Besides, the Se3d5/2 EB measured from the NaF distilled H2O rinsed sample

(54.54 eV) is close to one reported for Se in In2Se3 phase [93]. The results suggest

that although a tiny signal of Cu and Ga was were after rinsing the NaF sample with

H2O, its surface might be dominated by an In2Se3 compound. This speculation will

be argued using our STM/STS data (see section 7.2.4). After NH4OH cleaning, the

chemical properties of NaF and RbF samples are very similar in term of elements

present at the surface of the samples or the binding energy that is measured. This can

be seen in the following Table where a summary of the different binding discussed so

far is depicted. The binding energy of other elements is reported in the Appendix, in

Table A.7. However, note that a clear idea about what we do have at the surface after

Table 7.1: Summary of the binding energy of Rb, In and Se obtained from RbF and

NaF as grown, after water and ammonia rinsed samples. The values into brackets are

from RbF samples and the ones without brackets from Na samples. The symbol “-”

means no elements detected.

specimen NaF/RbF as grown NaF/RbF H2O rinsed NaF/RbF NH4OH rinsed

EB Rb3dII (eV) - /(111.05) -/(110.01) - (110.70)

EB Rb3dIII (eV) - /(113.0) -/(-) -/(-)

EB In3dI (eV) 445.47/(445.51) 445.11/(445,33) 445.14/(445.11)

EB In3dII (eV) - /(-) -/(444.96) - (-)

EB In3dIII (eV) 446.10/(447.05) (-)/(-) -/(-)

EB Se3dI (eV) 55.14/(54.86) 54.54/(54.43) 54.57/(54.41)

EB Se3dII (eV) - /(54.0) -/(54.10) -(-)

ammonia cleanning is not known yet. Thus, the next sections will be mainly based on

this open question.
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7.2.3 Elemental mapping of the RbF sample

In order to corroborate the XPS and KPFM data, the distribution of Rb and In

across the surface of the RbF sample was examined with the Helium Ion Microscopy-

Secondary Ion Mass Spectrometry (HIM-SIMS). In Fig. 7.15, the map of Rb and In

signals acquired from the water rinsed [Fig. 7.15(b-c)] and ammonia rinsed samples

[Fig. 7.15(e-f)] as well as their respective SEM images [Fig. 7.15(a)] and [Fig. 7.15(d)]

are depicted. The color bar corresponds to the intensity where the regions with the

higher contrast indicate the stronger signal of the element of interest.

The SEM images nicely present the characteristic of a polycrystalline CIGSe with

grains randomly oriented and grain boundaries. However, compared to the findings

reported in Ref. [33] where pinholes were observed after rinsing the RbF PDT ab-

sorbers with NH4OH, smooth SEM images are measured [Fig. 7.15(a) and (d)]. The

origin of this difference in surface morphology is not clear at this point. Nevertheless,

it is speculated that that can be due to differences in elemental composition between

the two samples. The CGI and GGI of the sample explored in this thesis are approx-

imately 0.96 and 0.43, whereas the ones of the sample investigated in Ref. [33] were

0.90 and 0.30.

Regarding the SIMS maps, the results revealed as in the case of XPS that there is

a significant amount of Rb on the surface after water rinsing, which is then removed

after ammonia etching. As highlighted by the areas underneath the blue circles in

[Fig. 7.15(b)] some regions on water rinsed sample map present high concentration of

Rb which is not seen after ammonia etching [Fig. 7.15(e)]. These patches can possibly

be the low workfunction regions observed on the KPFM map. Although, it is hard to

nicely identify the Rb on the grain boundary as the distribution seems to be random

and spread across the surface, some preferential segregation of Rb at the GBs on water

rinsed sample was observed (see red circles in [Fig. 7.15(b)]). The map of Rb signal

recorded after ammonia rinsing is featureless in agreement with the XPS results where

it was shown that after rinsing with diluted ammonia the amount of Rb reduced. In

addition, pronounced In distribution is seen from the water rinsed sample as compared

to the ammonia etching.

For further investigation, the Pearson correlation coefficient between the two el-

ements was calculated. The analytical formula of the Pearson correlation coefficient
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Figure 7.15: HIM-SIMS maps of Rb and In showing surface distribution with the

corresponding SEM images. Top row represents water rinsed sample and bottom row

represents ammonia rinsed sample.

can be found in the Appendix. The findings exhibited that the correlation between

Rb and In distribution for water rinsed sample is approximately 1.43 times higher

than in ammonia film, indicating therefore a strong correlation between Rb and In in

water cleaned sample compared to ammonia washed sample. Consequently, similar

to the KPFM and XPS measurements discussed above, the SIMS results confirmed

the formation of two different phases at the surface of the sample after water rinsing,

which collapse to a single phase after rinsing the sample with ammonia.

7.2.4 Surface density of states of RbF and NaF samples

Fig. 7.16 depicts STM topography images of the RbF film after water [Fig. 7.16(a)]

and after ammonia [Fig. 7.16(e)] cleaning. The corresponding surface density of

states (dI/dU -CITS) maps at different specific applied voltages are displayed in Figs.

7.16(b)-(d) for the water rinsed and in Figs. 7.16(f)-(h) for ammonia washed sample.

The scale bar below each subfigure indicates how the topography and local-dI/dU

vary across the map. Two key arguments explained the reason why the dI/dU -CITS
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maps were displayed only at -1, 0, and 1 V. The first motivation is to explore the

distribution of the local density of state of the water and ammonia rinsed samples at

the Fermi energy level, i.e, at U= 0V, in order to compare the results to our KPFM

data. The second reason is that the dI/dU -CITS maps of the ammonia rinsed samples

are featureless for all voltages below -1V and above 1V.

Figure 7.16: (a) STM topography image of the RbF water cleanned sample; (b)-(d)

dI/dU -CITS of the same spot at -1, 0 and 1V; (e) STM topography image of the

ammonia washed sample; (f)-(h) corresponding dI/dU -CITS at -1, 0 and 1V. The

scale bar below each subfigure was optimized to have the best possible contrast for

each analysis area. The dI/dU -CITS maps were extracted at 0, -1 and 1V because we

would like first to investigate the distribution of the density of states of the water and

ammonia at the Fermi position in the aim to compare the results to KPFM findings

and also the dI/dU -CITS maps were featureless for all voltages below -1 V and above

1V.

Similar to the KPFM findings conducted on the water washed film, the STM to-

pography images do also exhibit some precipitates at the surface of the sample. Those

agglomerations are highlighted by the black dot curve on the surface of the water

rinsed sample [Fig. 7.16(a)] and again are absent after ammonia treatment, consoli-

dating thereby the idea that rinsing the sample only with the deionized water is not

sufficient to remove all the surface residues from the surface of the film. In Fig 7.16(b)-

(d) and (f)- (h) the dI/dU -CITS maps of the water rinsed as well as the ones of the
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ammonia rinsed are depicted. Qualitatively speaking, the two results look similar.

In both maps, most grains do not show a variation in the density of states at the

GB/grain interface. The map only shows a small variation in the contrast between

grains and within individual grains. Note that to the best of my knowledge these re-

sults are the very first STM/STS findings acquired from the CIGSe surface that were

post-treated with alkali-metals. Most of the CIGSe STM/STS data reported hereto-

fore in literature were from the non PDT treated samples [37, 38, 39, 40, 158]. The

former authors reported a reduced density of defect states on grain boundaries and

strong variation of the density of states over the surface of the sample [37], which are

not seen here. Those changes in DOS at GBs and across the surface previously relayed

were ascribed to different degrees of oxidation [38] of the absorber after exposing them

to air or to some additional defect states induced by KCN etching [158]. The effect of

KCN etching on the surface electronic properties of CIGSe was also widely discussed

in Chapter 5. In the present study, less variation in the DOS is obtained from the

surface of the RbF sample. In addition, almost no change in density of states between

grain boundaries and grain interiors are measured. The surface seems to be highly

passivated after ammonia cleaning. Nevertheless, the precipitates observed at nega-

tive voltages after rinsing the sample with the purified water do reveal lower density

of states, which are highlighted by the fuzzy regions (white curve) in Fig. 7.16(b).

These features are totally gone after ammonia cleaning. To thoroughly analyse this

observation, the average dI/dU curve of these specific regions along with the average

dI/dU curve of the entire image were extracted and are presented in Fig. 7.17(a). In

addition, as the measurements were repeated for a number of different spots using dif-

ferent tips, the dI/dU curves of the region with low contrast of all the spots acquired

from each sample are depicted in Fig. 7.17(b) and (c) for a comparative study. Fig.

7.17(b) displays the data from the water rinsed sample, and Fig. 7.17(c) presents the

ones from the ammonia rinsed sample. Only the dI/dU curves of the region with low

contrast are shown since they represent the majority of the surface. They represent in

total ∼ 75 % of areas that were analyzed.

In line with the dI/dU -CITS map presented in Fig. 7.16(b), the results show that

the surface of the water rinsed sample is semiconducting and the fuzzy regions exhibit

an enlarged bandgap as compared to the rest of the surface [Fig 7.17(a)]. After re-
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Figure 7.17: (a) dI/dU curve of the fuzzy regions highlighted by the white curves

in Fig. 7.16(b) along with the average dI/dU curve of the entire image, (b) and (c)

dI/dU curves from various spots using different tips and after water and ammonia

rinsing, respectively.

producing the measurements on different regions using different tips, similar features

were observed [Fig. 7.17(b)]. Consequently, it is speculated that the surface of the

water rinsed sample is partly covered with regions with higher bandgap and regions

with lower bandgap. As the same tip was used to acquire the spectra displayed in Fig.

7.17(a), its density of states is assumed to be constant during the whole measurements.

Thus, the changes that are observed at the negative voltages can be assigned to differ-

ence in bandgap between the two regions. Therefore, it is concluded that the surface

of the water rinsed sample do have two different compounds as already suggested by

our KPFM and XPS. One with an enlarged bandgap which in this study is assigned to

RbInSe2 and another with low bandgap which is ascribed to CIGSe. Similar behavior
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was also observed in Fig. 7.17(b). However, the assumption adopted above can not

work out here. As various tips were used on different areas, the density of states of

the tip might be very different between measurements. Consequently, in this case, it

makes sense to attribute the feature observed to a slight variation in density of states

of the tip.

Furthermore, as widely reported in literature, an inverted surface is also measured

[42]. As can clearly be seen in Fig. 7.17(a) and (b), the Fermi energy position of the

water rinsed sample is close to the conduction band. After washing the sample with

ammonia, we did not see the fuzzy regions anymore. In addition, a reduced bandgap

that is not compatible with a RbInSe2 secondary phase is measured and the Fermi

energy position is shifted to the middle of the bandgap [Fig. 7.17(c)]. The RbInSe2

phase which was still present at the surface of the sample after water rinsing is gone.

The result is consistent with all the results discussed above, i.e, the KPFM, the XPS

and SIMS analyses.

For further investigations, the surface density of states of the NaF sample was

also examined. The measurements were carried out after H2O and NH4OH rinsing,

respectively. Figs. 7.18(a) and (b) show the topographies images, and Figs. 7.18(b)-

(d) and (f)-(h) the corresponding dI/dU -CITS maps. In agreement with the KPFM

topographical image recorded from the same sample [Fig. 7.9(b)], the STM topography

[Fig. 7.18(a)] also reveals a clean surface after water rinsing i.e, an image without

granular structures on top. Both topographies obtained from two different techniques

show that the surface of the NaF film is already cleaned after distilled H2O rinsing.

Consequently, it is deduced that in contrast to the RbF sample where it was shown

earlier that only NH4OH washing can help to completely remove the residues from its

surface, H2O rinsing is enough to clean the surface of the NaF sample. The dI/dU -

maps depicted in Figs 7.18 (b-d) and (f-h)) are qualitatively similar, and are also

similar to the results recorded from RbF sample [Figs. 7.16 (b-d) and (f-h)]. The

maps exhibit less variation of the DOS over the surface and almost no changes in DOS

at the GBs/grain interface.

To compare the surface density of states of the two samples, the dI/dU curves

extracted from the region with the reduced contrast are displayed in Fig. 7.19. As

previously indicated, the reason is that those regions represent the major part of
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Figure 7.18: (a) STM topography image of the NaF water cleanned sample; (b)-(d)

dI/dU -CITS of the same spot at -1, 0 and 1V; (e) STM topography image of the

ammonia washed sample; (f)-(h) corresponding dI/dU -CITS at -1, 0 and 1V. The

scale bar below each subfigure was optimized to have the best possible contrast for

each analysis area. The dI/dU -CITS maps were extracted at 0, -1 and 1V because we

would like first to investigate the distribution of the density of states of the water and

ammonia at the Fermi position in the aim to compare the results to KPFM findings

and also the dI/dU -CITS maps were featureless for all voltages below -1 V and above

1V.

the analyzed areas. Each curve represents the average curve recorded from different

spots of each sample and is acquired after water and ammonia washing. Interestingly,

although the samples were post-treated differently, their dI/dU curves look really

similar after water cleaning, and also after ammonia cleaning. An enlarged band gap,

which strongly reduced after ammonia washing, is obtained from the surface of the

NaF and RbF samples after H2O cleaning. This result is supported by our XPS data

where it was shown that the surface of NaF sample might be, after water cleaning,

partly covered with an In2Se3 compound and the one of RbF sample with a RbInSe2

secondary phase. The energy bandgap of the In2Se3 compound (2.5 eV [256]) and

the one of RbInSe2 (2.57 eV [259]) phase are very close one to another. By using the

linear extrapolation method similar energy bandgap can be approximated from the

curves presented here. Hence, a combination of the XPS and STS results indicates a

partial formation of the In2Se3 compound on the surface of NaF film, and a RbInSe2
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Figure 7.19: Average dI/dU curve extracted from the NaF and RbF samples after

H2O and NH4OH rinsing. The dark and red curves are extracted after H2O rinsing,

and are from the NaF and RbF samples, respectively. The green and blue curves are

extracted after NH4OH rinsing, and are from the NaF and RbF samples, respectively.

secondary phase on RbF sample after water cleaning. But now raise the question

about what type of surface is formed after ammonia rinsing. The ammonia rinsed

surfaces show a reduced bandgap compared to the water rinsed surfaces.

To address this open question Raman spectroscopy, which is one of the more pow-

erful techniques that can be used to determine the different compounds that exist

at the surface of a sample was used at ambient temperature to further analyze the

sample. The results are presented in Fig. 7.20.

Interestingly, the findings nicely fit the CIGSe and their corresponding ordered

defect compound peaks reported in Refs. [138, 237] confirming thereby no trace of

RbInSe2 phase at the surface of the film after ammonia rinsing as already exhibited by

the XPS, the STM/STS, and the SIMS data. The spectra acquired here also exhibit six

peaks appearing at the same positions as the ones reported for CIGSe film in Ref. [237]

with three of them that are more intense [Fig. 7.20(b)]. Hence, as suggested in the
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Figure 7.20: Raman spectra of the (a) purely NaF PDT and ammonia rinsed sample

surface and the (b) RbF PDT and ammonia rinsed sample. Each peak was fitted with

six peaks representing the CIGSe A1 (CIGSe-1) and the B2/E modes (CIGSe-2 and

CIGSe-3) and their respective peaks due ordered defect compounds (ODC-1, ODC-2

and ODC-3), representing copper depleted regions.

former paper, the three more intense peaks measured from the sample analyzed in the

present case are assigned to the CIGSe A1 (CIGSe-1) and the B2/E modes (CIGSe-2

and CIGSe-3), whereas the other three are ascribed to the respective peaks due to the

copper depleted regions, generally called, ordered defect compounds (ODC-1, ODC-2,

and ODC-3).

Furthermore, M. Guc et al [260] report for RbInSe2 three main Raman peaks

at 114.3, 179.7 and 238 cm−1. Nevertheless, although the same 442 nm excitation

wavelength was used to acquire the spectra presented in this study the outcomes

have not displayed any peak at or around 114.7 cm−1. The peaks located at 179 and

238 cm−1 that are observed are as stated before rather related to the CIGSe A1 and

the ODC-3 modes and not to Raman modes of RbInSe2 secondary phases. The finding

is promoted by comparing the Raman signal of the ammonia rinsed RbF sample [see

Fig. 7.20(b)] with the signal from the ammonia rinsed NaF sample [see Fig. 7.20(a)].

The ODC-1 peak, which does not match the Raman modes of RbInSe2 [260] shows an

increased intensity with respect to the CIGSe A1 mode, with a ratio of 0.62 for the RbF

sample compared to NaF sample where this ratio is 0.43, suggesting thus an enhanced
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Cu-depleted surface for the RbF sample. Alike characteristic is also observed for the

ODC-2 and ODC-3 modes regarding the CIGSe-2 and the CIGSe-3 mode, respectively.

Thereby, as the same properties are measured in the NaF sample where no signatures

of RbInSe2 compound was expected, the possibility of not having Raman peaks related

to RbInSe2 for the positions 179 and 238 cm−1 in the Raman spectrum in Fig. 7.20(b)

can be anticipated. Consequently, the Raman data also suggest that the ammonia

rinsing completely removed the Rb from the RbInSe2 phases, leaving only copper

depleted regions behind. In contrast to the water rinsed RbF sample where a clear

signature of RbInSe2 was found, the ammonia rinsed sample does not show any trace

of this compound. This suggests that in a final CIGSe device where the absorber was

post-treated with the RbF alkali metals, the surface of the film that interacts directly

with the buffer is partly covered with ODC and not with a RbInSe2 secondary phase

as widely reported in the literature.

7.3 Discussion and summary

KPFMmeasurements revealed as already reported in [33] that the surface of RbF-PDT

treated films is completely covered with residues. In addition, the results also exhibited

that rinsing the sample with deionized water which is the cleaning procedure commonly

employed for CIGSe post-treated with RbF is not enough to clean the sample and that

only ammonia can remove all the surface residues from the film. After washing the

sample with ammonia, it is found that some precipitates that were left at the surface

of the film after water rinsing are gone. The topography image is clean and presents

well known features of CIGSe. The regions with a lower workfunction that were

seen in the workfunction map before and after water cleaning are fully disappeared.

In agreement with the KPFM results, our XPS measurements do present different

chemical environments for In, Se and Rb before and after water rinsing, which collapse

to only one environment after ammonia washing. In the case of a water rinsed sample

the binding energies achieved for these elements fit well the ones reported in [232]

suggesting as already reported the existence of two compounds at the surface of the

sample analyzed here as well. These findings are supported by the STS where two

main domains with enlarged and low bandgaps were measured. Combining the XPS
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and STM as well as the SIMS data where a strong Pearson correlation coefficient was

measured between Rb and In in water rinsed sample, the domain with an enlarged

bandgap corresponds to RbInSe2 secondary phase and the domain with low bandgap

to CIGSe, confirming thus results reported heretofore in literature. After ammonia

rinsing, in contrast to non rinsed or water rinsed samples where various chemical

surroundings assigned to a mix of a strong Cu-poor CIGSe and a RbInSe2 secondary

phase were measured, only a single chemical environment is detected. The binding

energies of In3d (445.11 eV) and Se3d (54.4 eV) acquired fit well their values in CIGSe

compound, indicating that they are not oxidized. The Rb elements found at a binding

energy of 110.70 eV is assumed to be bounded to CIGSe as suggested in Ref. [232].

The results showed that although there was still a bit of Rb present at the surface

of the sample, in line with our KPFM, no signature of residual fluoride or RbInSe2

phase are detected after cleaning the absorbers with ammonia. Besides, the STS data

exhibits clean topography images and a reduced bandgap, which is not compatible

with a RbInSe2 secondary phase. Hence, it is deduced that the surface of the sample

is cleaned and free of RbInSe2 phase or residual fluoride after ammonia washing. To

examine what type of surface is formed after the ammonia cleaning process, some

Raman spectroscopy measurements were performed. Intriguingly, the findings nicely

fit the CIGSe and their corresponding ordered defect compound (ODC) peaks reported

in Refs. [138, 237] confirming thereby no trace of RbInSe2 phase at the surface of the

film after ammonia rinsing as discussed above. Consequently, it is concluded that in

contrast to a partial covering of the surface of the CIGSe with a thin layer of RbInSe2

previously reported [232, 233] rather a layer of ODC is found at the CIGSe/air interface

of the RbF PDT sample after ammonia cleaning. Moreover, the STS and KPFM do not

exhibit a variation in density of states and workfunction across the GB/grain interior

interface, suggesting that GBs might be passivated. Although, the dI/dU maps have

shown a variation in the density of states from grain to grain, and within the individual

grains, no changes in the DOS were observed at GBs. Similarly, KPFM measurements

have shown a smooth transition across the GB interfaces. The results are in agreement

with the study proposed by Siebentritt et al. [259] where it was shown that the GBs

band bending is significantly reduced after treating the sample with RbF. The former

authors ascribed this reduction in band bending to the accumulation of Rb at the
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GB, which passivate most of the defects that were present there. Although the results

presented here fit well the ones reported in Refs. [259], it is important to highlight

that our SIMS measurements do not reveal any preferential segregation of Rb at the

GBs. The map of rubidium showed that Rb is rather randomly distributed and spread

across the surface of the samples.

As implications for solar cell devices, the benign properties of GBs (section 3.3.1)

and the presence of an ODC layer at the CIGSe/CdS interface are known as good

ingredients to significantly improve the performances of the solar cells [139]. With

its lower Cu content as compared to the CIGSe, the existence of its thin layer at

the utmost layer of CIGSe creates a valence band offset (∆EV ) at the ODC/CIGSe

interface, which acts as a hole barrier in CIGSe solar cells [139], leading to a suppression

of carrier recombination by reduction of hole concentration near the hetero-interface.

In summary, it was shown that distilled water rinsing is not an efficient way to

clean the CIGSe samples after RbF PDT, and that in order to remove all the surface

residues generated after this chemical treatment the use of ammonia is crucial. In line

with the literature, it was demonstrated that the surface of distilled water rinsed is

partially covered with RbInSe2 secondary phase and ordered defect compound (ODC)

layer. However, the results showed that after washing the sample with ammonia

the RbInSe2 phase completely vanished leaving behind only an ODC layer at the

CIGSe/CdS hetero-interface, which is known to be a good ingredient to significantly

improve the CIGSe solar cell performances. Moreover, our findings do not exhibit an

accumulation of Rb or change in electronic properties across the GB/grain interface

after rinsing the RbF PDTs with ammonia.
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Conclusion and Outlook

CISe and CIGSe absorbers exhibit excellent properties for high power conversion effi-

ciency solar cell devices. However, absorbers that are grown under Cu excess perform

worse in the complete devices. This low performance of the absorbers deposited with

a final Cu-rich composition has been assigned to an increase of the interface recombi-

nation at the surface. It is widely reported in the literature that over stoichiometric

absorbers exhibit a precipitate-free bulk with copper selenide secondary phase on top,

which can be washed away via KCN cleaning. The first objective of this thesis was

to systematically investigate how washing away CuxSe secondary phases with KCN

modifies the Cu concentration at the front surface of the Cu-rich films. The second ob-

jective was to elucidate the impact of Cd in-diffusion on the surface and grain boundary

electronic properties of the films. Besides, to compare the results acquired from the

front surface to the ones of the rear surface, and hence to investigate the surface of

the Cu-rich film which was not KCN etched, the samples were mechanically exfoliated

from their substrates and their rear surfaces were examined. The third focus was to

thoroughly investigate the surface electronic properties of the pristine absorbers as

well as the influence of the cleaning process on the surface properties of the absorbers

which were post-treated with NaF and RbF alkali metals.

Since the effect of washing or KCN etching steps happens right at the very near-

surface of the absorbers, highly surface-sensitive characterization techniques had to

be used. Therefore, combined scanning probe microscopy and X-ray photoelectron

spectroscopy was employed as the main tools to scrutinize the sample surface.

The findings show that the surface of KCN etched (10wt% KCN in H2O, 300
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seconds) Cu-rich absorbers exhibit a Cu-poor feature with a stoichiometric bulk com-

position. This suggests that a KCN etching step can be used as an alternative way to

form a Cu-depleted surface on top of the absorbers grown under Cu excess. Further-

more, a Cu-depleted surface measured after etching the Cu-rich film with KCN has

been recognized as one of the crucial ingredients for high performance CISe devices.

In addition, in line with the reported STS results on Cu-poor absorbers, the measured

samples exhibited a metallic I(U) characteristic and a reduced density of defect states

at the grain boundaries.

After the cadmium pre-electrolyte treatment, the surface properties of the ab-

sorbers significantly improved. The metallic behavior that was observed at the surface

of the KCN etched sample was gone leaving behind a semiconducting surface with

well-defined conduction and valence band onsets. Furthermore, the change in density

of states observed at the grain boundaries completely vanished after the treatment.

The improvement of the surface of the absorber after the Cd2+ treatment was ascribed

to the passivation of Cu vacancies by Cd2+. The Cd2+
Cu acts as a donor-like defect state

inverting thereby the near-surface of the sample similar to the UHV annealing treat-

ment, which was already discussed in the literature. Therefore, as already reported

from the Cu-poor grown absorbers, the results showed a similar positive impact of the

cadmium in-diffusion on the surface properties of the CISe sample synthesized with a

final Cu-rich composition.

The measurements carried out on the rear surface of the same absorbers have

shown a formation of CuxSe secondary phase at the back contact interface. The

results indicate that for the absorbers grown under Cu excess, a detrimental CuxSe

precipitate does not only form on the front surface but also at the back. This is

in opposition to the reported results on Cu-poor absorbers where no signs of such

precipitate were found [151]. We also did not observe such precipitates on Cu-poor

samples. With KPFM, a slight increase in work function (∼ 40meV) was measured at

the grain boundaries of our Cu-rich absorbers. Furthermore, it was shown that such a

small change in workfuntion across the grain boundary cannot be resolved with STS.

This result should be considered when debating why the Cu-rich absorber presents a

reduced performance in final solar cell devices compared to Cu-poor films. The harmful

CuxSe phase that precipitates on top of the Cu-rich film and which is widely reported
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in the community to be washed away with KCN also exists at the back contact. The

presence of this highly conductive material at the Mo/absorber interface will increase

the back contact recombination velocity and consequently could be very detrimental

for the solar cell performance.

The analyses performed on the pristine CIGSe sample have shown a semiconduct-

ing surface with a bandgap of ∼ 1.2 eV as well as a slight variation in the density of

states from grain to grain and within the individual grain. The findings are not in line

with the published results on air-exposed and KCN etched absorbers. The metallic

surface and high surface inhomogeneity that they exhibited were ascribed to different

degrees of oxidation after exposing the absorber to air or to some additional defect

states induced by KCN, which are all absent in this particular case. Here, the sample

was not KCN etched and was transferred from the PVD to the SPM using a suit-

able UHV suitcase to minimize any contamination from the atmosphere. In addition,

the workfunction map from the same sample has shown several workfunction domains

with two main ones, which present a very bright contrast and a very dark contrast

exhibiting thus higher [(4.9± 0.1) eV] and lower [(4.4± 0.1) eV] workfunction values.

A thorough analysis of the workfuntion map has revealed that most of those domains

arise mostly from the facet contrast and not from the grain boundaries. After keep-

ing the sample in UHV for a few weeks, it was found that its workfunction strongly

decreased (for ∼ 1.2 times lower than the one of the pristine absorber) due to the

presence of adsorbates. Nevertheless, after UHV annealing the workfunction recovers

to the initial value indicating that changes at the surface of the sample induced by

adsorbates have not permanently modified the electrostatic landscape of the polycrys-

talline CIGSe sample. Thus, annealing in UHV can be considered as an alternative to

clean the surface of a sample that initially was not exposed to air and was free of all

contamination and moisture, but, which was kept in UHV for some time.

Regarding the PDTs absorbers, it was found that the way the sample is rinsed

after the treatment is extremely important to understand the physical and chemical

changes of the absorber surface properties. The samples were analyzed as grown

and after distilled water and ammonia rinsing. It was shown that roughly 45% of

as grown absorbers surface is covered with granular structures, which exhibit lower

workfunction (4.9±0.1) eV as compared to the average workfunction value (5.0±0.1)
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eV. This feature was observed at the surface of both NaF and RbF absorbers. Hence,

in agreement with the XPS data obtained from the same samples, those precipitates

were ascribed to the residual fluorides, which are formed at the surface of the film after

the PDT process. However, after rinsing the sample with deionized water, the NaF

samples have exhibited a clean topography and workfuntcion map, suggesting that

rinsing the sample with distilled H2O is enough to remove all the patches that were

seen at the surface of as grown samples. In contrast, the RbF samples have shown

only partial removal of the surface residues. Approximately 27% of the precipitates

with a workfunction value of (4.6 ± 0.1) eV was still present at the surface of the

water rinsed RbF absorber. The results suggest that purified H2O rinsing is not an

efficient way to clean the CIGSe samples after RbF PDT and that in order to remove

all the surface residues generated after this chemical treatment the use of ammonia

is crucial. In agreement with the literature, it was found that the surface of purified

H2O cleaning samples is partially covered with RbInSe2 secondary phase and ordered

defect compound layer. However, the results showed that after washing the sample

with ammonia the RbInSe2 phase completely vanished leaving behind only an ODC

layer at the CIGSe/CdS hetero-interface, which is known to be a good ingredient to

significantly improve the CIGSe solar cell performances. Moreover, our findings do not

exhibit an accumulation of Rb or change in electronic properties across the GB/GIs

interface after RbF PDTs.

Outlook

The study carried out in the framework of this thesis helped in understanding chemical

and electronic changes at the very near-surface of the CIGSe absorbers after various

surface treatments. However, as with any research topic, not all open questions could

be thoroughly scrutinized. In the following paragraphs, the list of those topics that

could not be studied to their full extent will be proposed.

• Rear surface of Cu-rich absorbers

SEM measurements have shown a substantial change at the grain boundaries

after etching the rear surface of the absorbers with KCN. The grain boundaries

exhibited brighter contrast as compared to the grain surface, suggesting that
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the etching had different effect at the grain boundary (GB) with respect to the

grain interior (GI). KPFM measurements confirmed that the brighter contrast

observed at GB is due to a change in workfunction across the GB/GI interface

after KCN etching. At this stage, the question about whether or not this increase

in workfunction at the GB is due to the accumulation of a larger amount of CuxSe

is accumulated there is still unclear. Additional atom probe tomography analysis

should be done in order to clarify it.

• Cu-poor CIGSe pristine absorbers

Since the Cu-poor CIGSe pristine absorbers have exhibited excellent surface

properties i.e, a smooth surface density of states presenting semiconducting

characteristic-like properties with a bandgap of around 1.2 eV, it will be im-

portant to fabricate a solar cell device on such absorbers. This is to compare

the efficiency that will be achieved to the one obtained from the air-exposed or

KCN etched absorbers. Such a comparative study could improve the commu-

nity’s knowledge regarding the impact of air exposure or KCN on CIGSe solar

cell devices.

• PDTs absorbers

Although it was found as already reported in the literature that the surface of the

distilled H2O rinsed RbF treated absorbers is partially covered with a RbInSe2

secondary phase and an ODC layer, the study presented here did not show any

preferential segregation of Rb and RbInSe2 phases at the grain boundaries. The

SIMS measurements have only displayed a surface, which is more or less entirely

covered with Rb. As the study was mainly focused on the surface properties,

the SIMS tool was set up such as only a few layers of materials from the surface

were analyzed. Therefore, in order to investigate if this observation is similar

to the one that exists in the bulk of the absorber, some additional depth SIMS

measurements are needed.
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A.1 Heat induced surface passivation

As discussed in chapter 5, the annealed samples measured here show a similar passiva-

tion effect as the one reported in Ref. [40]. In Fig. A.1, a topography image and the

corresponding dI/dU -CITS map at U=0V are depicted. As can well be seen, com-

Figure A.1: (a) STM topography of the annealed CISe absorber, (b) dI/dU -CITS

maps of the annealed Cu-rich CIS absorber at U=0V. The sample has been annealed

in-situ to 280◦C.

pared to the KCN etched case, the map reveals less surface inhomogeneities, a strong

reduction of the surface density of states, and no distinct grain boundary contrast.

In order to compare the contrast to the KCN treated sample presented in Figure 5.2

of Chapter 5, the scaling of the images needs to be compared. In the present case, a

reduction of the dI/dU value from ∼ 5 nA/V to 0.3 nA/V at EF, which is comparable

to the passivation effect of the CPE treatment and very similar to the results presented

in Ref. [40] is observed.
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A.2 XPS and UPS measurements

XPS analysis, compositional measurements

In the following, 3 different tables with the XPS quantification results are presented. In

Table A.1, the complete XPS intensity for each element has been used for the etched,

Cd treated and sputtered films. In Table A.2, the metallic contribution of Indium after

sputtering has not been considered since it is assumed that the indium enrichment is

due to preferential sputtering of Selenium and Copper. This makes sense due to the

fact that Cu and Se are lighter elements and are closer to Ar in the periodic system

compared to Indium. In Table A.3, the XPS quantification in the case of the Cu 2p is

compared to the Cu 3p as done in Chapter 5. The findings exhibit a slightly lower Cu

content which is however still within the error of the measurement taking into account

that the information depth is different.

Total indium contribution:

Table A.1: Elemental compositions of the CISe samples after various treatments, as

measured via XPS. The following peaks have been used for the quantification: Cd 3d,

Cu 3p, In 3d, O 1s, Se 3d. The total number of Indium counts have been used, including

the metallic contribution after sputtering.

sample Cd Cu In O Se

[at%] [at%] [at%] [at%] [at%]

CISe KCN etched 0.0 17 26 6 51

etched & sputtered 0.0 22 27 0.0 51

CISe Cd2+ 10 16 18 7 49

Cd2+ & sputtered 1 22 25 0.0 52
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Removal of metallic indium

Table A.2: Same quantification as for Table A.1, except that only the Indium in the

CISe chemical environment has been used for the quantification.

sample Cd Cu In O Se

[at%] [at%] [at%] [at%] [at%]

CISe KCN etched 0.0 17 26 6 51

etched & sputtered 0.0 22 26 0.0 52

CISe Cd2+ 10 16 18 7 49

Cd2+ & sputtered 1 23 24 0.0 52

Removal of metallic indium and Cu3p

Table A.3: Same quantification as for Table A.2 except that the Cu 2p has been used

instead of the Cu 3p.

sample Cd Cu In O Se

[at%] [at%] [at%] [at%] [at%]

CISe KCN etched 0.0 14 26 7 53

etched & sputtered 0.0 24 25 0.0 51

CISe Cd2+ 11 11 19 7 52

Cd2+ & sputtered 1 22 24 0.0 53

Auger parameters for Cu and In after various surface treat-

ments
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Table A.4: Auger parameters (α′) for Cu and In after various surface treatments. The

different values are compared to the published results in the literature. The values in

brackets are from the literature.

sample Cu In

[α′] [α′]

CISe KCN etched 1849.3 eV 852.5 eV

(1849.4 eV-1849.5 eV [261, 262]) (852.7 eV - 852.5 eV [261, 262])

CISe Cd2+ 1849.3 eV 852.6 eV

(1849.4 eV -1849.5 eV [261, 262]) (852.7 eV - 852.5 eV [261, 262]

Valence band offsets: the impact of UHV annealing

The valence band position of the KCN and CPE treated samples are shown in Fig A.2

and compared to the values after UHV annealing. The annealing has been carried out

at a nominal temperature of 280◦C. In accordance with the discussion in Chapter 5, a

type inversion of the KCN etched film after UHV annealing is observed. The valence

band position of the UHV treated KCN etched sample is identical to the sample after

the CPE treatment. In accordance with the proposed model, STS measurements

carried on this sample revealed a passivated surface, confirming the idea that the

passivation observed is directly linked to the type inversion.

In table Table A.5, the XPS measurements carried out with an Alkα source are

compared to UPS measurements achieved with a HeII source. We do find the same

value for both techniques. The small deviations are within the error of the measure-

ment techniques.
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Figure A.2: XPS measurements carried out with an Alkα excitation source after KCN

and CPE treatments of a CISe absorber followed by UHV annealing.

Table A.5: Comparison of the valence band position measurements with XPS and

UPS. The XPS measurements have been carried out with an Alkα source and the

UPS measurement with an He-II source. The values denote the distance of the Fermi-

level to the onset of the valence band as deduced via linear extrapolation.

sample XPS-Alkα UPS-HeII

KCN etched 0.75 eV 0.77 eV

KCN UHV annealed 1.08 eV 1.06 eV

CPE treated 1.05 eV eV 1.06 eV

CPE treated UHV annealed 1.19 eV 1.13 eV

A.3 Optical and morphological properties of Rf-CIGSe

PL spectrum and SEM image

In Fig. A.3, the PL spectrum and SEM top view image of the Rf-CIGSe are displayed.

The SEM micrograph shows that the absorber is polycrystalline with an average grain

size of ∼ 1000 nm. The PL spectrum exhibits a broad asymmetric peak with a quasi-

Fermi energy splitting of ∼ 697 meV, revealing the Cu-poor nature of the sample.

This Cu-poor characteristic of the film is supported by the EDX data acquired from

the same sample. As can be seen in Table A.6 where a CGI of ∼ 0.9 was measured.
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Figure A.3: (a) PL spectrum and (b) SEM recorded from the Rf-CIGSe absorber.

Elemental composition

Table A.6: Elemental composition of Rf-CIGSe along with the corresponding CGI and

GGI

Rf-CIGSe Cu In Ga Se CGI GGI

[at%] [at%] [at%] [at%] / /

Elemental composition 22.3 18.2 8 51.5 0.9 0.3
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A.4 Workfunction and topography line profiles

Fig. A.4 shows the topography and the workfunction map where the different line

profiles are extracted. The idea is to investigate the correlation between the work-

function contrast and the different facets on the film’s surface. In Fig. A.5, the line

profiles extracted from the images when the tip was scanning in the forward direction

are displayed, while in Fig. A.6 the ones when it was moving in the backward direction

are depicted.

Figure A.4: Topography and workfunction images. The black lines are the regions

where line profiles presented in Figs A.5 and A.6 were extracted
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Figure A.5: Trace workfunction and topography lines profiles.
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Figure A.6: Retrace workfunction and topography lines profiles.
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A.5 High resolution XPS spectra of other elements

enclosed in NaF and RbF along with the correspond-

ing binding energies

In the following, the high resolution XPS signals of Cu, Ga, Na, and F obtained from

the RbF and NaF treated absorbers as well as their respective curves fits are depicted.

The corresponding binding energies are summarized in Table A.7. The two samples

exhibited no signature of Na and F after distilled water and ammonia rinsing.

Figure A.7: High resolution XPS signals of Cu, Ga, Na, and F obtained from the

RbF treated absorbers. The different binding energies are summarized in Table A.7.

The spectra are recorded from as grown, the H2O rinsed and NH2OH rinsed samples.

No Na and F signals were detected after rinsing the sample with water or ammonia.

The two F peaks, F1sa and F1sb are assigned to F that are bonded to Rb and Na,

respectively (see table A.7 where the binding energies are summarized).
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Figure A.8: High resolution XPS spectra of Cu and Ga elements enclosed in NaF

sample as grown, after H2O and NH4OH cleaning together with their fitting curves,

respectively. The different binding energies are summarized in Table A.7. No Na and

F signals were detected after rinsing the sample with water or ammonia.
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Table A.7: Summary of the binding energy of Cu, Ga, Na and F obtained from NaF

and RbF as grown, after water and ammonia rinsed samples. The values into brackets

are from RbF samples and the ones without brackets from Na samples. F1sa and F1sb

are assigned to F present at the surface of the NaF and RbF samples, repectively.

specimen NaF/RbF as grown NaF/RbF H2O rinsed NaF/RbF NH4OH rinsed

Cu2p (eV) 933.02/(-) 932.41/(932.39) 932.48 (932.45)

EB Ga3d (eV) 19.22/(20.64) 20.32/(20.28) 20.13/(20.19)

EB In4dI (eV) 18.86/(18.72) 18.31/(18.36) 18.27/(18.27)

EB In4dII (eV) -/(18.52) -/(18.16) -/(-)

EB F1sa (eV) 686.52/(687.77) -/(-) - (-)

EB F1sb (eV) -/(686.66) -/() - (-)

EB Na1s (eV) 1073.34/(1074.38) -/(-) -/(-)
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A.6 Pearson correlation equation

r =
n(
∑
XY )− (

∑
X)(

∑
Y )√

[n
∑
X2 − (

∑
X)2][n

∑
Y 2 − (

∑
Y )2]

(1)

• r = Pearson Coefficient

• n = number of the pairs of the pixel

•
∑
XY = sum of products of the paired pixels

•
∑
X = sum of the X pixels

•
∑
Y = sum of the Y pixels

•
∑
X2 = sum of the squared X pixels

•
∑
Y 2 = sum of the squared Y pixels

162



Publications and Presentations

List of publications

First author

C. K. Boumenou, A. Elizabeth, F. Babbe, A. Debot, H. Mönig, A. Redinger,

Electronic and compositional properties of the rear-side of stoichiometric CuInSe2

absorbers, Prog. Photovolt: Res. Appl., 29, 775, 2021.

C. K. Boumenou, F. Babbe, A. Elizabeth, M. Melchiorre, C. Spindler, J. Guillot,

H. Mönig, S. Siebentritt, A. Redinger, Passivation of the CuInSe2 surface via cadmium

pre-electrolyte treatment, Phys. Rev. Mater., 4, 045405, 2020.

C. K. Boumenou et al., the first draft of the paper focuses on PDT treated

CIGSe samples is ready and will be submitted to the reviewers very soon.

Second author

E. M. Lanzoni, T. Gallet, C. Spindler, O. R. Sanchez, C. K. Boumenou, S.

Siebentritt, A. Redinger, The impact of Kelvin probe force microscopy operation

modes and environment on grain boundary band bending in perovskite and Cu(In,Ga)Se2

solar cells, Nano Energy, 88, 106270, 2021.

M. Sood, A. Urbaniak, C. K. Boumenou, T. P. Weiss, H. Elanzeery, F. Babbe, F.

Werner, M. Melchiorre, S. Siebentritt, Near surface defects: Cause of deficit between

internal and external open-circuit voltage in solar cells, Prog. Photovolt: Res. Appl.,

30, 263, 2022.

List of presentations

C. K. Boumenou, A. Elizabeth, F. Ehre, F. Babbe, H. Mönig, S. Siebentritt,

A. Redinger, Surface characterization of polycristalline Cu(In,Ga)Se2 absorbers, EU

163



Chapter

PVSEC 2020, Lisbon (Online), Portugal, Oral presentation

C. K. Boumenou, T. Gallet, E. Lanzoni, F. Babbe, M. Melchiorre, C. Spindler,

J. Guillot, S. Siebentritt, A. Redinger, Ultra high vacuum scanning tunneling spec-

troscopy on CuInSe2 thin film solar cell absorber layers, MRS Spring Meeting, Phoenix,

Arizona, 2019 & EXHIBIT, Oral presentation

H. Phirke, C. K. Boumenou, J. N. Audinot, T. Wirtz, A. Redinger, Effect

of Post-Deposition Treatment on optical, electrical and compositional properties of

Cu(In,Ga)Se2 thin film solar cell, Maseena 2021, Luxembourg, Poster presentation

164



Acknowledgments

The completion of this project would perhaps not be possible without the presence of

some people who helped and supported me while carrying it out. I would like to take

this opportunity to thank and express my sincere gratitude to them.

The first person I would like to thank is my supervisor, Prof. Alex Redinger,

who allowed me to work at the Scanning Probe Microscopy (SPM) laboratory in

Luxembourg and who supported and encouraged me throughout the full completion

of this project. Over the last four years that I spent with him, Alex has always been

there to listen and engage heartily and endlessly in serious research-related discussions,

and also for issues not directly related to my research project despite his busy calendar.

For all that, I would like to deeply thank him and express my perpetual gratitude.

Without a doubt, Alex is the kind of supervisor that all PhD students would dream

to have. He knows how to motivate you when you are down and how to kindly push

you if necessary.

I would like to thank Prof. Thomas Schmidt and Dr. Sascha Sadewasser for being

part of my PhD committee and mainly for the useful advice and support throughout

my PhD journey. Furthermore, many thank you to Prof. Phillip Dale and Dr. Romain

Carron who accepted to be part of my defense committee. Once again, thank you

Romain for providing some of the samples that I investigated within this project.

Special thank you to Prof. Susanne Siebentritt for providing some of the samples

analyzed in the framework of this thesis and to Dr. Michel Melchiorre for the countless

KCN etches.

I would like to thank Amala Elizabeth and Dr. Harry Mönig from the Center

for Nanotechnology and Physikalisches Institut, Westfälische Wilhelms-Universität

Münster, Münster, in Germany, for the nice collaboration and for carrying out some

of my XPS measurements.

165



Chapter
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Shih C. Yang, S. Buecheler, and A. N. Tiwari. Advanced alkali treatments for

high-efficiency Cu(In, Ga)Se2 solar cells on flexible substrates. Advanced Energy

Materials, vol. 9, no. 24, p. 1900408, 2019.
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