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Zusammenfassung

Polykristalline Cu(In,Ga)Se2- und Cu(In,Ga)S2-Dünnschichten werden als Absorbermate-
rial in hocheffizienten Dünnschichtsolarzellen eingesetzt. Die Auswirkungen von Korn-
grenzen auf die elektronischen Eigenschaften dieser Dünnschichten und damit auf die
Effizienz der entsprechenden Solarzellen sind nicht ausreichend verstanden. In der vor-
liegenden Arbeit wurden Methoden der Transmissionselektronenmikroskopie genutzt, um
die mikroskopischen Eigenschaften von Korngrenzen in polykristallinen Cu(In,Ga)(Se,S)2
Schichten zu untersuchen. Dazu wurde die integrale Zusammensetzung der Dünnschichten
variiert.
Mittels Elektronenholographie wurde gemessen, dass das parallel zur Korngrenze gemit-
telte elektrostatische Potential, welches sowohl durch Atomkerne als auch durch Elek-
tronen verursacht wird, in einem etwa 1 nm breiten Bereich um die Korngrenze um bis
zu 3V verringert ist. Die Tiefe dieser Potentialtöpfe unterscheidet sich von Korngrenze
zu Korngrenze, sogar innerhalb derselben Cu(In,Ga)(Se,S)2 Schicht, und ändert sich mit
der integralen Zusammensetzung der Dünnschichten. Des Weiteren nimmt die Tiefe der
Potentialtöpfe mit sinkender Symmetrie der Korngrenzen von Σ3 Zwillings-, über Σ9 Zwill-
ingskorngrenzen bis hin zu Korngrenzen mit noch niedrigerer Symmetrie zu.
Eine gebundene Überschussladung an Korngrenzen und eine daraus resultierende Umver-
teilung von freien Ladungsträgern in der Umgebung, kann als alleinige Ursache der Poten-
tialtöpfe ausgeschlossen werden. Deshalb kommen als Hauptursachen für die Potentialtöpfe
eine lokale Änderung der Kristallstruktur bezüglich der Dichte und der Zusammensetzung
in Frage. Die entsprechenden Beiträge werden in der vorliegenden Arbeit diskutiert.
Mit Hilfe von Elektronenenergieverlustspektroskopie wird ein Zusammenhang zwischen
dem Auftreten der Potentialtöpfe und einer lokalen Änderung der Zusammensetzung an
Korngrenzen aufgezeigt. Die gemessenen Zusammensetzungsänderungen hängen dabei
stark von der integralen Zusammensetzung der Dünnschichten ab. In Cu(In,Ga)Se2 Schich-
ten mit [Cu]/([In] + [Ga]) = 0.83 wurde eine verringerte Cu- und eine erhöhte In-Konzen-
tration an Korngrenzen gemessen, während in Schichten mit [Cu]/([In] + [Ga]) = 0.43
der umgekehrte Effekt beobachtet wird. Die gemessenen Unterschiede in den lokalen Cu-
und In-Konzentrationen verhalten sich dabei immer entgegengesetzt. Basierend auf diesen
Ergebnissen wird gezeigt, dass die gemessene Zusammensetzungsänderung einen großen
Beitrag zu der Verringerung des elektrostatischen Potentials an Korngrenzen darstellen
kann.
Ein Modell für das Banddiagramm an Korngrenzen in Cu(In,Ga)Se2-Dünnschichten wird
vorgestellt. Es basiert auf einer Verschiebung des Valenzbands zu niedrigeren Energien in
einem etwa 1 nm breiten Bereich um die Korngrenze im Fall von Schichten mit einem Cu-
Gehalt von [Cu]/([In] + [Ga]) = 0.83, wobei das Ausmaß der Verschiebung mit zunehmen-
der Symmetrie der Korngrenzen kleiner wird. Im Fall von Korngrenzen in Schichten mit
[Cu]/([In] + [Ga]) = 0.43 wird eine Verschiebung des Valenzbands zu höheren Energien
vorgeschlagen.



Abstract

Polycrystalline Cu(In,Ga)Se2 and Cu(In,Ga)S2 thin films are employed as absorber layers
in highly efficient thin-film solar cells. The impact of grain boundaries on the electronic
properties of these thin films and consequently on the conversion efficiency of the corre-
sponding solar cells is not sufficiently understood. In the present work, methods in trans-
mission electron microscopy were employed in order to study the microscopic properties of
grain boundaries in Cu(In,Ga)(Se,S)2 layers with varying integral compositions.
Electron holography measurements show that the electrostatic potential caused by atomic
nuclei and electrons, averaged parallel to the plane of the grain boundary, is lower in an
about 1 nm wide region at grain boundaries by up to 3V. The depths of these potential
wells varies between individual grain boundaries, even within the same Cu(In,Ga)(Se,S)2
layer, and with the integral composition of the investigated layer. The potential well depths
increase from Σ3 twin boundaries to Σ9 twin boundaries and further to grain boundaries
with even lower symmetry.
A bound excess charge at grain boundaries and a resulting redistribution of free charge
carriers in the vicinity is ruled out as sole origin of the potential wells. Based on this
result, it is concluded that major contributions to the measured potential wells may arise
from a local change in the crystal structure with respect to the atomic density and the
composition. The individual contributions are discussed in the present work.
By use of electron energy-loss spectroscopy, the presence of the potential wells at grain
boundaries is correlated with the presence of a local change in composition. The changes
in composition are found to depend strongly on the integral composition of the investigated
layers. In the case of Cu(In,Ga)Se2 thin films with a composition of [Cu]/([In] + [Ga]) =
0.83, a Cu deficiency and an In enrichment is found at grain boundaries, while the opposite
effect is found in the case of thin films exhibiting [Cu]/([In] + [Ga]) = 0.43. The local
changes in the atomic Cu and In concentrations always show an anticorrelated behavior.
Based on these results, it is estimated that a local change in composition contributes
significantly to the lowering of the electrostatic potential at grain boundaries.
A model for the band diagram at grain boundaries within Cu(In,Ga)Se2 is proposed. This
model comprises a local offset of the valence-band maximum towards lower energies in
an about 1 − 2 nm wide region at the grain boundary in Cu(In,Ga)Se2 thin films with
a composition of [Cu]/([In] + [Ga]) = 0.83. The magnitude of the offset decreases with
increasing grain boundary symmetry. For grain boundaries in Cu(In,Ga)Se2 thin films
with a composition of [Cu]/([In] + [Ga]) = 0.43, an offset of the valence-band maximum
towards higher energies is proposed.



Contents

1 Introduction 1

2 Basics of Cu(In,Ga)Se2 and CuInS2 thin-film solar cells 5
2.1 Properties of Cu(In,Ga)Se2 and CuInS2 thin-film solar cells . . . . . . . . . 5

2.1.1 Stacking sequence of the solar cells . . . . . . . . . . . . . . . . . . 5
2.1.2 Electronic band diagram of the solar cells . . . . . . . . . . . . . . . 7

2.2 Properties of Cu(In,Ga)Se2 and CuInS2 thin films . . . . . . . . . . . . . . 8
2.2.1 Crystal structure of Cu(In,Ga)Se2 and CuInS2 . . . . . . . . . . . . 8
2.2.2 Band-gap energies . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.3 Electrical properties and defects . . . . . . . . . . . . . . . . . . . . 11
2.2.4 Phase diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.5 Influence of the composition on the electrical properties . . . . . . . 13
2.2.6 The role of Na . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.7 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Grain boundaries in polycrystalline Cu(In,Ga)(Se,S)2 . . . . . . . . . . . . 17
2.3.1 Introduction into grain boundaries . . . . . . . . . . . . . . . . . . 18
2.3.2 Models of the electrical properties of grain boundaries . . . . . . . . 21
2.3.3 Overview of the characterization of grain boundaries . . . . . . . . 25
2.3.4 Summary on grain boundaries in Cu(In,Ga)(Se,S)2 . . . . . . . . . 29

3 Experimental methods and details 31
3.1 Properties of the investigated Cu(In,Ga)Se2 and CuInS2 thin films . . . . . 31
3.2 Transmission electron microscopy . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.1 Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.2 The principle of electron holography . . . . . . . . . . . . . . . . . 34
3.2.3 Off-axis electron holography . . . . . . . . . . . . . . . . . . . . . . 38
3.2.4 Inline electron holography . . . . . . . . . . . . . . . . . . . . . . . 41
3.2.5 Application of inline and off-axis electron holography . . . . . . . . 45
3.2.6 Determination of the averaged electrostatic potential . . . . . . . . 47
3.2.7 Electron energy-loss spectroscopy and energy-filtered imaging . . . 50
3.2.8 TEM specimen preparation . . . . . . . . . . . . . . . . . . . . . . 52

i



ii Contents

3.3 Atom probe tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Grain boundaries in Cu(In,Ga)(Se,S)2 thin films studied by TEM 55
4.1 Averaged electrostatic potential measurements . . . . . . . . . . . . . . . . 55

4.1.1 Grain boundaries in Cu(In,Ga)Se2 absorbers and their dependence
on the integral composition . . . . . . . . . . . . . . . . . . . . . . 56

4.1.2 Comparison of off-axis and inline electron holography . . . . . . . . 61
4.1.3 The mean inner potential of CuInSe2 . . . . . . . . . . . . . . . . . 63
4.1.4 Grain boundaries in CuInS2 absorber films . . . . . . . . . . . . . . 64
4.1.5 Single Σ9 grain boundary in CuGaSe2 . . . . . . . . . . . . . . . . 65
4.1.6 Comparison of grain boundaries exhibiting different symmetries . . 66

4.2 Discussion on possible origins of the measured potential distributions . . . 68
4.2.1 Redistribution of free charge carriers at grain boundaries . . . . . . 70
4.2.2 Electrostatic contribution to the strain at grain boundaries . . . . . 85
4.2.3 Local change in composition and ionicity at grain boundaries . . . . 89
4.2.4 Effect of grain boundary geometry investigated by simulations . . . 92
4.2.5 Possible measurement artifacts . . . . . . . . . . . . . . . . . . . . 97

4.3 Comparison with studies on grain boundaries in other materials . . . . . . 100
4.4 Correlation between the potential wells and a local change in composition . 102

4.4.1 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.4.2 Discussion on local compositional changes, their origins and impacts 109

4.5 Grain boundary model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.6 Summary of grain boundaries in Cu(In,Ga)(S,Se)2 studied by TEM . . . . 126

5 Concluding remarks and outlook 129

A Wave aberration function 133

B Transmission cross coefficient 135

Bibliography 137

Acknowledgements 156



Chapter 1

Introduction

Today, energy generated from the combustion of fossil fuels is the main energy source.

However, the environmental pollution, the finite nature and instability of fossil fuel supply

require an entirely new philosophy in the field of power generation urgently. Unless great

progress will be made in nuclear fission, the ever increasing energy demand of the world

population can only be satisfied in the long run by a mix of renewable energy sources.

Besides wind, geothermal, and solar thermal energy, photovoltaics is a promising energy

source. Especially the scope of local and mobile power generation makes photovoltaics an

interesting choice even for everyone.

In photovoltaics, the power of solar light radiation is converted into electrical power, which

is then fed into a power network. This process employs solar cells consisting of—depending

on the type—several layers of doped semiconductors, and conductors for the contacts. In

order to make photovoltaic systems competitive, especially in comparison with fossil fuels,

highly efficient solar cells are required at low fabrication costs.

Currently, monocrystalline silicon based solar cells dominate the solar-cell market. About

25% [1] conversion efficiency was achieved by monocrystalline silicon based solar cells

on a laboratory scale, and commercially available modules—consisting of many serially

connected solar cells—exhibit efficiencies of about 16%. The solar cells consist of few

hundred micron thick silicon wafers containing a p-n homojunction, i.e., a n-doped part and

a p-doped part of the wafers. However, monocrystalline silicon has an indirect band gap and

hence absorbs the solar light radiation less effective than direct band gap semiconductors.

This requires a greater thickness compared with other solar cell types consisting of direct

1



2 Chapter 1. Introduction

band-gap semiconductors.

High energy consumption and material costs arising from the fabrication of the wafers are

the main reason why less efficient thin-film solar cells can conquer the solar cell market.

Solar cells based on the direct band-gap semiconductor Cu(In,Ga)Se2 exhibit the highest

conversion efficiency among thin-film solar cells. Already 20.3% conversion efficiency have

been achieved on a laboratory scale with a Cu(In,Ga)Se2 based solar cell [1]. Such highly

efficient Cu(In,Ga)Se2 and also the related Cu(In,Ga)S2 thin-film solar cells are typically

produced in several layers of different materials, including a polycrystalline Cu(In,Ga)Se2

or Cu(In,Ga)S2 absorber layer.

The impact of interfaces between the different layers of the solar cell stack—and of in-

ternal interfaces, i.e., grain boundaries within the polycrystalline semiconductors—on the

electrical properties of the solar cells is not sufficiently understood. Especially the role

of grain boundaries in the Cu(In,Ga)Se2 and Cu(In,Ga)S2 absorbers has been under in-

tense discussion for several years now. In order to improve the conversion efficiency of

Cu(In,Ga)Se2 and Cu(In,Ga)S2 thin-film solar cells, further comprehensive understanding

of grain boundaries within the polycrystalline absorber is fundamental.

In this work, transmission electron microscopy methods, i.e., electron holography and elec-

tron energy-loss spectroscopy, are applied in order to gain detailed insight into the micro-

scopic properties of grain boundaries within polycrystalline Cu(In,Ga)Se2 and Cu(In,Ga)S2

thin films. The main focus is on grain boundaries within thin films that are employed in

state of the art thin-film solar cells.

The outline of this thesis is as follows:

• Chapter 2 provides an introduction into Cu(In,Ga)Se2 and CuInS2 thin-film solar

cells. The main focus is on the physical properties of the polycrystalline Cu(In,Ga)Se2

and CuInS2 absorber layer therein. The issue of grain boundaries within these layers

is introduced and discussed with respect to existent models and to published studies.

• Chapter 3 presents the properties of the Cu(In,Ga)Se2 and CuInS2 layers analyzed

in this thesis. The basics of the applied experimental methods, electron holography

and electron energy-loss spectroscopy in transmission electron microscopy, are dis-

cussed. The application of both methods and the preparation of the TEM samples

are addressed at the end of this chapter
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• In Chapter 4, the properties of grain boundaries within Cu(In,Ga)Se2 and CuInS2

thin films are studied by use of electron holography and electron energy-loss spec-

troscopy in transmission electron microscopy. The results are presented and discussed

in detail, also with respect to measurement artifacts and similar measurements on

grain boundaries in other materials. A model, consistent with the results, is proposed

and compared with the models available in the literature.

• Chapter 5 presents concluding remarks on the properties of grain boundaries within

Cu(In,Ga)Se2 and CuInS2 thin films based on the results developed in Chapter 4.

These remarks are combined with an outlook.





Chapter 2

Basics of Cu(In,Ga)Se2 and CuInS2

thin-film solar cells

This chapter introduces Cu(In,Ga)Se2 and CuInS2 thin-film solar cells. The layered device

structure of the solar cells is illustrated and discussed with respect to the properties of each

individual material layer as well as the complete device. The main focus is on summarizing

the properties of the polycrystalline Cu(In,Ga)Se2 and CuInS2 layer within the solar cell

stack. Especially the properties of the two solids, i.e., the crystal structure, the band

gap and its dependence on the elemental composition, are presented and discussed. The

chapter also covers the issue of grain boundaries within the polycrystalline Cu(In,Ga)Se2

and CuInS2 thin films.

2.1 Properties of Cu(In,Ga)Se2 and CuInS2 thin-film

solar cells

2.1.1 Stacking sequence of the solar cells

A Cu(In,Ga)Se2 and similarly a CuInS2 thin-film solar cell consists of a number of material

layers. The notation derives from a polycrystalline Cu(In,Ga)Se2 or CuInS2 layer within

the solar cell stack which is the most relevant layer in the framework of this thesis. Fig. 2.1

shows a schematic of a typical layer stack, which is employed in current record efficiency

Cu(In,Ga)Se2 thin-film solar cells and a scanning transmission electron microscope (STEM)

5



6 Chapter 2. Basics of Cu(In,Ga)Se2 and CuInS2 thin-film solar cells

2 µmMo ~ 1 µm

soda-lime glas

Cu(In,Ga)Se
~ 2 µm

2

CdS ~ 50 nm
ZnO ~ 500 nm

Ni/Al-grid

Figure 2.1: Schematic and STEM-HAADF image of the cross section of a Cu(In,Ga)Se2-
based thin-film solar cell. Several material layers are combined to a stack. This stack
consists of a glass substrate, a Mo back contact, a p-type Cu(In,Ga)Se2 layer, a n-type
CdS buffer layer, and a n-type i-ZnO/ZnO:Al double layer. An Al/Ni-grid on top of the
stack serves as front contact.

high angle annular dark field (HAADF) image of a Cu(In,Ga)Se2 thin-film solar cell in

cross-section view. The layer stacking sequence of deposition is as follows. Na containing

soda-lime glass serves as a substrate for the thin-film solar cells. An approximately 1µm

thick polycrystalline molybdenum (Mo) layer is sputtered on top of the glass substrate.

This Mo layer functions as the back electrode of the solar cells. On top of the back electrode,

there is an about 2µm thick polycrystalline Cu(In,Ga)Se2 or CuInS2 semiconductor layer,

which is p-type. The crystal structure of device relevant Cu(In,Ga)Se2 and CuInS2 equals

the crystal structure of chalcopyrite (CuFeS2) which is why the compounds Cu(In,Ga)Se2

and CuInS2 will be referred to as chalcopyrites in the following. The fabrication of this

layer is addressed in Sec. 3.1. An about 25 − 50 nm thick n-type CdS buffer layer is

deposited on top of the Cu(In,Ga)Se2 or CuInS2 layer by means of chemical bath deposition.

Subsequently, an approximately 500 nm thick transparent conductive oxide (TCO) double

layer, consisting of intrinsic i-ZnO and Al doped ZnO (ZnO:Al), is sputtered on the CdS

and serves as a transparent window for photons within the visible spectrum. Together

with CdS, this layer forms the n-type part of the p-n junction of the solar cell. The front

electrode is made of a Ni/Al grid which is deposited from the vapor phase.

In between the material layers, there are interfaces that may contain structural and elec-

tronic defects. The properties of these interfaces can have a huge impact on the properties

of the complete solar cells. Therefore, the interfaces must be considered as additional layers



2.1 Properties of Cu(In,Ga)Se2 and CuInS2 thin-film solar cells 7

i-ZnO/
Al:ZnO

CuInSe2

CdS

e
n
e
rg

y

distance

Ec

Ef

Ev

Ec

Ef

Ev

i-ZnO/
Al:ZnO

CuInS2

CdS

ΔEc

ΔEv

ΔEc

ΔEv

(a) (b)

Figure 2.2: Schematics of the equilibrium band diagrams of (a) CuInSe2 and (b) CuInS2
thin-film solar cells, including the valence band maximum Ev, the conduction band mini-
mum Ec, and the Fermi energy Ef . The conduction-band and valence-band offsets between
the chalcopyrite-type layers and the CdS layers are denoted by ∆Ec and ∆Ev.

within the solar cell.

2.1.2 Electronic band diagram of the solar cells

The electronic band diagram of the completed Cu(In,Ga)Se2 and CuInS2 thin-film so-

lar cells are still subject to intense discussions. Especially the interface between the

Cu(In,Ga)Se2 or CuInS2 layer and the CdS is not understood sufficiently. Fig. 2.2 shows

the current idea of the electronic band diagram of a CuInSe2, and a CuInS2 solar cell

in equilibrium. CuInSe2 has a band-gap energy of Eg ≈ 1.04 eV [2, 3] and CuInS2 of

Eg ≈ 1.53 eV [3, 4]. The band-gap energies and the dependence on the Ga-concentration

will be discussed in detail in Sec. 2.2.2. For simplicity reasons, the Mo back contact is

omitted at this point.

The electronic band diagrams are determined by the band-gap energies, the Fermi energies,

and the electron affinities of the individual layers, as well as the properties of the interfaces

between them [5]. Conduction- or valence-band discontinuities must occur at the interfaces

between the layers due to their different band-gap energies. Values of conduction-band

and valence-band offsets ∆Ec and ∆Ev at the interfaces can be estimated according to

the model of Anderson [6, 7], which, however, neglects a possible dipole layer, as well as

electronic defect states within the band gap at the interfaces.
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A major difference between the two electronic band diagrams is located at the chalcopyrite-

type/CdS interface. Photoelectron spectroscopy data [8] and theoretical calculations [9]

suggest a negative valence-band offset and corresponding positive conduction-band offsets

at the CuInSe2/CdS interface. Similarly, the valence-band offset between CuInS2 and the

CdS layer was found to be negative. In contrast to the positive conduction-band offset at

the CuInSe2/CdS interface, however, measurements [10, 11] showed a negative conduction-

band offset at the CuInS2/CdS interface. In general, the sign and magnitude of such a

conduction-band offset at the chalcopyrite-type/CdS interface may affect the electrical

properties of the solar cell significantly. A negative conduction-band offset, as found in

CuInS2 thin-film solar cells, has shown to be detrimental to the conversion efficiency [12].

The different effective doping densities of Cu(In,Ga)Se2 and CuInS2 are responsible for the

different band bendings and its spatial extension close to the interface with the CdS.

2.2 Properties of Cu(In,Ga)Se2 and CuInS2 thin films

The main focus of this thesis is on the Cu(In,Ga)Se2 and CuInS2 layers within the solar

cell stack. They are typically p-type semiconductors, forming a p-n junction with n-type

counterparts, and absorb the majority of the photons that contribute to the conversion

of solar power into electrical power. Therefore, these layers are often referred to as the

absorbers of the solar cells. As a result of an optimized fabrication-energy cost versus

conversion efficiency relationship that empirically evolved in the past, the absorbers are

polycrystalline in state of the art devices. In the following, the most important properties

of Cu(In,Ga)Se2, and CuInS2 thin films are summarized.

2.2.1 Crystal structure of Cu(In,Ga)Se2 and CuInS2

Depending on the temperature and the element supply during the growth of compounds

consisting of Cu, In, Ga, Se, and S, there are several phases possible, as well as corre-

sponding crystal structures of the resulting solids. In this section, the main focus is on the

α-phase Cu(In,Ga)Se2 and CuInS2 which crystallizes in the tetragonal chalcopyrite struc-

ture and is relevant for current thin films solar cells. Both materials are ternary I-III-VI2

compounds, consisting of group I elements (Cu) and group III elements (In, Ga) in equal

parts, as well as two parts of group VI elements (Se, S). In the following, I, III, and VI
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I (Cu)

III (Ga,In)

VI (Se,S)

c

a a

Figure 2.3: Unit cell of Cu(In,Ga)Se2 and CuInS2. I, III and VI show the positions of
group I (Cu), group III (In, Ga), and group VI (Se, S) elements. The size of the unit cell
in the three spatial dimensions is given by the lattice parameters a and c.

are used as synonyms for the elements of the corresponding group. The elements of each

group occupy dedicated sites within the unit cell of the crystal structure.

The unit cell of the crystal structure, shown in Fig. 2.3, can be deduced from the cubic

sphalerite (zincblende) structure by doubling its unit cell. The sphalerite structure itself

corresponds to a modified diamond cubic structure, in which each carbon atom is bound

to four carbon atoms in a tetrahedral configuration. In contrast to the diamond cubic

structure, in the sphalerite structure, each atom is bound to four atoms of a different type.

In diamond, the bonds between the atoms are covalent and form due to a sp3 hybridization

[13] of the s and p orbitals of the involved atoms. According to the Grimm-Sommerfeld rule,

each atom provides four valence electrons to form the covalent bonds [14]. Similarly, the

average number of valence electrons provided by the constituent atoms of Cu(In,Ga)Se2

and CuInS2 has to be four. In contrast to diamond and sphalerite, the bonds between

Cu and Se or S result from a p-d hybridization of the involved orbitals [15]. Due to the

different electronegativity of the atoms, the bonds are not completely covalent but also

show an ionic character. Theoretical calculations of the local charge density performed by

Jaffe et al. [16] indicate that the bonds between group I and group VI elements exhibit

a more covalent character, whereas the bonds between group III and group VI elements

exhibit a more ionic character. As a consequence, the bonds between group I and group VI
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elements and those between group III and group VI elements exhibit different bond lengths

which is apparent in the tetragonal distortion δ = c/2a 6= 1 of the crystal structure [17–19].

This is why it requires an extension of the cubic unit cell of the sphalerite structure. In

the following, group I, and III elements and occupation sites will be also referred to as

cations, and cation sites, whereas group VI elements and occupation sites will be referred

to as anions, and anion sites.

2.2.2 Band-gap energies

The compounds Cu(In,Ga)Se2 and CuInS2 are semiconductors with a direct band gap at the

Γ-point. CuInSe2 and CuInS2 have fundamental band-gap energies of about Eg(CuInSe2) ≈

1.04 eV [2, 3] and Eg(CuInS2) ≈ 1.53 eV [3, 4].

In combination with spin-orbit coupling, the crystal field of the Cu atoms forces the initially

degenerate Cu d orbitals into split energetic levels which form the valence-band maxima at

the Γ-point. As a result, there is one fundamental band-gap energy and, depending on the

compound, additionally allowed transitions between the conduction and the valence band

[3, 20].

The fundamental band-gap energies of CuInSe2 and CuInS2 can be gradually manipulated

to some extend by substituting In atoms for the same number of isovalent Ga atoms. The

higher the Ga concentration, the higher is the band-gap energy of the compound. The

band-gap energy of Cu(In,Ga)Se2 for example is given by [21]

Eg(xc) = (1− xc)Eg(CuInSe2) + xcEg(CuGaSe2)− bxc(1− xc), (2.1)

with b = 0.15 - 0.24 eV being an ”optical bowing coefficient”, and xc = [Ga]/([In] + [Ga])

being the ratio of the Ga concentration and the concentration of group III elements within

the compound, and Eg(CuGaSe2) ≈ 1.65 eV [3]. While this band-gap manipulation is

widely applied in the case of the Cu(In,Ga)Se2 compound, it is less prominent in the

fabrication of CuInS2 based solar cells. This is due to the higher band-gap energy of

CuInS2 which is already close to the optimum band-gap energy for absorber materials

within highly efficient thin-film solar cells with respect to the solar spectrum [22]. For this

is of no importance in this thesis, the substitution of In for Ga in the case of CuInS2 is

disregarded in the following.

Interestingly, first-principle calculations of Wei et al. [23] indicate that the increase of the
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fundamental band-gap energy of Cu(In,Ga)Se2, upon an increase of the ratio xc, occurs due

to an upward shift of the conduction-band minimum, while the valence-band maximum

shifts only slightly downwards. In general, first-principle calculations also suggest that the

valence-band maximum is determined by an antibonding state which forms between Cu d

and Se p orbitals, whereas the conduction band minimum is determined by group III s and

Se sp orbitals [16, 24].

2.2.3 Electrical properties and defects

The electronic properties of semiconductors are governed by the degree of doping. Typical

free hole densities within Cu(In,Ga)Se2 and CuInS2 thin films are in the range of 1016 -

1017 cm−3 at room temperature [25, 26]. In contrast to impurity doping applied for other

semiconductors like silicon or GaAs, the electronic properties of Cu(In,Ga)Se2, and CuInS2

are usually governed by intrinsic defects. The following 12 intrinsic point defects exist in

a ternary chalcopyrite

• 3 Vacancies (denoted by VI, VIII, and VVI),

• 3 Interstitials (denoted by Ii, IIIi, VIi),

• 6 Antisite defects (denoted by IIII, IVI, IIII, IIIVI, VII, and VIIII).

All these point defects have different enthalpies of formation and may act as acceptors

or as donors. Calculations based on the macroscopic cavity model [27, 28] as well as on

density-functional theory [23, 29] were applied to gain insight into this issue. It has been

shown that the enthalpies of formation depend on the ratio xc [23] as well as on the position

of the Fermi energy and the chemical potential of the atomic species [29, 30]. Hence, the

defect physics at polar surfaces possibly differs significantly from the defect physics in the

volume of the chalcopyrite-type thin films.

The calculations further indicate that especially the enthalpy of formation of Cu vacancies

(V−

Cu), but also other vacancies and antisites, and the enthalpy of formation of the defect

complexes (2V−

Cu + In2+
Cu), (Cu

2−
In + In2+

Cu) are very small and in some cases even negative.

Interestingly, the defect complex (2V−

Cu +Ga2+Cu) was shown to have a higher enthalpy of

formation than (Cu2−
In + In2+

Cu) in Cu(In,Ga)Se2 [23]. Here, + and − denote the charge of

the defect, if the atomic bonds showed only ionic character. Since this is not the case
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(see Sec. 2.2.1) they simply indicate a tendency. In the simple model of ionic bonds, this

suggests that the negatively charged V−

Cu acts as a single acceptor and is responsible for

the generally observed p-type doping of Cu(In,Ga)Se2 and CuInS2. A reduction of the Cu

concentration by 2 at.%, which, according to the phase diagram, is allowed for the α phase

(CuInSe2) at 300
◦C (see Fig. 2.4 in Sec. 2.2.4), would therefore result in a p-type doping

of about ≈ 1021 cm−31.

This rough estimation and the calculated low enthalpy of formation of the defect com-

plex (2V−

Cu + In2+
Cu) indicate that there may be a high degree of self compensation of point

defects, i.e., a coexistence of a high acceptor and a high donor density effectively com-

pensating each other, which results in a small excess of acceptors responsible for the net

p-type doping. There is experimental evidence for such a high degree of compensation

within Cu(In,Ga)Se2 [31]. Furthermore, these findings are able to explain the existence

of stable phases CuIn5Se8 and CuIn3Se5, by successively removing units of (2V−

Cu + In2+
Cu)

from the CuInSe2 unit cell [29]. These stable phases are sometimes referred to as ordered

defect compounds (ODCs).

2.2.4 Phase diagram

Due to the high complexity of the defect physics, the process of fabrication of absorbers,

suitable for the application within thin-film solar cells, in terms of temperature, supply of

elements, reaction time etc., is very challenging. For the fabrication of Cu(In,Ga)Se2 and

Cu(In,Ga)S2 thin films, it is therefore essential to understand and to control the growth

process, since small deviations from stoichiometry may have a huge impact on intrinsic

defects and along with it on the electronic properties. Although the deposition or growth

of Cu(In,Ga)Se2 and CuInS2 is not a thermal equilibrium process, the thermal equilibrium

phase diagram helps to understand the growth process. Fig. 2.4 shows the pseudo binary

cut along the Cu2Se-In2S3 section of the CuInSe2 phase diagram. Note that a Cu content

of 25 at.% corresponds to [Cu]/([In] + [Ga]) = 1. For temperatures up to 800 ◦C, there is a

wide Cu concentration range of several at.%, where only the α phase, i.e., the chalcopyrite-

type phase, exists. This means that, e.g. at 300 ◦C, the total Cu content may be varied

by 2 - 3 at.% without changing the structure. For a Cu content of 25 at.% and higher,

an additional (Cu,In)2Se-phase coexists besides the α phase, the latter still exhibiting a

1An atomic density within the crystal of about 4× 1022 cm−3 was assumed
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Figure 2.4: Phase diagram of CuInSe2 along the quasi-binary cut In2Se3-Cu2Se from [32].
The Greek letters α and δ denote the chalcopyrite-type CuInSe2 phase and the compound
CuIn3Se5.

Cu-content of about 23 to 24.8 at.%. At Cu contents below ∼ 23 at.%, a phase with the

chemical formula CuIn3Se5 coexists with the α phase. For Cu contents below ∼ 16 -

17 at.%, only CuIn3Se5 is stable. CuIn3Se5 crystalizes in the same structure as CuInSe2,

however, its unit cell exhibits a defined number of Cu-vacancies V−

Cu and antisite defects

InCu.

The phase diagram of CuInS2 is qualitatively similar to the one of CuInSe2, however, it is

not clear if a phase CuIn3S5 exists. Instead, for Cu contents below ∼ 20 at.%, the phase

CuIn5S8 coexists with the chalcopyrite phase.

2.2.5 Influence of the composition on the electrical properties

In the following, the focus is on compositional changes within Cu(In,Ga)Se2, including

other phases, and their effect on the electronic band diagram as well as the defect states.

The impact of composition is assumed to be similar for CuInS2, unless mentioned. Intrinsic

as well as extrinsic compositional changes are covered as far as necessary for this work.

Preliminary studies mainly restrict themselves to compositions or phases along the quasi-

binary cut In2Se3-Cu2Se.
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Figure 2.5: Electronic band diagram of a CuInSe2-CuIn3Se5 interface after [29].

First, the impact of a variation of the Cu content of the chalcopyrites is considered. Such

a variation may affect the doping density, as well as the band structure. According to

several calculations, the Cu d orbital forms an antibonding state with the Se p orbital

which is responsible for the energetic level determining the maximum of the valence band

[29, 33, 34]. Persson et al. [33, 34] showed that (112) (cation) terminated surfaces of

CuInSe2 tend to reconstruct the lattice to a Cu deficient composition. A reduced repulsion

of Cu d and Se p states therefore leads to a downward shift of the valence band maximum

of few hundred meV, while, in the case of CuInSe2, the conduction-band minimum almost

remains at the same energetic level, resulting in an increase of the band-gap energy. A

reduced Cu concentration at surfaces was indeed found in numerous experiments in the

case of Cu(In,Ga)Se2 layers exhibiting [Cu]/([In] + [Ga]) > 1 [35, 36]. Similarly, it has been

shown that the valence-band maximum of the CuIn3Se5 phase, in which some Cu-vacancies

are occupied by In, is few hundred meV lower compared with CuInSe2 and the conduction-

band minimum exhibits a negligible downward shift [29]. This is depicted in Fig. 2.5. An

increased band-gap energy of these phases was indeed found by Wasim et al. [37] by means

of optical absorption measurements. In the case of CuGaSe2, a removal of Cu leads to a

more pronounced downward shift of the valence-band maximum as well as a significant

downward shift of the conduction-band minimum [34]. One may speculate that a local

substitution of In by Cu, i.e., an increase of the Cu content, leads to an upward shift of the

valence band maximum, due to an enhanced Cu d Se p repulsion, as long as the phase does
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not change. However, experiments showed a negligible dependence of the band-gap energies

on the [Cu]/([In] + [Ga]) ratio of near stoichiometric as well as Cu-rich samples [2]. This

indicates that small compositional changes within the chalcopyrite phase rather influence

the doping than the band structure. As soon as the Cu-content of the chalcopyrite exceeds

≈ 24.5 at.%, CuySe (1 ≤ y ≤ 2) precipitates form which exhibit completely different

electronic behavior compared with the chalcopyrite (see Fig. 2.4). Cu2Se for example has

a band-gap energy of about 1.2 eV and is a degenerate p-type semiconductor with the

Fermi-level below the valence-band maximum [38, 39]).

Less is known about the band structure upon variations of group III elements or Se.

The impact on the band structure upon an increase of the In-content and an increase of

the relative Se-content in terms of CuIn3Se5 has already been discussed. The electrical

properties of other In-rich phases are not discussed in the literature. Similarly, CuySe

(1 ≤ y ≤ 2) are the only In and Se poor phases discussed.

A comparison of Se and Cu/In terminated surfaces by means of density functional theory

calculations shows that Se terminated (1̄1̄2̄) planes of both chalcopyrites, CuInSe2 and

CuGaSe2, exhibit almost no change in the band-gap energy and the band offsets are neg-

ligible [34]. This is due to a reconstruction of the subsurface atomic layer, in which In

occupies Cu sites, and a relaxation of the surface Se layer.

2.2.6 The role of Na

The soda-lime glass substrate was shown to beneficially affect the conversion efficiency of

the solar cells, especially in the case of Cu(In,Ga)Se2 thin-film solar cells [40]. It became

evident, that the Na within the soda-lime glass is responsible for this effect. During the

deposition of the absorber, Na diffuses out of the substrate through the Mo layer into the

absorber. It was found that this induces larger grain sizes as well as a smaller resistivity

of the absorbers [41–45]. Conductivity, photoluminescence (PL) and deep level transient

spectroscopy (DLTS) measurements suggest an increase of the p-type doping induced by

Na, either through direct doping or indirectly by passivating donors, and additionally, a

passivation of trap states deep within the band gap [44, 46, 47]. Possible mechanisms are Na

occupying Cu-vacancies (V−

Cu) thereby suppressing the compensating effect of In2+
Cu which

acts as a donor or the suppression of the formation of (V−

Cu-V
2+
Se ) defect complexes [44].

It is still unclear if the beneficial effect occurs due to a different absorber growth induced
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by Na or simply by an increased p-type doping of the absorber independent from growth.

Experiments with post absorber growth deposition of Na show a similar improvement of

the solar cell performance and suggest that the change of the absorber growth conditions

play a minor role compared with the effect of increased p-type doping [48, 49]. Based

on DFT calculations, it was shown that an addition of Na to Cu(In,Ga)Se2 increases

the band-gap energy by lowering the valence-band maximum [33, 50]. Na on Cu-vacancies,

similar to V−

Cu, reduces the Cu d Se p repulsion and affects predominantly the valence-band

maximum. However, significant amounts of Na above 1 at.% may be required to induce

this effect. Integral Na concentrations in Cu(In,Ga)Se2 absorbers grown on soda-lime glass

are typically smaller. However, local accumulations of Na, e.g. at grain boundaries, may

be present.

Moreover, the passivation of surfaces and grain boundaries by Na, or Na-promoted O

passivation is discussed [33, 51, 52]. Na as catalyst for O incorporation at surfaces and

grain boundaries has been discussed by Kronik et al. [52]. The incorporated O passivates

the donor states resulting from V2+
Se (60 − 80meV below the conduction-band minimum)

which leads to a shallow acceptor 120− 140meV above the valence-band maximum [53].

2.2.7 Fabrication

Highly efficient Cu(In,Ga)Se2 absorbers are usually deposited within a vacuum chamber

from the vapor phase of the individual elements. This process is called physical vapor

deposition (PVD). A co-evaporation of the elements during a multi-stage process [54, 55]

has been shown to be beneficial for the device performance of the corresponding solar cells.

Such a multi-stage process has a number of stages in which the elements—or combinations

of elements—are evaporated sequentially. For this thesis, the absorbers were deposited

on a rotating Mo-coated soda-lime glass substrate within the framework of a three-stage

process:

• In stage one, In and Se (In-Se) are co-evaporated alternately with Ga and Se (Ga-

Se) leading to a layered structure. The corresponding time intervals determine the

final Ga content and, to some extent, the Ga grading within the absorber [56]. The

substrate temperature is usually ∼ 330 ◦C.

• In stage two, Cu is co-evaporated together with Se (Cu-Se) and the substrate tem-
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perature is increased to ∼ 525 ◦C. Due to the higher substrate temperature, the

elements alloy and the chalcopyrite phase forms. However, the substrate tempera-

ture affects the Ga grading significantly [55]. Usually, Cu and Se are co-evaporated

until a Cu-rich composition is reached [Cu]/([In] + [Ga]) > 1 in order to induce a

larger grain size in the order of 1µm during the growth process [57], which has been

proven well empirically.

• In stage three, In, Ga, and Se are co-evaporated at the same substrate temperature

as in stage two until the desired final Cu/III ratio of [Cu]/([In] + [Ga]) ≈ 0.8− 0.9 is

reached. Finally, the cooling down of the absorber is initiated.

During the whole process, the deposition of the absorber is monitored by the use of a

pyrometer and a detector that measures diffusely scattered laser light applied on the sur-

face of the deposited layer. Amongst others, the systems provide information about the

thickness of the deposited layer, its roughness, and composition [58, 59] which effectively

allows to control of the growth process to some extent.

2.3 Grain boundaries in polycrystalline Cu(In,Ga)Se2

and Cu(In,Ga)Se2 layers

Grain boundaries are defects within a polycrystalline material, where the structure deviates

from the perfect crystal structure [60]. In many polycrystalline semiconductors, e.g. Silicon

[61–63], GaAs [64–66], and ZnO [67], grain boundaries have shown to be detrimental for

the conductivity behavior. On the other hand, grain boundaries in polycrystalline CdTe,

which is employed as absorber layer in CdTe thin-film solar cells, are believed to affect the

conversion efficiency of the corresponding solar cells beneficially [68–70]. In contrast to

other polycrystalline thin-film solar cells, like CdTe and Si, conversion efficiencies beyond

20% were achieved with Cu(In,Ga)Se2 thin films solar cells on a small scale. This rises the

following questions:

• How do grain boundaries affect the electrical properties of Cu(In,Ga)Se2 and CuInS2

thin films?

• What is the role of grain boundaries in the polycrystalline absorbers with respect to

the conversion efficiency of the devices?
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Both questions could not be answered so far. However, a deeper understanding of grain

boundaries in polycrystalline Cu(In,Ga)Se2 and CuInS2 thin films might be the crucial

factor leading to a further improvement of the conversion efficiency of the corresponding

solar cells. This section gives a general introduction into the issue of grain boundaries

within polycrystalline semiconductors before the main focus is on grain boundaries in

Cu(In,Ga)Se2, and CuInS2 thin films. The currently most intensively discussed models of

the electrical properties of grain boundaries in Cu(In,Ga)Se2, and CuInS2 thin films are

summarized in this context. The last subsection gives a résumé of the previous experimental

characterization.

2.3.1 Introduction into grain boundaries

Grain boundaries are considered as two dimensional—but not necessarily planar—defects

within a polycrystalline material, where two misaligned crystalline grains meet [60]. They

usually form during a nucleation based growth process of a material, when two individual

crystals grown from individual nuclei with different crystal orientation contact each other.

Although only localized to several atomic layers in between two grains, grain boundaries

may have a large impact on the electrical properties of a polycrystalline semiconductor. In

the formalism of the electronic band diagram, the local lattice distortions at grain bound-

aries may give rise to a distribution of electronic states within the band gap, i.e., a defect

distribution. The probability of occupation of this defect distribution then determines the

amount of excess charge which is bound at a grain boundary. Such bound charges induce

an electric field which is screened by charges of opposite polarity. Hence, even local lattice

distortions or compositional changes may influence the current transport behavior through

the correlated potential barriers or wells.

A defect distribution within the band gap also decreases the mean lifetime of free elec-

trons and holes in the local vicinity, since the small—smaller than the band-gap energy—

energetic differences between the states increase the transition probability between the

states due to a more effective interaction with phonons. The process, where electrons

change their electronic state from the conduction band to the valence band via a cascade

of transitions involving phonons, is termed recombination via defect states. Note that

the inverse process, which is termed generation, has the same rate in equilibrium. The

timescale of these processes is usually much smaller than the timescale of band-to-band
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Figure 2.6: Schematic of a grain boundary and the length scales on which a grain bound-
ary can have an impact on the adjacent grains in a p-type semiconductor with a doping
density of about 1× 1016 cm−3. (a) A grain boundary (GB) between two adjacent grains.
(b) Charge density and resulting Coulomb potential if positive charge is bound at the grain
boundary. A space charge region forms on either side of the grain boundary screening the
electric field generated by the bound charge on a length scale of few 100 nm. A built-in
potential forms if two adjacent grains exhibit different doping densities, even if no charge
is bound at the grain boundary. (c) Charge density and resulting Coulomb potential if
negative charge is bound at the grain boundary. An accumulation of free holes in the
valence band screens the electric field of the negative bound charge on a length scale of few
10 nm. (d) The local atomic lattice determines the Coulomb potential and the electronic
defect states within the band gap on a length scale of about few nm.
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recombination or the transition via a single electronic state within the band gap, for which

the interaction with photons is the dominant process. Under applied voltage or solar irra-

diation, the recombination rate outbalances the generation rate in the local vicinity of a

defect distribution, and results in a locally smaller free charge carrier density. The recom-

bination via defect states is therefore considered as detrimental for the conversion efficiency

of corresponding solar cells.

Fig. 2.6 illustrates a grain boundary between two neighboring grains, and outlines different

scenarios and lengthscales on which a grain boundary in a p-type semiconductor with a

doping density in the order of 1 × 1016 cm−3 may affect the charge densities, and the

resulting Coulomb potential in the adjacent grains. If no band discontinuities are present,

the behavior of the Coulomb potential can be directly translated into the potential energy,

which determines the electronic band diagram, by multiplication with the electron charge

−e. It can be seen that length scales from the µm range down to the Å range must be

considered to fully describe a grain boundary.

There are various types of grain boundaries which can be distinguished depending on

the misalignment of the adjacent grains. A possible differentiating factor may be the

orientation relation between the two adjacent grains or the concept of the coincidence site

lattice. In the latter, the ratio between the unit cell volume of the coincidence site lattice,

which is obtained if the crystal lattice of one grain is continued into the other grain, and the

unit cell volume of the crystal lattice [60] relates the orientation of one grain to the other.

In the coincidence site lattice description, grain boundaries are denoted by the Greek letter

Σ and the value of the described ratio.

In device grade polycrystalline Cu(In,Ga)Se2, and CuInS2 thin films which are actually

applied in thin-film solar cells, the average grain size is usually smaller than the film

thickness. In contrast to other semiconductors, e.g. silicon, a direct correlation between

the average grain size and the conversion efficiency of the corresponding solar cells could not

be found. Similarly to the electric properties, little is known about the structure and local

composition of grain boundaries within Cu(In,Ga)Se2, and CuInS2. Only the structure

of highly symmetric twin grain boundaries, for which the crystal lattices of the adjacent

grains exhibit a mirror symmetry, have been studied in some detail [71, 72]. This is clearly

not sufficient to understand the larger set of grain boundaries without a highly symmetric

configuration. Hence, there is a lack of investigations of grain boundaries in device grade

polycrystalline Cu(In,Ga)Se2, and CuInS2 thin films, which requires further studies. The
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most important models expressing the current understanding of grain boundaries within

Cu(In,Ga)Se2, and CuInS2 are described in the following section.

2.3.2 Models of the electrical properties of grain boundaries

As discussed in the last section, the electrical properties of grain boundaries within poly-

crystalline Cu(In,Ga)Se2 thin films may play an important role for the conversion efficiency

of the corresponding solar cells. It is therefore essential to get an idea about the electronic

band diagram at and in the vicinity of grain boundaries to understand the impact on the

solar cells. Few models have been proposed in the past describing the electronic band

diagram of grain boundaries within polycrystalline Cu(In,Ga)Se2 thin films. Some of them

are based on grain boundary models that were established for other materials, like silicon

and GaAs, and some of them are based on material specific measurements or calculations.

So far, the models are restricted to Cu(In,Ga)Se2 but might be applicable to Cu(In,Ga)S2

as well. The following four models (see also Fig. 2.7) have proven of value to explain results

of electrical and microscopic measurements.

2.3.2.1 Model of electrically benign grain boundaries

Yan et al. [51, 73] proposed electronically benign grain boundaries. Their model is based

on DFT calculations on two Σ3 grain boundary models containing dislocation cores, i.e.,

regions, where the interatomic bonds are broken or forced to have different lengths com-

pared with the grain interior. The calculations show that, in contrast to polycrystalline

silicon and CdTe, a lattice relaxation in Cu(In,Ga)Se2 is responsible for a shift of electronic

defect states from the band gap into the valence band. The electronic band diagram at the

grain boundary is indistinguishable from the one in the grain interior. This is illustrated

in Fig. 2.7(a). Without electronic states within the band gap, the dominant recombination

path is the interaction with photons. The local net recombination under perturbations is

therefore similar compared with the one far away from the grain boundaries. A similar but

more phenomenological model was proposed by Cahen et al. [74] already in 1989. They

suggested that oxygen, which is incorporated into the solar cell absorbers as soon as they

are exposed to air, leads to a passivation of (positively charged) Se vacancies at surfaces

and grain boundaries within Cu(In,Ga)Se2. This passivation leads to a neutralization or

at least to a reduction of charge located at the grain boundaries and consequently to an
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Figure 2.7: Schematic of the electronic band diagrams of the grain boundary models
discussed in the text. The respective length scales are depicted in Fig. 2.6. Defect distribu-
tions within the band gap are denoted by a sequence of dashes. (a) Yan et al. proposed the
model of electrically benign grain boundaries (see Sec. 2.3.2.1). A local relaxation of the
crystal lattice is responsible for a shift of electronic defect states from the band gap into
the valence band. The electronic band diagram at the grain boundary is indistinguishable
from the one in the grain interior in the framework of this model. (b) A valence-band offset
of several hundred mV and a width of a few atomic layers at a grain boundary without
charged defects, according to the model of Persson et al. (see Sec. 2.3.2.2). (c) In the
Seto model (see Sec. 2.3.2.3), a positive, bound excess charge at the grain boundary (GB)
causes a space charge region, which leads to a downward bending of the bands towards the
grain boundary core. (d) A valence-band offset in combination with a space charge region
as proposed by Hafemeister et al. (see Sec. 2.3.2.4).

improvement of the performance of the corresponding solar cells, especially after an an-

nealing of the solar cell absorbers in air. Later, this model was extended to include Na as

a catalyst for surface oxidation [52, 75].
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2.3.2.2 Valence band offset model

Based on density functional theory (DFT) calculations on a (112) Σ3 twin grain boundary,

Persson et al. [33, 34] proposed a neutral transport barrier, i.e., a valence-band offset, to

be present at the grain boundary. For their calculations, they assumed that the grain

boundary consists of two stable (112) surfaces of Cu(In,Ga)Se2 crystals, each surface ex-

hibiting a Cu-poor composition [76–78], facing each other. This assumption is based on

the observation that surfaces of CuInSe2 exhibit a Cu-poor composition [35]. They found

that a Cu-poor composition of such grain boundaries should lead to a valence-band off-

set of several hundred meV towards lower energies which is few atomic layers in width.

Fig. 2.7(b) shows the corresponding electronic band diagram. A reduced repulsion of Se

p, and Cu d states, both forming an antibonding state at the valence-band maximum, is

responsible for the valence-band shift to lower energies. Due to the valence-band offset, a

reduced free hole density is present at the grain boundary leaving less unoccupied states

available for electrons within the conduction band, which effectively results in a reduced

recombination rate. If a voltage or irradiation perturbs this system, the net recombination

rate at the grain boundary is reduced compared with the case without the valence-band

offset.

2.3.2.3 The Seto model

In order to explain the electrical properties of p-type polycrystalline silicon films, i.e., the

temperature dependence of the measured resistivity and Hall mobility, Seto [79] proposed

a space charge region being present at grain boundaries. In his model, electronic states

within the band gap are assumed to exist at the grain boundaries due to imperfections of

the lattice, which was already proposed by [61]. These electronic states are occupied by

holes and result in a positive excess charge at the grain boundaries which is screened by a

negatively charged space charge region on both adjacent sides. For the current transport

through grain boundaries, this means that the majority carriers (holes) have to overcome

a potential barrier. This process can be described by thermionic emission theory. Seto’s

model has later been adopted for grain boundaries within polycrystalline Cu(In,Ga)Se2

(and CuInS2 films) in order to explain surface sensitive Kelvin probe force microscopy

(KPFM) measurements, which suggest the presence of a positive excess charge at grain

boundaries (e.g. see Refs. [80, 81]). The corresponding electronic band diagram is shown in
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Fig. 2.7(c). Assuming that the band bending close to the grain boundary is less than about

half the band-gap energy, this configuration leads to a locally increased net recombination

rate via defect states at the grain boundaries, if the thin films are perturbed by the appli-

cation of a voltage or solar irradiation [82]. This is because the free electron and free hole

densities become similar, i.e., the number of occupied electronic states in the conduction

band and the number of unoccupied electronic states in the valence band become similar.

If the band bending is larger than about half the band-gap energy, the net recombination

rate may become smaller again [82].

2.3.2.4 Model of space charge and additional neutral tunneling barrier

Azulay et al. [83] proposed a valence-band offset of several hundred meV in addition to

a downward bending of the electronic bands of about 100meV to be responsible for an

increased current through grain boundaries compared with the bulk which they measured

with conductive atomic force microscopy (C-AFM) for applied voltages smaller than 1V.

The downward bending of the bands was suggested, since the direction of the current

switches sign for an applied bias of about 100mV. A valence-band offset in combination

with a downward bending of the bands can therefore lead to an increased current density

through grain boundaries under external perturbations.

Recently, Hafemeister et al. [84] proposed a similar model. They suggested the presence

of a 1 - 2 nm narrow and several hundred mV deep neutral tunneling barrier for majority

carriers at a Σ3 and Σ9 grain boundary in CuGaSe2. Based on KPFM measurements,

they also suggested a space charge region to be present at the Σ9 but not at the previously

investigated Σ3 grain boundary [85]. Fig. 2.7(d) shows the electronic band diagrams in

the case of the Σ9 grain boundary. Their model is based on results of resistivity, Hall and

KPFM measurements. The model has been applied earlier to describe the conductivity of

polycrystalline silicon [86]. In general, it is the balance between the detrimental downward

band bending, the valence-band offset, and the properties of the defect density at grain

boundaries which determines the local net recombination rate under applied voltage or

solar irradiation.
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2.3.3 Overview of the characterization of grain boundaries

Numerous measurements have been performed in the past in order to study the properties

of grain boundaries within polycrystalline Cu(In,Ga)Se2. The applied techniques can be

roughly divided into three main categories. The respective results are summarized in the

following. Less effort has been made to study grain boundaries within the related material

Cu(In,Ga)S2.

2.3.3.1 Electron microscopy and atom probe tomography

Various techniques in the transmission electron microscope and the scanning electron

microscope have been employed to investigate the structure, the composition as well as

the electrical properties of grain boundaries within Cu(In,Ga)Se2. Furthermore, electron

backscatter diffraction (EBSD) in SEM has been utilized in order to provide statistics on

the relative frequency of grain boundaries and grain boundary types. In the following, the

focus will be on the structure and composition of grain boundaries within Cu(In,Ga)Se2

thin films. The relevant length scale is in the order of few nm.

By use of TEM, the particular structure of grain boundaries can only be studied if both

adjacent grains are oriented in zone axis. This is only possible in the case of a few highly

symmetric grain boundaries. These in turn may not generate a high defect density or

charge density at the grain boundary core and may be of little interest with respect to the

overall solar cell efficiency.

Yan et al. [72] performed high-resolution Z-contrast imaging in STEM on a Σ3 twin grain

boundary within Cu(In,Ga)Se2, where the grain boundary is a (112) plane with respect

to both adjacent grains. They found that the stacking sequence of the lattice does not

end at the grain boundary but is rather reversed. Hence, the grain boundary can not be

described by two (112) surfaces, for which the stacking sequence ends at the surface, facing

each other as proposed by Persson et al. [33, 34]. Furthermore, they were not able to

measure a Cu-poor composition close to the grain boundary by means of high resolution

Z-contrast imaging and nanoprobe energy-dispersive X-ray spectrometry in scanning mode

of the transmission electron microscope (STEM-EDX). Another investigation of the chem-

ical composition at grain boundaries has been performed by Lei et al. [87]. STEM-EDX

measurements at high angle grain boundaries revealed no substantial change in compo-

sition compared with the grain interior. However, the applied point to point distance of
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> 10 nm is not sufficient to detect changes in composition on smaller length scales.

Auger electron spectroscopy (AES) has been applied on grain boundaries by the groups of

Hetzer et al. [88] and Niles et al. [89] in the scanning electron microscope. Hetzer et al.

measured a massively reduced Cu-concentration at the investigated grain boundaries and

Niles et al. found Na and O impurities primarily residing at grain boundaries. However, in

both publications, the grain boundaries were not explicitly identified by means of EBSD

but from the topography of the sample or the Auger electron signal. In addition, AES

is a very surface sensitive technique. A different chemical absorption behavior of grain

boundaries at surfaces compared with the volume may have a huge impact on these kind

of measurements. In summary, the results on the structure and composition of grain

boundaries within Cu(In,Ga)Se2 given in the literature remain ambiguous.

Complementary cathodoluminescence (CL) and electron beam induced current (EBIC)

measurements in the SEM and TEM provide elegant methods to study the electrical prop-

erties of grain boundaries within Cu(In,Ga)Se2 and CuInS2 on a length scale of about few

tens of nm. In CL, the measured signal is the local photon current density caused by ra-

diative recombination of free electrons and holes which were generated by local irradiation

with an electron beam. In EBIC, the corresponding charge current density which is flow-

ing through the device contacts under short circuit conditions is measured. Most of the

performed CL measurements showed a decrease of the total CL signal at grain boundaries

[90–93]. However, the degree of the decrease in the CL signal depends on the texture [90]

and the Na content [93] of the investigated thin films. Abou-Ras et al. [92] also showed that

Σ3 grain boundaries within Cu(In,Ga)S2 exhibit a less pronounced reduction in the CL

signal than random non Σ3 grain boundaries. Similar results, measured at the back surface

of Cu(In,Ga)Se2 absorbers which were stripped off from the Mo back contact, have been

found recently by Kavalakkatt [94]. Romero et al. [91] measured a redshift of the averaged

CL intensity along grain boundaries. Evidently, there is less radiative recombination oc-

curring at most grain boundaries compared with the bulk material. EBIC measurements

of Nichterwitz et al. [95] showed a reduced current from some grain boundaries. They

successfully modeled the reduced current collection at a grain boundary by assuming an

increased recombination velocity at the plane of the grain boundary. Additional measure-

ments of Kavalakkatt [94] also showed that the measured current seems to depend on the

grain boundary type, i.e., Σ3 or random. Similarly to the CL results, the decrease in

the EBIC signal at random grain boundaries is substantially higher compared with Σ3
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grain boundaries, for which almost no EBIC contrast could be detected. All this indicates

that the reduction in radiative recombination at grain boundaries is in favor of the faster

non-radiative recombination path, at least for non Σ3 grain boundaries.

Recently, Cadel et al. [96] performed atom probe measurements on grain boundaries. They

found an increased Na concentration of about 0.89 at.% at grain boundaries, less Se and a

different Cu, Ga, and Se contents in the two adjacent grains.

2.3.3.2 Surface scanning techniques

Kelvin probe force microscopy (KPFM) as well as other scanning techniques like scanning

tunneling microscopy (STM) and atomic force microscopy (AFM) are suitable in order to

study the surface properties of polycrystalline chalcopyrites on length scales of few nm. For

the former, the general procedure of most groups is to measure the topography of a certain

area of interest on the specimen, and afterwards the contact potential of the same area of

interest, from which the work function can be determined. Regardless of the particular

material composition, almost all measurements, showed either no change in work function

or a dip of the work function across grain boundaries with a full width at half maximum of

50 - 100 nm [80, 84, 85, 93, 97–103]. This corresponds to a downward bending of conduction

and valence band if the band gap is unchanged. Only Hannah et al. [93] measured a slight

increase of the work function at grain boundaries in Na containing (220/204)-textured

thin films, which they attributed to a negative excess charge at the grain boundary and

a corresponding upward bending of the electronic bands towards the grain boundary. In

contrast, Yan et al. [51] found a reduction of the work function across grain boundaries in

Na containing thin films which is not present in Na free thin films. Again, the complexity

of the material requires a discrimination of the Ga content, the texture, and the Na content

of the specimens as well as the studied grain boundary types. These parameters are in

turn strongly linked with the fabrication process of the chalcopyrites. This issue, however,

is not addressed at this point.

Jiang et al. [100, 101] measured a dip in the work function across grain boundaries within

CuInSe2 of about 150mV but no change of the work function across grain boundaries

within CuGaSe2. In contrast, other groups found a reduction in work function of 50 -

150mV also in CuGaSe2 [80, 84, 97–99]. However, the investigated Σ3 grain boundaries

within CuGaSe2 showed no dip of the work function [85, 102]. For some grain boundaries
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within CuGaSe2, illumination with red light resulted in a reduction of the work function

dip [80, 97–99], whereas others showed no response. This indicates that at least two types

of grain boundaries have to be distinguished.

KPFM measurements are very sensitive to the surface properties of the investigated sam-

ples. Therefore, it is worth mentioning that KPFM measurements which were performed

on etched or polished samples [103] (CuInS2) exhibited no contrast of the work function

at grain boundaries.

A subsidiary approach present conductive atomic force microscopy (C-AFM) measure-

ments performed by Azulay et al. [83] and scanning tunneling microscopy measurements

(STM) performed by Romero et al. [104–106]. In order to explain a reduced photoemission

at CuInSe2 grain boundaries measured upon current injection through a scanning tun-

neling microscope, they suggested a reduced free hole density being present at the grain

boundaries [104]. Electroluminescence mapping of CuGaSe2 solar cells, for which a voltage

was locally applied by an atomic force microscopy tip [106], showed that the transport

of an injected current is confined to individual grains and does not spread to adjacent

grains. Therefore, grain boundaries seem to act as an insulator between grains. By means

of electro-assisted STM Romero et al. [105] further measured a barrier for free electrons

located at the grain boundaries within CuGaSe2. Again, the grain boundaries were not

explicitly identified by suitable techniques, e.g. EBSD, in most publications mentioned

above. Topography grooves mostly served as indication. An exception are the works on

single grain boundaries within CuGaSe2 [84, 85, 102].

2.3.3.3 Electrical measurements

Temperature dependent resistivity and Hall measurements on Cu(In,Ga)Se2 and CuInS2

thin films aim at studying a possible energetic barrier for majority carriers at grain bound-

aries. Such a barrier should manifest itself in an activation energy of the hole mobility µmob.

Besides the resistivity and Hall measurements on single Σ3 and Σ9 grain boundaries within

CuGaSe2 [84, 85], all measurements were performed on polycrystalline samples which were

fabricated by co-evaporation or sequential processes. In general, the conversion efficiencies

of Cu(In,Ga)Se2 based solar cells depend very sensitively on the fabrication process of the

absorber. Since all resistivity measurements showed similar results, details with respect to

the fabrication processes are disregarded at this point.
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So far, the activation energies of the conductivity σ determined by means of resistivity

measurements exhibited values between 30 and 350meV [107–110]. Activation energies

above 150meV have been found only in Na free samples [107, 109]. It is not clear, if this

activation energy can be attributed to a potential barrier for holes, since the conductivity

σ = eµmobp is also determined by the charge-carrier density p. Hence, the measured

activation energy is determined by both, the activation energy of the charge-carrier density

p and the activation energy of the mobility µmob. Rissom [110] found activation energies

of the charge carrier density p of about 150meV in polycrystalline CuGaSe2 which he

deduced from Hall measurements. Resistivity measurements in the same study showed

very similar activation energies of the conductivity indicating that the activation energy

is mainly determined by the activation of the charge carrier density p and not by the

activation of the mobility µmob. Other studies which employed a combination of resistivity

and Hall measurements found an activation energy of the mobility of 50 - 135meV for

polycrystalline Cu(In,Ga)Se2 [25, 111, 112], 32meV and 100meV for a single Σ3 and a Σ9

grain boundary within CuGaSe2 [84, 85] as well as 50 - 60meV for polycrystalline p-doped

CuInS2 [26]. As implemented in the work of Hafemeister et al. [84], it is not necessary

to assume band bending due to a space charge region at the grain boundaries in order

to model the temperature dependence of the Hall mobility and the resistivity which they

measured across a single Σ3 grain boundary. The temperature dependence can be equally

well simulated by assuming a several nm wide potential barrier for holes, only few tens of

meV deep, and in addition a 1 - 2 nm wide and several hundred meV deep valence-band

offset through which the holes may tunnel through.

2.3.4 Summary on grain boundaries in Cu(In,Ga)(Se,S)2

The presence of local lattice distortions at grain boundaries may give rise to a bound excess

charge, causing potential barriers or wells, and a locally increased recombination rate of

free charge carriers. Both effects are usually considered as detrimental for the conversion

efficiency of the corresponding solar cell [81, 82], however, this is not necessarily the case.

Some models have been proposed in the past describing the electrical properties of grain

boundaries within polycrystalline Cu(In,Ga)Se2 films (see Sec. 2.3.2). In these models, the

presence of bound excess charge, a local relaxation of the lattice, and a local change in

composition at grain boundaries are considered.
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However, the main outcome of previous characterizations of grain boundaries within poly-

crystalline Cu(In,Ga)(Se,S)2 layers is that individual grain boundaries exhibit individual

physical properties. The properties depend at least on the grain boundary symmetry, the

integral composition of the polycrystalline layer, its texture and the presence of impurity

atoms. Especially surface scanning measurements also suggest a strong dependency of the

results on the particular treatment of the polycrystalline layers before the measurement.

These findings make it difficult to develop a general grain boundary model.

The approach of this thesis is to gain more insight into the properties of grain boundaries

on an sub nm length scale since the very local lattice distortions at grain boundaries may

determine their electrical properties in a much larger length scale of up to µm. In par-

ticular, electron holography and electron energy-loss spectroscopy in transmission electron

microscopy are applied, for they provide the possibility to investigate the local Coulomb

potential and the local composition on a length scale below 1 nm.
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Experimental methods and details

This chapter gives an overview of the experimental methods that were applied in the

framework of this thesis. The overview covers the particular fabrication of the investigated

Cu(In,Ga)Se2 and CuInS2 thin films, as well as the characterization methods employed

to analyze these thin films. The main focus will be on transmission electron microscopy,

especially the techniques of electron holography and electron energy-loss spectroscopy.

3.1 Properties of the investigated Cu(In,Ga)Se2 and

CuInS2 thin films

The Cu(In,Ga)Se2 thin films being investigated in the present thesis were prepared in such

a way that they exhibit varying nominal compositions. The main focus is on a series of

Cu(In,Ga)Se2 thin films with a constant Ga content of [Ga]/([In] + [Ga]) ≈ 0.3 and varying

Cu contents [Cu]/([In] + [Ga]) of 0.83, 0.67, and 0.43, and on a series with a constant Cu

content of ∼ 0.85 and varying Ga contents of 0, 0.45, and 1. The nominal composition of

these thin films are presented in Tab. 3.1.

The fabrication method for the Cu(In,Ga)Se2 layers of these two series will be addressed

briefly in the following. The series of thin films in which the Ga content was varied will be

referred to as Ga series, whereas that in which the Cu content was varied will be referred

to as Cu series.

First, the fabrication of the Cu series is depicted. In the first stage, Ga-Se and In-Se were

co-evaporated alternatingly at a nominal substrate temperature of 330 ◦C, such that a final

31
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Table 3.1: The atomic concentrations and respective ratios [Cu]/([In] + [Ga]) and
[Ga]/([In] + [Ga]) with respect to the integral composition of the Cu(In,Ga)Se2 thin film
solar cell absorbers investigated in this work measured by use of X-ray fluorescence spec-
troscopy.

[Cu] (at.%) [In] (at.%) [Ga] (at.%) [Se] (at.%) [Cu]
[In]+[Ga]

[Ga]
[In]+[Ga]

Cu series
22 19 8 51 0.83 0.28
19 20 9 52 0.67 0.31
14 22 10 54 0.43 0.32

Ga series
22 28 0 50 0.82 0
22 15 12 51 0.82 0.45
23 0 26 51 0.88 1

composition ratio of [Ga]/([In] + [Ga]) ≈ 0.27 was obtained. The temperature was then

increased to 525 ◦C in the second stage, and Cu-Se was co-evaporated. The final Cu content

was predetermined by choosing different process duration in stage two. Here, only the thin

film with a Cu content of 0.83 exceeded a nominal Cu content of [Cu]/([In] + [Ga]) > 1

at the end of the second stage. In stage three finally, In-Ga-Se were co-evaporated at the

same temperature until the final Cu content was reached. For more details see Ref. [113],

in which a similar process is described.

In the first stage of the Ga series fabrication, the weighting of the corresponding co-

evaporation durations of Ga-Se and In-Se was varied in order to achieve different ratios

[Ga]/([In] + [Ga]). The nominal substrate temperature during this stage was 330 ◦C. In the

second stage, the substrate temperature was increased to nominally 530 ◦C, and Cu-Se was

co-evaporated until the nominal Cu content was [Cu]/([In] + [Ga]) > 1. This was followed

by an annealing time of 300 s for the In-containing samples and an annealing time of 600 s

for the thin film without In. Depending on the final Ga content, In-Se (CuInSe2), Ga-Se

(CuGaSe2) or In-Ga-Se (Cu(In,Ga)Se2) were co-evaporated until the thin films exhibited

their final Cu content. Only Se was evaporated for 20minutes during the cooling down.

The CuInS2 absorbers investigated in this work were grown differently. Typically, a Cu-In

precursor with slight Cu excess ([Cu]/([In] + [Ga]) > 1) is sputtered on Mo coated glass

and subsequently annealed in sulfur atmosphere. The sequence of this annealing process

starts with a steep temperature ramp, followed by a reaction period of about 2min at the
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maximum temperature of 560 ◦C, and finally cooling down. This growth process is called

rapid thermal process (RTP). Due to the Cu excess, CuyS (1 < y < 2) forms on top of

CuInS2, which is etched off by use of potassium cyanide (KCN).

3.2 Transmission electron microscopy

This section introduces the principle of transmission electron microscopy (TEM) and spe-

cific imaging techniques therein. The main focus is on electron holography, electron energy-

loss spectroscopy and energy-filtered imaging. Inline as well as off-axis electron holography

are discussed in the context of electron holography. Finally, the specimen preparation for

transmission electron microscopy is addressed.

3.2.1 Basics

In TEM, electrons with a defined kinetic energy are employed in order to analyze specimens

or structures on scales that can not be resolved or imaged by visible-light microscopes.

There are several imaging techniques in TEM, each one customized to analyze a specific

detail of the specimen under investigation. The particle and the wave nature of electrons

are considered in order to illustrate the principles of the techniques that have been applied

in the present work.

In the particle picture, the general principle of a TEM is the following: Electrons emanating

from an electron gun are accelerated to a defined kinetic energy—typically in the range of

several hundred keV—and momentum. This will be referred to as electron beam. Guided

through ultra high vacuum by a system of magnetic lenses, the electrons penetrate a

specimen and interact with it in terms of an exchange of momentum and energy. This

process is called scattering.

If the statistical momentum and the energy distribution of the electrons prior to the in-

teraction with the specimen is known, the statistical momentum and energy distribution

of the electrons in a plane far away from the specimen, such that the interaction with the

specimen in this plane is negligible, contains information about the specimen. In electron

energy-loss spectroscopy (EELS) and energy-filtered TEM (EFTEM), the energy distribu-

tion of the beam electrons after the interaction with the specimen is investigated in order

to obtain information about the local composition, thickness, etc.
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Figure 3.1: Schematic of the imaging principle. The interaction of the incident plane
wave with the specimen results in a modulation of the wave which can be described by an
object wave obj(~r). Aberrations of the electron lenses lead to an image wave img(~r). The
nature of the detector prohibits, however, imaging the phase of the complex image wave.

In the wave nature approach, the electron beam is described by a wavefunction. In this

picture, the interaction with the specimen alters the frequency, the amplitude and the

phase of the wavefunction. The wavefunction at the exit plane of the specimen then

contains valuable information about the specimen. In conventional TEM however, only

the intensity distribution is recorded, which is given by the squared modulus of the image

wavefunction that arises from the transfer of the exit plane wave (also object wave) function

by the microscopic system (see Fig. 3.1). Any additional information which is contained

in the phase shift of the wavefunction due to the interaction with the specimen can not be

exploited. By means of electron holography, the phase shift of the initial wavefunction—

owing to the interaction with the specimen—can be determined and utilized in order to

obtain information about local electromagnetic fields within the specimen.

3.2.2 The principle of electron holography

Fig. 3.1 illustrates the basic principle of the imaging principle in TEM with respect to the

wave nature of the electrons. In the following it is assumed that the incident electron beam

in the vacuum prior to the interaction with the specimen can be described by a plane wave

ψ0(~r3d, t) = a0 exp(i(2π~k0~r3d − ω0t + ϕ0)), with amplitude a0, space vector ~r3d = (x, y, z),
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wave vector ~k0 = (0, 0, |~k0|), time t, angular frequency ω0, and phase ϕ0. Without loss of

generality, the amplitude may be set to a0 = 1 and the phase to ϕ0 = 0. Due to a local

exchange of momentum and energy with the specimen, the wavefunction at the exit plane

of the specimen can not be described by a plane wave anymore. However, a part of the

wavefunction does not exchange energy nor momentum with the specimen. This part can

be described by ψf (~r, t) = a(~r) exp(i(2π~k0~r3d − ω0t + ϕ(~r))), with modulated amplitude

a(~r) and modulated phase ϕ(~r), both depending on the spatial coordinates within the exit

plane ~r = (x, y). In the following, ~r is applied as the two-dimensional spatial coordinate

within all planes perpendicular to the propagation direction of the electron beam, i.e.,

within planes with a constant z value. ψ can now be expressed by

ψf (~r3d, t) = obj(~r)ψ0(~r3d, t), (3.1)

with the object wave

obj(~r) = a(~r) exp(iϕ(~r)). (3.2)

The amplitude of the incident plane wave is modified, since a part of the wave exchanges

energy and momentum with the specimen. The phase of the incident plane wave is affected

by the interaction with the specimen because the wavelength of the wavefunction depends

on the local Coulomb and vector potentials within the specimen. Disregarding the magnetic

flux, the local wavelength of the wavefunction is given by [114]

λ =
1

|~k|
=

h
√

2m0e(U + V )(1 + e(U+V )
2m0c2

)
, (3.3)

with Planck’s constant h, the electron’s rest mass m0 and charge e, the acceleration voltage

U of the transmission electron microscope, and the electrostatic potential V which the

electrons from the incident beam experience while traveling through the specimen. V

contains contributions from scattering atoms (or ions) of the sample as well as from free

charge carriers and any other electrical potentials.

If the specimen is assumed to be a pure phase object, i.e., the interaction of the wavefunc-

tion with the specimen affects only the phase, one can apply the phase object approxi-

mation (POA). The POA is a good approximation for electrons with high kinetic energy

traveling through thin specimens that are not oriented along a low index zone axis with
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Figure 3.2: Objects with electrostatic potential V (~r3d) induce a phase shift ϕ(~r) in the
object wave obj(~r) with respect to the wave that traveled through vacuum.

respect to the beam. It is further assumed that the total wavefunction of the specimen and

the electron beam can be written as a product of the individual wavefunctions due to the

distinguishability of the electrons bound in the solid and the high energy beam electrons

[115]. The change in phase ϕ(~r) at the exit plane due to the electrostatic potential V (~r3d)

within the specimen, which is assumed to be small compared with the kinetic energy of

the beam electrons, is then given by [114]

ϕ(~r) =

∫

path

2π~kd~s = σ(U)

∫

path

V (~r3d) dz = σ(U)d(~r)Va(~r). (3.4)

d(~r) is the local specimen thickness, Va(~r) the electrostatic potential within the specimen

averaged along the path of the incident plane wave through the specimen, i.e., along the z

axis perpendicular to the specimen surface. σ(U) = 2πem/h2k0 is an acceleration voltage

dependent interaction constant, where m is the relativistic electron mass. The change in

phase caused by an object with electrostatic potential V (~r3d) is illustrated in Fig. 3.2.

A modulation of the local amplitude of the object wave can be included by adding an

imaginary phase shift iM(~r). In the framework of the POA, it is therefore possible to

retrieve the local electrostatic potential Va(~r), if the phase ϕ(~r) and the local specimen

thickness d(~r) are known.

The imaging system transfers the object function obj(~r) to the image plane of the micro-

scopic system. Due to aberrations of the objective lens, the image wave img(~r) at the
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image plane of the objective lens differs from the object wave and may be expressed by

img(~r) = FT−1 [FT [obj(~r)]WTF(~q)] = A(~r) exp(iΦ(~r)), (3.5)

where FT denotes the Fourier transform, WTF(~q) is the wave transfer function depending

on the two-dimensional spatial frequencies ~q, and A and Φ(~r) are amplitude and phase of

img(~r). The wave transfer function is given by

WTF(~q) = Eap(~q)Esc(~q)Etc(~q) exp(−iχ(~q,∆f)), (3.6)

where χ(~q) is the wave aberration function which describes the transfer of spatial frequen-

cies ~q by the objective lens, even if the incident electron beam is perfectly coherent. It

contains contributions from defocus ∆f , spherical aberration, astigmatism, axial coma etc.

(for details, see Appendix A). Esc(~q) and Etc(~q) are damping envelope functions arising

from imperfect spatial and temporal coherence of the illumination, i.e., partial coherence,

and Eap(~q) is an aperture function cutting off spatial frequencies larger than a defined

value (see also Appendix A for details).

In conventional TEM, only the squared modulus |img(~r)|2 = A2(~r) of this function is

recorded by a CCD camera. Electron holography opens up the possibility of retrieving

the information about the specimen which is contained in the phase Φ(~r). The object

function obj(~r) can be reconstructed from the image wave if the aberrations of the objective

lens and distortions introduced by the projective lenses are known. The principle idea of

electron holography in TEM is to bring the image wave and a coherent wave to interference.

The imaged interference pattern is called hologram and contains information about the

phase Φ(~r) and the amplitude A(~r) of the image wave. This approach was proposed

by Gabor already in 1948 [116]. In general, there are a number of ways to realize the

interference, for a review, see Ref. [117]. In this work, bright-field off-axis and bright-field

inline electron holography were applied in order to study the local electrostatic (Coulomb)

potential at grain boundaries within polycrystalline Cu(In,Ga)Se2 and CuInS2 thin films.

For a comparison of inline and off-axis electron holography, see Refs. [118, 119]
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Figure 3.3: Schematic of the principle of off-axis electron holography after [120]. The
specimen is placed into the optical path, such that part of the incident electron beam
penetrates the specimen, while the other part is employed as reference wave. A positively
charged biprism between the back focal plane and the image plane of the objective lens
deflects object and reference wave, superimposing them in the image plane. The resulting
interference pattern is called electron hologram.

3.2.3 Off-axis electron holography

Fig. 3.3 illustrates the principle idea of off-axis electron holography. The specimen under

investigation is placed under the electron beam, such that part of the incident electron

wave penetrates the specimen and part of the electron wave travels through a nearby hole

in the specimen, i.e., through vacuum, and does not interact with the specimen. The

latter part is used as reference wave which is coherent with the object wave. Object wave

and reference wave are imaged by the objective lens and then brought to an overlap by

a positively charged wire in the optical path between the back focal plane and the image

plane of the objective lens. The wire is called biprism and was invented by Möllenstedt et

al. in 1956 [121]. A hologram forms in the image plane of the microscope in a region where

both waves overlap. By setting the amplitude of the reference wave image Ar = 1, the

intensity distribution of the hologram, which is detected by a camera, is given by [120, 122]
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Iholo(~r) = 1 + Ielast(~r) + Iinelast(~r) + 2µA(~r) cos(2π~qc~r + Φ(~r) + γ(~r)). (3.7)

|~qc| = |~k0|β is the carrier frequency of the interference fringes, where β denotes the over-

lapping angle between the image wave and the image of the reference wave. µ is the

contrast of the fringes. It depends on the degree of spatial and temporal coherence, as

well as inelastic scattering, any instabilities, and the modulation transfer function of the

camera [123]. These contributions can not be neglected in microscopy. Ielast(~r) represents

the intensity caused by elastically scattered electrons and Iinelast(~r) represents the intensity

caused by inelastic scattered electrons having lost energy of equal to or larger than about

10−15 eV [124]. The position dependent phase shift γ(~r) describes distortions introduced

by the projective lens system, the biprism, and the recording device. In order to correct for

the phase shift γ(~r) during the reconstruction of the object wave, an empty hologram, i.e.,

a hologram of a vacuum region acquired under the same imaging conditions, is required.

The image intensity of such an empty hologram is given by

Iempty(~r) = 2 + 2µ cos(2π~qc~r + γ(~r)). (3.8)

The amplitude A(~r) and the phase Φ(~r) of the image wave can be retrieved from the

intensity distributions Iholo(~r) and Iempty(~r). In a first step, Iholo(~r) is Fourier transformed

leading to

FT [Iholo(~r)] =

FT [1 + Ielast(~r) + Iinelast(~r)] centerband

+ µFT [A(~r) exp(i(Φ(~r)) + γ(~r))] ∗ δ(~q − ~qc) sideband + 1

+ µFT [A(~r) exp(−i(Φ(~r)) + γ(~r))] ∗ δ(~q + ~qc) sideband − 1.

(3.9)

The Fourier transform consists of one centerband, and two sidebands (+1 and −1). The

centerband essentially represents the diffractogram of a conventional electron micrograph

and contains contributions from elastically and inelastically scattered electrons. The side-

bands are spatially separated from the centerband in Fourier space by the vector ±~qc and

represent the complex (+1) and complex conjugate (−1) diffraction pattern of the image

wave with damped contrast µ. Note that the phase and amplitude of both sidebands are



40 Chapter 3. Experimental methods and details

linearly related to the object wave.

In a second step, a mask is placed around the sideband (+1) and the resulting diffraction

pattern is centered with respect to ~qc. The inverse Fourier transform of this diffraction

pattern results in the reconstructed image wave

imgrec(~r) = µA(~r) exp(i(Φ(~r) + γ(~r))). (3.10)

If the same procedure is applied on the empty hologram, see Eq. (3.8), this yields

imgempty(~r) = µ exp(iγ(~r)). (3.11)

The image wave img ′(~r) can now be obtained by dividing the reconstructed image wave

imgrec(~r) by the image wave of the empty hologram imgempty(~r)

img ′(~r) =
imgrec(~r)

imgempty(~r)
= A(~r) exp(iΦ(~r)). (3.12)

In principle, the recorded object wave obj ′

rec(~r) can be retrieved from img ′(~r) by inverting

Eq. (3.5) if the WTF of the objective lens is known

obj ′

rec(~r) = FT−1

[

FT [img ′(~r)]

WTF(~r)

]

. (3.13)

However, it is a challenging task to determine the aberration coefficients and to actually

perform the reconstruction since it involves numerical image processing. In addition, spe-

cial care has to be taken in the consideration of the incident wave, which is generally not

a plane wave. It has been shown (for elliptical illumination) that this can be corrected

by adding a phase curvature, modeling the shape of the incident wave front, to the image

phase Φ prior to the reconstruction described by Eq. (3.13) and then by subtracting the

same curvature from the phase of obj
′

rec(~r) [125]. This procedure yields

objrec(~r) = obj(~r).

The total coherent current is an optical invariant. Elliptical illumination is applied in

order to achieve a high spatial coherence in the direction perpendicular to the biprism and

the z axis, whereas the spatial coherence in the normal direction is reduced. In principle,

this high spatial coherence in one direction makes it possible to image phase relations on
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Figure 3.4: Schematics of the principle of inline electron holography. Different parts of
the object wave interfere at different focal planes ∆f . At large defocus (∆f = −f2), waves
with large distances in the object wave interfere. This is highlighted by the orange circle.
At small defocus, waves with small distances in the object wave interfere (∆f = ±f1). This
is highlighted by the dark blue circles. The illustration is based on a schematic provided
by C. T. Koch, Max Planck Institute for Metals Research, Stuttgart, Germany.

distances larger than about 100 nm. It should be noted that the smallest detectable phase

difference δΦmin is given by [126, 127]

δΦmin =
SNR

µ

√

2

N ·DQE
,

with a signal/noise ration SNR, the number N of detected electrons per resolved pixel

and the detection quantum efficiency DQE of the applied charged-coupled device (CCD)

camera.

3.2.4 Inline electron holography

In contrast to off-axis electron holography, there is no external coherent reference wave

employed in inline electron holography to provoke an interference with the object wave.
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Instead, the object wave is its own reference wave. In general, a set of minimum three

images, for which at least one parameter of the imaging system is varied, is required in

order to reconstruct the object wave obj(~r) unambiguously [128]. For this work, the focus,

i.e., the objective lens current, was varied. The principle of interference is illustrated in

Fig. 3.4. In a very similar method, the image contrast at different defoci is investigated in

order to obtain information about the object wave phase. This method is named Fresnel

contrast analysis and has previously been applied by other groups [129–133] to study

various interfaces in solids.

Off-axis electron holography is considered as linear imaging, since only linear equations are

involved in the reconstruction of the object wave. In the more general case of nonlinear

imaging, the impact of imperfect spatial and temporal coherence on the image intensity can

not be described by use of the damping envelope functions Esc(~q) and Etc(~q) anymore, but

requires the concept of the transmission cross coefficient (TCC) [134]. The image intensity

of a conventional TEM image is given by

I(~r) = FT−1

[
∫ +∞

−∞

obj(~q ′) TCC(~q ′, ~q ′ ′) obj∗(~q ′ ′)d2~q ′ ′

]

, (3.14)

where obj(~q) is the Fourier transform of the object wave obj(~r), ~q ′ = ~q+~q ′ ′, and ∗ denotes

the complex conjugate. The TCC is given in Appendix B.

If astigmatismus, third and higher order aberrations are neglected, and perfect temporal

coherence is assumed, the TCC may be approximated by [134] (see also Appendix B)

TCC(q ′, q ′ ′) = exp
(

− (πθcoh∆fq)
2)

× exp (−i (χ (q ′,∆f)− χ (q ′ ′,∆f))) ,
(3.15)

where θcoh is the illumination aperture half width (convergence half-angle). The integral

over d2~q ′ ′ in Eq. (3.14) then yields [135]

I(~r) = |img∆f (~r)|
2 ∗ FT−1

[

exp
(

− (πθcoh∆fq)
2)] , (3.16)

with the image wave at the focal plane with defocus ∆f

img∆f (~r) = FT−1 [obj(~q) exp(−iχ(q,∆f))] . (3.17)

In principle, this simplification is applicable for aberration-corrected microscopes or if a
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underfocus in focus overfocus

phase

reconstruction

Figure 3.5: Three bright-field TEM images of a grain boundary within a CuInS2 thin
film, which were acquired at different focus (∆f ≈ −5690 nm (underfocus), ∆f ≈ 70 nm
(”in focus”), ∆f ≈ 6050 nm (overfocus)), and the reconstructed relative phase difference
∆ϕ(~r) displayed as a gray-value image. The three acquired images are part of the through
focal series which is the starting point of the reconstruction of the object wave. Fresnel
fringes form on either side of the grain boundary due to an interference of parts of the
object wave owing to an abrupt change of the local averaged electrostatic potential.

sufficiently small objective aperture is used during imaging. It is worth noting that the

total flux, i.e., the integral image intensity for a given electron current density, is conserved

since there are no damping envelope functions applied in this description cutting away high

spatial frequencies of the object wave.

For the present work, through focal series, i.e., series of N images with varying defocus,

served as a starting point of the reconstruction process of the phase images which is based

on an algorithm developed by Koch [135] and Bhattacharyya et al. [136]. A number N > 3

is typically chosen since images with small and large defocus are required for an optimized

transfer of the phase information. In images with small defocus, higher spatial frequencies

are transferred by Eq. (3.16) than in images with large defocus since the damping of high

spatial frequencies by the last term is smaller (see also Fig. 3.4). Images with high defocus

contain information on large distance interference, see Fig. 3.4, and are therefore required
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to retrieve low spatial frequencies. Moreover, a small defocus step between the images of

the through-focal series facilitates the image alignment.

For objects in the specimen that affect the phase of the object wave abruptly, such as grain

boundaries in CuInSe2, a varying focus results in Fresnel fringes in the recorded images

originating from interference of different parts of the object wave, see Fig. 3.4 and Fig. 3.5.

This interference is employed in order to reconstruct gray-value images of the phase ϕ(~r)

in the object wave. The iterative reconstruction process starts with a guess of the object

wave, typically ϕ(~r) = 0, and a the square root of the image with smallest defocus, and

involves the following iteration steps:

1. By use of Eq. (3.17), the current estimate of the object wave is propagated to each

of the N focal planes with defocus ∆fn. n (1 ≤ n ≤ N) denotes a specific plane.

2. A new estimate of the image wave in each plane with defocus ∆fn is obtained by

comparing the simulated intensity with the experimental one. For the simulated and

experimental image wave

I
sim/exp
∆fn

(~r) = |img
sim/exp
∆fn

(~r)|2 ∗ FT−1
[

exp
(

− (πθcoh∆fq)
2)] , (3.18)

the difference of their amplitude

dimg∆fn(~r) =
√

Iexp∆fn
(~r)−

√

Isim∆fn
(~r), (3.19)

is used to update the amplitude of the current image wave to

img
′

∆fn(~r) = [|img∆fn(~r)|+ dimg∆fn(~r)] img∆fn(~r)/|img∆fn(~r)|. (3.20)

3. A new estimate of the object wave is obtained by back propagation of the image

waves img
′

∆fn
(~r) by inverting Eq. (3.17) and a subsequent weighted averaging of

the corresponding object waves. In Fourier space, the weighting is performed by a

multiplication with exp
(

− (πθcoh∆fq)
2) [136].

The steps described above are executed within a loop until a preassigned convergence

criterion is reached.
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In transmission electron microscopes, a change in the objective lens current does not only

cause a defocus ∆f but also image distortions, such as a change of magnification and im-

age rotations. This and additional image drift necessitate proper image correction as well

as image alignment, which is implemented in the reconstruction algorithm that has been

applied in the present work [135]. Although not included in this overview, the spherical

aberration (Cs) is also considered within the wave aberration function χ(q,∆f). An addi-

tional low-pass filter may be applied on the images prior to the reconstruction in order to

damp noise. The exact defocus of each image and the convergence angle are determined

during the computational reconstruction, where the simulated images are fitted to the

experimental ones.

The maximum distances for which changes in the phase can be retrieved, i.e., the effective

coherence length of the method is determined by the maximum applied defocus value (see

Fig. 3.4). A rough estimate is obtained by measuring the width of the Fresnel fringes (see

Fig. 3.5), which appear in the TEM image on either side of a feature within the specimen

that exhibits a strong change in the local Coulomb potential, at the highest applied defocus

values. For defocus values of about 10µm as applied in this thesis, this can be estimated

to be about 20 nm.

It is generally not possible to retrieve the absolute phase ϕ(~r) of the object wave with

respect to the incident plane wave. The determination of the absolute phase is only possible

if part of the phase image resembles the (object wave) phase of a vacuum region in a nearby

hole and if there is no abrupt phase shift of more than 2π at the specimen vacuum interface.

Instead, the phase shift at an arbitrary position rzero is chosen as zero point and the phase

shift at other positions r is then expressed as the relative phase shift ∆ϕ(~r) with respect

to the zero point. However, this drawback is an advantage at the same time, for specimen

positions far away from vacuum regions, i.e., holes within the specimen, can be studied.

3.2.5 Application of inline and off-axis electron holography

Regarding electron holography, the present work aims at revealing the electrostatic poten-

tial at grain boundaries within polycrystalline Cu(In,Ga)Se2 and CuInS2 thin films. This

information is contained in the phase ϕ(~r) of the object wave (see Eq. (3.4). In order to

retrieve the phase ϕ(~r), off-axis holograms were acquired by use of a Philips CM200FEG

(ST/Lorentz) TEM at the Triebenberg laboratory of the Technical University Dresden,
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operated by John Sandino. Low resolution in Lorentz mode, as well as medium resolu-

tion holographic imaging were applied. Elliptic illumination [137] with a higher degree of

coherence in direction perpendicular to the biprism filament was used in all cases. The

reconstruction of the image wave imgrec(~r) from the holograms was achieved with the

procedure described in Sec. 3.2.3 (for more details, see Ref. [120, 123]).

The reconstruction of the relative phase differences ∆ϕ(~r) in the object wave determined

by use of inline electron holography was based on the acquisition of a through focal series

with a set of 15 images by use of a Zeiss LIBRA 200FE TEM. A nominal defocus step of

800− 1200 nm between the individual images was adjusted. The actual defocus steps were

fitted during the computational reconstruction of the object wave. Inelastically scattered

electrons were filtered out by a 10 eV wide energy-selecting slit placed on the zero-loss region

in the energy dispersive plane of the electron spectrometer. An objective aperture with

radius of about 1.2 nm−1 was applied in order to satisfy the conditions of the reconstruction

algorithm (see Sec. 3.2.4 for details). A low-pass filter of the same size in Fourier space

was applied on the acquired images of the through focal series before the reconstruction, to

filter out noise. A magnification of ∼ 135000 was typically chosen for the acquisition of the

through focal series. Illumination angles (illumination apertures) smaller than nominally

50µrad were chosen for the acquisition of the through focal series. These illumination

angles emerged as an optimum considering the tradeoff between the highest possible degree

of coherence of the incident electron beam and a reasonable signal to noise ratio of the

images. As consequence, this also kept the generation of free charge carriers within the

semiconductors by the electron beam as low as possible. This issue will be addressed in

Sec. 4.2.1.1. The computational reconstruction of the object wave was performed by the

procedure described in Sec. 3.2.4.

The sensitivity of this method to the microscope parameters was tested by varying the

objective aperture size, as well as the defocus step size, and the energy width of the energy-

selecting slit which was employed for the energy filtering. No significant dependencies of

the retrieved object wave on these parameters were found.

Crystal orientations along low index zone axes were avoided for inline and off-axis electron

holography. It is therefore assumed that the influence of dynamical scattering on the object

wave phase and the mean inelastic path is negligible [138], and the POA is applicable for

all object wave phases that have been determined during this work.

The grain boundaries that have been investigated during this work were tilted edge-on
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as accurately as possible, i.e., such that the plane of the grain boundary was parallel to

the incident direction of the electron beam. The smallest extension of the bright field

contrast perpendicular to the plane of the grain boundary was an indication for the best

possible edge-on tilt. At large defocus, symmetric Fresnel fringes on both sides of the

grain boundary served as additional indicator for an accurate edge-on tilting of the grain

boundaries (see Fig. 3.5).

3.2.6 Determination of the averaged electrostatic potential

Ferromagnetic properties of Cu(In,Ga)Se2 and CuInS2 are not known, which is why the

magnetic flux in the TEM specimens during the measurements is neglected in the following.

If the POA is applicable, the phase shift ϕ(~r) in the object wave obj(~r) is in a good

approximation proportional to the electrostatic potential averaged along the local path of

the electron wave through the specimen Va(~r) (see Eq. (3.4)). This averaged electrostatic

potential originates from the Coulomb potential of the atomic nuclei and of the electrons

within the sample as well as any additional external electrostatic potential. In a neutral

solid without any charge accumulations and negligible external electric fields, the mean

value of the averaged electrostatic potential Va(~r) is the so called mean inner potential

(MIP). The MIP can be expressed as [139]

MIP =
1

vol

∫

vol

V (~r3d)d
3r, (3.21)

with the volume of the specimen vol, and the electrostatic potential within the specimen

V (~r3d). vol may also be a more localized volume, e.g. the local unit cell volume. The

zero point of the electric potential is typically chosen far away from the specimen within

the vacuum in the TEM column. The atomic potential—not to be confused with potential

energy—and hence the MIP are always positive resulting in beam electrons having a larger

kinetic energy inside the specimen. In the following, it is assumed that the measured

quantity Va(~r) is a superposition of the local MIP(~r) and the potential ∆Vcr(~r) that arises

from local redistributions of the free charge carriers within the investigated semiconductors

and external electric fields [140]

Va(~r) = MIP(~r) + ∆Vcr(~r). (3.22)
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This relationship is applicable if the potential which is caused by locally redistributed

free charge carriers is a small perturbation of the potential caused by the total charge

distribution, including atomic charges, i.e., ∆Vcr << MIP. This leads to the fundamental

equation

∆Va(~r) = ∆MIP(~r) + ∆Vcr(~r), (3.23)

i.e., local changes ∆Va(~r) in the averaged electrostatic potential are induced by a super-

position of local changes ∆MIP(~r) in the MIP and local changes in the potential ∆Vcr(~r)

generated by a redistribution of free charge carriers.

The general procedure of retrieving the averaged electrostatic potential Va(~r) or differences

∆Va(~r) of a region of interest—including grain boundaries within the specimen—was as

follows: From the gray-value images of the phase shift ϕ(~r) or the relative phase difference

∆ϕ(~r) obtained by use of electron holography in TEM (see Sec. 3.2 for details about image

acquisition and phase reconstruction), profiles were extracted across features in the phase

images that were correlated with grain boundaries. In favor of better statistics, 50 − 100

individual profiles extracted perpendicular to the grain boundary were averaged. The

local specimen thickness d(~r) along the profiles was determined by the use of EFTEM and

Eq. (3.26), for which the mean free path λmfp was calculated according to Ref. [141]. The

averaged electrostatic potential was then calculated by rewriting Eq. (3.4)

Va(~r) =
ϕ(~r)

σ(U)d(~r)
. (3.24)

In the case of CuInS2, the procedure is exemplarily illustrated in Fig. 3.6 The averaged

electrostatic potentials in the grain interiors, several nm away from the grain boundary

cores, were chosen as zero points of ∆Va(~r).

If the grain boundaries appear as lines in the phase images with lengths much larger than

the regions of interest used for the extraction of ∆Va(~r), and if the MIP is assumed to be

constant in the region of interest, the charge distribution perpendicular to this line ρ(x)

can be calculated from ∆Va(~x) by use of Poisson’s equation (for constant permittivity ǫ)

∂2∆Va(x)

∂x2
= −

ρ(x)

ǫ
, (3.25)

with x being the spatial coordinate perpendicular to the line, and ǫ = ǫ0ǫr being the
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Figure 3.6: Illustration of the determination of differences in the averaged electrostatic
potential ∆Va(~r), using the example of the same grain boundary (GB) within CuInS2
as in Fig. 3.5. Individual profiles are extracted across features in the gray-value images
of the relative phase shift ∆ϕ(~r) and of the local specimen thickness d(~r)/λ. Typically,
50−100 individual profiles contained in the black frame are averaged parallel to the feature
correlated with the grain boundary. Differences in the averaged electrostatic potential
∆Va(~r) are then calculated by use of Eq. (3.24). The potential in the grain interior, several
nm away from the grain boundary core, was chosen as zero point.

permittivity of the material consisting of the vacuum permittivity ǫ0 and the relative

permittivity ǫr.

Since the focus of this thesis is on random grain boundaries in polycrystalline thin film
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solar cell absorbers, the presented results—unless mentioned otherwise—were measured

on random grain boundaries with no highly symmetric configuration with respect to the

orientation of the adjacent crystal lattices as well as to the shape of the interfacial area. It

was assumed that the atomic configuration at the interface can not be highly symmetric if

the interfacial areas of grain boundaries are curved. Since grain boundaries may exhibit a

contrast in bright-field TEM images, grain boundaries with non highly symmetric interfaces

were identified by a curvature of their contrast in the bright-field TEM images.

3.2.7 Electron energy-loss spectroscopy and energy-

filtered imaging

The double-differential cross section d2σ/dΩdE describes the angular distribution of the

beam electrons after the interaction with the specimen as a function of their energy-loss.

This distribution depends strongly on the elements and the bond types within the specimen

and is a fingerprint of the material or compound under investigation. In electron energy-

loss spectroscopy (EELS) and energy-filtered transmission electron microscopy (EFTEM),

the energy distribution of the beam electrons within a defined solid angle—after interac-

tion with a specimen—is exploited to analyze the specimen. The measured quantity in

EELS and EFTEM is the electron intensity as a function of sample position and energy-

loss I(x, y,∆E) (sometimes also of scattering angles and energy-loss I(φ, θ,∆E)). For an

overview of the techniques, see Refs. [142–144].

In order to study the local composition at and in the vicinity of grain boundaries, EELS was

performed in the scanning mode of the transmission electron microscope (STEM). Spectral

images, i.e., energy-loss spectra acquired at several points within a region of interest with

respect to the specimen surface, served as starting point of the compositional analysis.

Only the information contained in the Cu-L2,3 (onset at 928 eV), the In-M4,5 (onset at

447 eV), and the Se-L2,3 (onset at 1441 eV) core-loss edges within the acquired spectra

could be quantitatively evaluated [145]. An evaluation of the Ga-L2,3 (onset at 1113.5 eV)

and the Na-K (onset at 1075 eV) core-loss edges was not possible due to overlaps with

the Cu-L2,3 edge. If necessary, the spectra were corrected for multiple scattering effects

by use of the Fourier-log method [142]. A principle component analysis (PCA) [146] was

employed on the acquired spectra to reduce their noise level. The energy-loss background

in the resulting spectra was then fitted in a region of interest at energies smaller than the
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onset of the core-loss edges by use of a power law model and then subtracted from the

spectrum, in order to obtain the element-specific intensity of the core-loss edges. The sum

of the intensity (net counts) in a selected energy interval after the onset of the edges is the

measure for the detection of compositional changes within a region of interest.

The determination of the averaged electrostatic potential within the specimen via the phase

ϕ(~r) requires knowledge about the local specimen thickness d(~r). For that purpose, a zero-

loss (∆E = 0) filtered image, for which only unscattered or quasi-elastically scattered

electrons contribute, containing the region of interest, and an additional unfiltered image

from the same position were acquired. Assuming that the number of scattering events per

electron follows a Poisson distribution, the local specimen thickness d(~r) can be calculated

according to Egerton [142] by

d(~r) = λmfp ln(Iu(~r)/I0(~r)), (3.26)

where λmfp is the inelastic mean free path of the beam electrons in the specimen for a

given collection angle of the spectrometer, Iu(~r) is the intensity distribution of the unfiltered

image, and I0(~r) is the intensity distribution of the zero-loss filtered image. If the collection

angle of the spectrometer is known, the inelastic mean free path λmfp can be calculated by

use of the Kramers-Kronig sum rule to an accuracy of within 10% or 2 nm, whichever is

larger [141].

3.2.7.1 Application of EELS and EFTEM

Due to strong contamination of the specimen surfaces with C and Si, EELS measurements

by use of the Zeiss LIBRA 200FE yielded no relevant data. The microscope which was

employed to determine the data shown in the present thesis was a Cs corrected NION Ultra-

STEM with a Gatan ENFINA electron spectrometer at the SuperSTEM, STFC Daresbury

Laboratories, Warrington, United Kingdom, operated by Dr. Bernhard Schaffer. The gen-

eral procedure was to tilt the grain on one side of the grain boundaries in zone axis orienta-

tion to obtain atomic resolution. The transition between the region that exhibited atomic

resolution and the region that did not was identified as the grain boundary. Spectrum

images were then acquired in a region of interest across the grain boundaries. Typical

acquisition times of the single spectra were about 1 s. A collection semi-angle of about

32mrad and a convergence semi-angle of about 18.5mrad were used for all measurements.
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EFTEM in combination with Eq. (3.26) was applied in order to measure the local thickness

d(~r) of the specimen regions for which the phase shift ϕ(~r) or the relative phase shift ∆ϕ(~r)

was determined. It was taken care that the thickness measurements were performed shortly

after the image acquisition for electron holography, at the same tilt angles.

3.2.8 TEM specimen preparation

The quality of the specimen plays an important role for TEM analysis. Prerequisite for

the suitability of a specimen for TEM investigations is its thickness of less than ∼ 150 nm,

which is necessary for a sufficient transmission of the electron beam. In addition, as little

modification of the primary material as possible is desired. This modification includes

surface and volume contaminants as well as elutriation of constituents. A high surface

roughness can also be detrimental to quantitative analysis. Therefore, suitable specimen

preparation techniques must be applied (for an overview see Refs. [147, 148]). Three

different preparation methods were employed in the present work which are illustrated

briefly in the following.

1. T-tool polishing method: First, two pieces of solar cells were glued together face to

face, such that the ZnO layers were completely covered with glue. The glue was a

Gatan G-1 epoxy glue that hardens within 2 h at an ambient temperature of 60 ◦C.

Cross-section stripes, about 0.5mm thick, were cut out from this stack perpendicular

to the glue line. The cross-section stripes were then mechanically polished by use

of a T-tool, which is similar to a Tripod. The T-tools are made of a pod with two

Teflon legs that are precisely adjustable in height by micrometer screws, whereas

the sample is mounted at the position of the third leg. Stabilizing and supporting

Mo rings with an inner diameter of 1mm were glued on the cross-section stripes as

soon as their thickness was smaller than 10µm, such that the glue line—and with it

the cross-sections of the absorbers—ran along the diameter of the Mo rings. Carbon

fibers glued on the cross-section stripes perpendicular to the glue line additionally

stabilized the specimen. The final TEM specimen was obtained by subsequent Ar-ion

polishing at an incidental angle of the ion beam of about 6− 12 ◦ with respect to the

specimen surface.

2. H-bar method: In contrast to the T-tool polishing method, solar cell cross-sections
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cut out from a solar cell stack, were mechanically polished by use of a T-tool, until

about 20µm thickness was reached. Mo half rings were glued on these cross-sections

such that the solar cell cross-sections were flush with the full diameter of the half-

rings. Finally, a Zeiss Gemini 1540 Crossbeam focused ion beam (FIB) was employed

in order to thin down the cross-section further, until it was transmissive for the

electron beam. Further Ar-ion milling was applied in some cases in order to reduce

the specimen thickness and surface contamination as well as surface damage.

3. Pure FIB method: Lamellae of the solar cell cross-section, with a thickness in the

order of 20 − 100 nm were cut out of the solar cells by use of a FIB (Zeiss Gemini

1540 Crossbeam). Subsequently, a micromanipulator needle was used to extract the

lamellae from the substrate and weld them to an appropriate TEM grid by use of Pt

gas.

3.3 Atom probe tomography

The atom probe tomography (APT) results shown in the present work (see Sec. 4.4.1.2)

were measured by O. Cojocaru-Mirédin and P.-P. Choi, Max Planck Institute for Iron

Research, Düsseldorf, Germany, by use of a LEAP3000X HR atom probe. In general,

APT may be applied to characterize the three-dimensional elemental distribution within

solids on a subnanometer resolution [149]. In the case of semiconductors, surface atoms on

a positively biased tip-shaped specimen1 are successively ionized and field-evaporated by

use of laser pulses. The field-evaporated ions are accelerated towards a position sensitive

detector that records their time of flight and impact positions. The three-dimensional

elemental distribution can be reconstructed from the collected data by use of an inverse

point projection algorithm. In principle, atomic resolution is achievable by use of APT,

however, this requires special orientations of the crystal lattice with respect to the tip of

the specimen.

1The radius of curvature of these tips is typically smaller than 100 nm





Chapter 4

Grain boundaries in Cu(In,Ga)Se2

and CuInS2 thin films studied by

TEM

The results obtained by electron holography are presented and discussed in this chapter.

The discussion covers possible measurement artifacts and a comparison of the results with

others from similar measurements on grain boundaries in different materials. Highly sym-

metric Σ9 and Σ3 (twin) grain boundaries serve as model systems. Results and simulations

on these model systems are compared with each other, as well as compared with the results

obtained on random grain boundaries. The findings are then correlated with results on the

local composition of grain boundaries within Cu(In,Ga)Se2 measured by use of EELS. The

measurements are then combined leading to a model for the band diagram of grain bound-

aries within Cu(In,Ga)Se2 thin film solar cell absorbers, which is discussed with respect to

models discussed in the literature. A summary concludes the chapter.

4.1 Averaged electrostatic potential measurements

Some of the grain boundary models described in Sec. 2.3.2 involve potential distributions

owing to space charge (or excess charge) regions adjacent to grain boundaries screening

the electric field of bound excess charges at their core. Such potential distributions may

act as barriers or sinks for charge carriers, which, if large enough, can have a huge impact

55
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on the electronic transport properties of the absorber and, simultaneously, the conversion

efficiency of the corresponding solar cells. It may therefore be essential to study and

understand the electrostatic potential at grain boundaries within the absorbers in order to

improve the conversion efficiency of the solar cells.

This section gives the results on the averaged electrostatic potentials Va(~r) or differences

∆Va(~r) in it at and in the vicinity of grain boundaries in Cu(In,Ga)Se2 and CuInS2 thin

films determined by use of inline and off-axis electron holography in TEM. The section

also deals with the influence of the surface properties of the TEM lamellae, as well as the

influence of free charge carriers generated by the electron beam. Possible origins of the

measured results are discussed.

4.1.1 Grain boundaries in Cu(In,Ga)Se2 absorbers and their de-

pendence on the integral composition

Electron holography in TEM was applied in the present work in order to study the averaged

electrostatic potential Va(~r) at and in the vicinity of grain boundaries in Cu(In,Ga)Se2 thin-

film solar cell absorbers. Dependencies of this potential on the absorber composition were

studied with the help of absorbers with compositions exhibiting various [Ga]/([In] + [Ga])

and various [Cu]/([In] + [Ga]) ratios. Fig. 4.1 shows results from these absorber layers

obtained by use of inline electron holography. Profiles of individual grain boundaries were

extracted in each case in order to obtain statistics for each material. Fig. 4.2 shows bright-

field TEM overview images and detailed views of two exemplary grain boundaries within

absorbers of the Cu series to illustrate the selection of the grain boundaries (see Sec. 3.2.6).

The inelastic mean free path was calculated for each composition as described in Sec. 3.2.7.

For the retrieval of ∆Va(~r), it was assumed that the inelastic mean free paths do not

change significantly at the grain boundary (cores). A smooth behavior of d(~r)/λ (see

Eq. (3.26)) with respect to the adjacent grain interiors was found for all investigated grain

boundaries, also within CuInS2 and CuGaSe2. The assumption therefore implies a smooth

local specimen thickness at the grain boundaries with respect to the adjacent regions. It

should be noted that this might not be the case in general. The mean value of the averaged

electrostatic potential in the grain interiors, where no significant systematic behavior apart

from fluctuations around the mean value and noise could be detected, was chosen as zero

point.
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Figure 4.1: Profiles of differences in the averaged electrostatic potential ∆Va(~r) extracted
across individual grain boundaries (GB) in Cu(In,Ga)Se2 solar cell absorbers with various
composition. Different colors represent individual grain boundaries. The [Ga]/([In] + [Ga])
ratio was varied as 0, 0.45, 1 for an approximately constant [Cu]/([In] + [Ga]) ratio of
about 0.85 (Ga series). The [Cu]/([In] + [Ga]) ratio was varied as 0.43, 0.67, 0.83 for an
approximately constant [Ga]/([In] + [Ga]) ratio of about 0.3 (Cu series).
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A lowering of the averaged electrostatic potential located at the grain boundary cores was

found in the case of all absorbers, independently of their compositions. This lowering of

the potential will be referred to as potential wells in the following. While the full width

at half minimum (FWHM) of about 1 − 2 nm is similar for all investigated grain bound-

aries, the depths of the potential wells vary with composition of the absorbers and from

grain boundary to grain boundary, even within identical layers. The averaged electrostatic

potential is dominated by small fluctuations and noise in the grain interiors. More than

∼ 2 nm away from the grain boundary core, no significant deviation of the mean value

〈∆Va(~r)〉 from 〈∆Va(~r))〉 = 0 was found. Hence, regions more than 5 nm away from the

potential wells are omitted in Fig. 4.1. Note that the applied method of inline electron

holography is capable of imaging spatial frequencies corresponding to distances of about

0.8− 20 nm.

The standard deviation in the grain interior originates mainly from small fluctuations and

noise in the phase shift ∆ϕ(~r), which is caused by the standard deviation in the image inten-

sity of the acquired through focal series, the image alignment in the phase reconstruction,

as well as the quality of the specimen, i.e., local thickness variations, surface roughness,

contamination, possible precipitates, etc. Periodic fluctuations, e.g. as found in the case

of the absorber with composition of [Cu]/([In] + [Ga]) = 0.88 and [Ga]/([In] + [Ga]) = 1,

may also originate from a slight defocus or other aberrations in the object wave, resulting

in Fresnel fringes, which are apparent as periodic fluctuations in the potential profiles. Pe-

riodic fluctuations seem to occur predominantly if the image intensities within the through

focal series are low. Owing to the worse signal-to-noise ratio of the images, the reconstruc-

tion of the object wave might be less reliable.

In the profiles shown in Fig. 4.1, the standard deviation of the averaged electrostatic

potential σ(∆Va(~r)) in the grain interiors, 2 − 10 nm away from the grain boundary core

(not shown here), do not exceed 0.1V. Due to the symmetry and the extraction procedure

of the profiles, the rough estimate σ(∆Va(~r)) = 0.1V is therefore considered as detection

limit of the applied evaluation method for averaged electrostatic potentials which exhibit

equipotential lines parallel to the grain boundary. It should be pointed out that the

uncertainty of the value for the inelastic mean free path λmfp may lead to a systematic

error of the potential well depths of up to 10%. However, the error of the inelastic mean

free path is assumed to be similar in the case of all compositions due to the similarity of

the materials, which makes the potential wells comparable with each other. Tab. 4.1 shows
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Figure 4.2: Bright-field TEM overview images and detailed view of two grain boundaries
(GB) within absorbers from the Cu series. (a) A grain boundary within an absorber
with a composition exhibiting [Cu]/([In] + [Ga]) = 0.83 and [Ga]/([In] + [Ga]) = 0.28.
The corresponding profile of the averaged electrostatic potential is shown as the green
curve in the respective graph in Fig. 4.1. (b) A grain boundary within an absorber with
a composition exhibiting [Cu]/([In] + [Ga]) = 0.43 and [Ga]/([In] + [Ga]) = 0.32. The
corresponding profile of the averaged electrostatic potential is shown as the black curve in
the respective graph in Fig. 4.1. Both profiles were extracted at the position highlighted
by the black arrow.

the mean values of the potential well depths and the corresponding standard deviations

from the potential profiles shown in Fig. 4.1.

The typical specimen thicknesses at the regions of interest where the profiles in Fig. 4.1

were extracted from were about 50 nm. However, in some cases, they were as small as
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Table 4.1: Mean values and standard deviations of the averaged electrostatic poten-
tial well depths found at grain boundaries in Cu(In,Ga)Se2 absorber films with varying
composition (see Fig. 4.1).

mean potential well depth (V) standard deviation (V)

Cu series
[Cu]/([In] + [Ga]) = 0.83 −2.47 0.57
0.67 −1.60 0.14
0.43 −1.98 0.32
Ga series
[Ga]/([In] + [Ga]) = 0 −1.76 0.67
0.45 −1.43 0.20
1 −1.96 0.18

about 20 nm. No correlation between the potential well depths and the specimen thickness

was found in the presented results.

The widths of the potential wells are close to the spatial resolution of the applied method

of about 0.8 nm. Thus, the width of the potential wells is an upper limit of the length

scale on which changes in the averaged electrostatic potential actually occur. In addition,

the measured potential wells only show an average value along the z axis. If the grain

boundaries are not accurately tilted edge-on1 or are not planar but run zigzag through the

specimen, the measurement overestimates the actual potential well widths. For the same

reason, it is assumed that the measured potential well depths represent an underestimation

of the actual potential well depths present at grain boundaries rather than an overestima-

tion. Slightly different diffraction conditions on either side may also lead to an asymmetry

of the potential wells as found in some cases (see Fig. 4.1). With the help of measurements

at different tilt angles, which were performed at some grain boundaries, it could be shown

that asymmetric potential wells are avoided by an optimization of the tilt angles.

It was furthermore found that the potential well depths vary slightly (< 0.3V) with respect

to the position of the region of interest. Despite the fact that the investigated absorbers

exhibited a Ga (or equivalently an In) concentration gradient along the distance from the

back contact, no correlation between the shape of the potential wells and the distance of

the corresponding grain boundaries from the back contact was found.

1This is treated in Sec. 4.2.4 using the example of a Σ9 grain boundary.
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4.1.2 Comparison of off-axis and inline electron holography

The lower limit of spatial frequencies that can be imaged by inline electron holography

corresponds to about 20 nm (see Sec. 3.2.4) and may not be large enough to obtain in-

formation on the electrostatic potential distribution that is possibly caused by a bound

excess charge at grain boundaries since the corresponding extensions can be larger than

100 nm (see Fig. 2.6). Since these potential distributions affect the electrical properties of

the Cu(In,Ga)Se2 layers, it is of great interest to gain more information on that issue. In

comparison with inline electron holography, off-axis electron holography in TEM is suitable

for the imaging of the electrostatic potential on distances larger than 20 nm (see Sec. 3.2.3).

In order to measure the averaged electrostatic potential in a longer range and to compare

the two different methods, off-axis electron holography (at medium resolution) and inline

electron holography were performed at the same grain boundary within CuInSe2. Fig. 4.3

shows profiles that have been extracted at the same position along the mentioned grain

boundary. Only the change in potential ∆Va(~r) is shown in the case of the profiles that have

been determined by means of off-axis electron holography, in order to show comparable

results with the ones obtained by use of inline electron holography.

Now consider the profile determined by use of off-axis electron holography, which extends

over a distance of 140 nm. Note that due to the high spatial coherence of the electron beam

during the acquisition of off-axis electron holograms, phase information with distances of

more than 140 nm should be retrievable accurately. There are fluctuations in the profile,

especially at distances above ∼ 70 nm. This is attributed to a high local surface roughness

of the specimen and dynamical diffraction conditions that are locally met. It should be

pointed out that the investigated specimens were usually strongly bend, which was apparent

in a high density of bend contours in the bright-field TEM images. This fact made it

difficult to determine phase shifts in regions of interest with an extension of more than

hundred nm since dynamical diffraction conditions are likely to be met somewhere in this

region. The standard deviation at distances below 68 nm is 0.21V, and is assumed to be

the detection limit here. Apart from the fluctuations, no systematic potential variation,

that can be correlated with the presence of a space-charge or excess-charge layer adjacent

to the grain boundary, was noticeable on both sides of the grain boundary.

Fig. 4.3 also shows a direct comparison of the off-axis and inline electron holography results

within a region of interest extending over 24 nm around the grain boundary. Both profiles
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Figure 4.3: Profiles of the relative averaged electrostatic potential ∆Va(~r) that were
measured by use of off-axis and inline electron holography on the same grain boundary
(GB) within a CuInSe2 thin film exhibiting [Cu]/([In] + [Ga]) = 0.82. The profile that was
determined by use of off-axis electron holography is shown for a distance of 140 nm. A direct
comparison of this profile with the profile that was determined by use of inline electron
holography is shown for a region of interest with an extent of 24 nm. Both profiles exhibit
potential wells with depths of ≈ 2V at the grain boundary, which is located at a distance of
70 nm. Due to the lower spatial resolution (∼ 3 nm) of the applied medium resolution off-
axis electron holography, the FWHM of the potential well (∼ 5 nm) is substantially wider
than the FWHM detected by use of inline electron holography (1−2 nm). These data have
been acquired in collaboration with John Sandino, Triebenberg Laboratory, Technische
Universität Dresden, Dresden, Germany.
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show potential wells at the grain boundary, and the potential well depths are in both cases

≈ −2V. The significant difference of the FWHM of the potential wells, ∼ 5 nm in the

case of off-axis electron holography and ∼ 2 nm in the case of inline electron holography

arise due to the lower spatial resolution of medium resolution off-axis electron holography

of about ∼ 3 nm. Because of the lower resolution, the potential well measured by means

of off-axis holography is expected to correspond to the one measured by means of inline

electron holography, however, smeared out. Hence, the area of the potential wells below

the zero line are expected to be similar. It is therefore not clear why both profiles exhibited

potential wells with a depth of ≈ −2V, whereas their widths differed significantly. Further

investigations are required on that issue. Nevertheless, the presence of potential wells at

grain boundaries could be verified by use of off-axis electron holography.

4.1.3 The mean inner potential of CuInSe2

For the further evaluation of the potential wells, it is necessary to examine if the constraint

that was assumed for the superposition of the MIP and potentials caused by a redistribution

of free charge carriers (see Eq. (3.22)) is met, i.e., that ∆Vcr << MIP. This requires a

determination of the MIP of Cu(In,Ga)Se2.

The MIP of CuInSe2 was determined by use of off-axis electron holography. For this

purpose, individual profiles of the phase ϕ(~r) were extracted from the corresponding gray-

value images and averaged. The profiles were chosen such that a part of the profiles included

the phase within the vacuum region and a part of the profiles included the phase within

the specimen. The direction of the profiles was perpendicular to the interface between the

vacuum region and the specimen in the gray-value images. Features associated with grain

boundaries were not included in these profiles. Due to external electrical fields owing to

charging of the specimen, the phase in the vacuum region exhibited a slope. This slope and

an offset were subtracted from the phase, in order to achieve a flat phase with a value of

about zero in the vacuum region. The averaged electrostatic potential was then calculated

according to Eq. (3.24), for which thickness profiles were extracted from the same region

of interest. The permittivity of the specimen is different from the one in vacuum. Hence,

the profiles exhibited a slope in the averaged electrostatic potential within the specimen

region. Subtracting the slope and adding an offset, such that the phase on the vacuum side

of the vacuum/specimen interface was zero, resulted in a flat profile in the specimen region
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Figure 4.4: Profile of the averaged electrostatic potential extracted from a vac-
uum/specimen interface in order to determine the MIP of the specimen (CuInSe2). Due to
external fields, a slope had to be subtracted from the potential profile in order to achieve
a flat potential in the specimen region. The potential on the vacuum side of the vac-
uum/specimen interface was used as zero point. The slope in the vacuum region, denoted
by a thin line, is due to a different permittivity of the specimen compared with vacuum.
These data have been acquired in collaboration with John Sandino, Triebenberg Labora-
tory, Technische Universität Dresden, Dresden, Germany.

with the absolute value of the MIP of CuInSe2. Fig. 4.4 exemplarily shows a potential

profile. The value of the MIP of CuInSe2 averaged from four different profiles, was found

to be MIP(CuInSe2) = (14.0± 1.6)V.

Even if the potential wells with a depth of up to 3V at grain boundaries are solely caused

by a local change in ∆Vcr, the constraint ∆Vcr << MIP seems to be met satisfactorily. It

was not possible yet to determine the MIP of the other investigated Cu(In,Ga)(Se,S)2 thin

films, however, it is assumed in the following that the constraint is also met in these cases.

4.1.4 Grain boundaries in CuInS2 absorber films

Fig. 4.5 shows profiles of differences in the averaged electrostatic potential ∆Va(~r) extracted

across individual grain boundaries in CuInS2 solar cell absorbers. The results are similar

to those obtained for grain boundaries in Cu(In,Ga)Se2. I.e., potential wells with a FWHM
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Figure 4.5: Profiles of differences in the averaged electrostatic potential ∆Va(~r) extracted
across individual grain boundaries (GB) in CuInS2 solar cell absorbers. Inline electron
holography was applied in order to obtain the corresponding changes in the object wave
phase ∆ϕ(~r).

of 1− 2 nm are found at the grain boundaries, while the potential shows a small standard

deviation < 0.1V in the grain interiors, where the mean value is 〈∆Va(~r)〉 ≈ 0. The

potential wells at the investigated grain boundaries exhibit a mean depth of about (−1.50±

0.03)V. The standard deviation of 0.03V is small compared with the ones found for

potential well depths at grain boundaries in Cu(In,Ga)Se2 with various composition (see

Tab. 4.1).

4.1.5 Single Σ9 grain boundary in CuGaSe2

A highly symmetric Σ9 (111) 180 ◦ rotational twin grain boundary within a CuGaSe2 thin

film was studied for the present work by means of inline electron holography and served as

model system. The CuGaSe2 film exhibiting the single Σ9 grain boundary was epitaxially

grown on a GaAs bicrystal exhibiting the corresponding Σ9 grain boundary. It is unclear

whether the CuGaSe2 layer is suitable as a thin film solar cell absorber. Corresponding re-

sults might therefore not be comparable with the ones obtained on polycrystalline CuGaSe2

thin films. A bright-field TEM overview image and a gray-value phase image of the grain
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Figure 4.6: Bright-field TEM overview image of a Σ9 (111) 180 ◦ rotational twin grain
boundary (Σ9 GB) within a CuGaSe2 thin film that was epitaxially grown on a GaAs bicrys-
tal and corresponding gray-value phase image obtained by use of inline electron holography.
The white frame denotes the region of interest from which the phase profiles were extracted.

boundary are shown in Fig. 4.6. Although the grain boundary is supposed to be highly

symmetric, its projection is curved at some positions. The presence of stacking faults also

indicates that the material might be stressed. Phase profiles extracted within the region

of interest denoted by the white frame were employed to determine the averaged electro-

static potential profiles. The projection of the grain boundary in this region is straight and

therefore assumed to exhibit the highest symmetry. Fig. 4.7 shows two resulting profiles

of the averaged electrostatic potential extracted at two different locations across this grain

boundary. As before, a potential well was found at the position of the grain boundary.

While the FWHM of the potential well has about the same value as found in all previous

measurements, its average depth of (−0.68± 0.04)V is significantly smaller.

4.1.6 Comparison of grain boundaries exhibiting different sym-

metries

A comparison of averaged electrostatic potential profiles extracted across three grain bound-

aries exhibiting different symmetries with respect to the adjacent grain interiors and the
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Figure 4.7: Profiles of changes in the averaged electrostatic potential ∆Va(~r) extracted
across a Σ9 grain boundary (GB) in a CuGaSe2 thin film, which was epitaxially grown on
a GaAs bicrystal exhibiting the corresponding Σ9 grain boundary. The two profiles were
extracted at two different positions, 10 nm apart from each other, within the white frame
in Fig. 4.6. Inline electron holography was applied in order to obtain the corresponding
changes in the phase ∆ϕ(~r) of the object wave function.

plane of the grain boundary core, is shown in Fig. 4.8 to study the effect of the grain bound-

ary symmetry. The comparison comprises a Σ3 twin grain boundary within a Cu(In,Ga)Se2

absorber (taken from Ref. [92]), a Σ9 grain boundary within epitaxially grown CuGaSe2

(see Sec. 4.1.5), and a random grain boundary within a Cu(In,Ga)Se2 thin film exhibiting

[Cu]/([In] + [Ga]) = 0.83 and [Ga]/([In] + [Ga]) = 0.28. The latter profile was chosen, for

it exhibits the potential well depth closest to the mean value for grain boundaries within

this absorber (see Tab. 4.1). Although the materials have different compositions, it seems

that the potential well depth is larger, the lower the symmetry of the grain boundary is.

The smallest potential well depth of about −0.2V is found at the Σ3 twin grain boundary,

the largest depth of about −2.3V is found at random grain boundaries. The potential well

depth of −0.68V of the Σ9 grain boundary is in between the two extrema. The influence

of symmetry on the properties of grain boundaries will be discussed in Sec. 4.4.2.6
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Figure 4.8: Comparison of profiles of changes in the averaged electrostatic potential
∆Va(~r) extracted across a Σ3 twin grain boundary (GB) within a Cu(In,Ga)Se2 absorber
(taken from Ref. [92]), across a Σ9 grain boundary within epitaxially grown CuGaSe2, and
across a random grain boundary within Cu(In,Ga)Se2 exhibiting [Cu]/([In] + [Ga]) = 0.83
and [Ga]/([In] + [Ga]) = 0.28. The latter was already shown in Fig. 4.1 and represents the
average potential well depth.

4.2 Discussion on possible origins of the measured po-

tential distributions

Although no simple dependence of the potential well depths on the composition was found,

the existence of potential wells with similar FWHM of about 1 − 2 nm at all investigated

grain boundaries in Cu(In,Ga)Se2 and CuInS2 thin films itself is striking. Possible reasons

for the existence of the potential wells are discussed in this section before a conclusion is

drawn.

There are several possible origins that may cause such potential wells at grain boundaries.

According to Eq. (3.22), either changes in MIP(~r) and/or changes in ∆Vcr(~r) can be re-

sponsible for the potential wells, if perturbations due to fringing fields and surface effects,

such as dipole layers, dead layers on either side of the specimen, and surface grooves are

neglected. First, the perturbation of the measurement by the electron beam is estimated.

Then, the possible origins of the potential wells are successively discussed. Only origins
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Figure 4.9: Schematic of the charge carrier densities and the corresponding one-
dimensional electrostatic potential distributions if an excess charge is bound at a grain
boundary within a p-type semiconductor. (a) If positive excess charge is bound at a grain
boundary, free holes in the valence band are repelled from the grain boundary core and
leave a hole depleted space charge region of ionized (negatively charged) acceptors. In the
framework of the depletion approximation [150], the free hole density in the hole depleted
region is assumed to be zero, resulting in a constant negative charge density. According
to Poisson’s equation (Eq. (3.25)), this leads to a potential distribution which increases
quadratically towards the grain boundary core. This is discussed in Sec. 4.2.1.3. (b) If
negative excess charge is bound at a grain boundary, the free holes are attracted towards
the core. In the case of quasi-neutrality (i.e., the potential wells are small compared with
kT , where k is the Boltzmann constant and T the temperature), the increase of the free
hole density increases exponentially towards the grain boundary core [151], leading to an
exponentially increasing potential (see Eq. (3.25)). This case is discussed in Sec. 4.2.1.2
and Sec. 4.2.1.3.

with a symmetric configuration are taken into account, since the measured potential wells

are in a good approximation symmetric with respect to the grain boundary. Systematic

measurement artifacts due to fringing fields around the specimen, dead layers, and surface

grooves are neglected at first. They are then discussed in Sec. 4.2.5.
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4.2.1 Redistribution of free charge carriers at grain boundaries

If a grain boundary is considered a plane containing bound excess charges at its core,

space charge or excess charge layers—depending on the polarity of the charge at the grain

boundary core and on the doping of the grain interior—would symmetrically form on either

side of the grain boundary2. According to Poisson’s equation (Eq. (3.25)), these charged

layers may cause electrostatic potential variations ∆Vcr(~r) at and in the vicinity of the grain

boundary. Fig. 4.9 illustrates the situation and the corresponding one dimensional potential

distribution in the case of positive and negative bound excess charge at a grain boundary

within a p-type semiconductor. Such potential distributions may contribute or even cause

the potential wells that were found by use of electron holography. In this section, possible

contributions of ∆Vcr(~r) to ∆Va(~r) (see Eq. (3.23)) are studied by effectively neglecting

any changes ∆MIP(~r) in the MIP.

At first, the generation of free charge carriers by the electron beam is estimated, for it may

affect the potential distribution in the vicinity of grain boundaries during the measurement.

It is then studied, if a redistribution of free charge carriers gives a significant contribution

to the measured potential wells. Finally, potential wells and barriers below the detection

limit of the applied method are discussed.

4.2.1.1 Generation of free charge carriers by the electron beam

An electron beam impinging on a semiconductor is known to perturb the equilibrium state

by exciting electrons from electronic states within the valence band to electronic states

within the conduction band [152]. This process is called generation of free charge carriers,

for it increases the number of mobile electrons and holes within both bands. It has to be

considered that such an increase of the local free charge-carrier density, including minority

and majority charge carriers, may alter the potential distribution, which is subject to the

measurement, substantially. A detailed evaluation of the averaged electrostatic potential

distributions across grain boundaries therefore requires an estimation of the generation of

free charge carriers within the specimen by the electron beam.

While passing through matter, electrons with a certain kinetic energy exchange energy

with the matter. In average, this results in a deceleration of the electrons. The average

energy loss dE per unit path length dx of the electrons (with a certain kinetic energy) in

2This is only true, if the adjacent grains exhibit the same doping densities
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matter is given by the stopping power −dE/dx. The theoretical concept of the stopping

power for electrons with kinetic energies above 10 keV and its evaluation was derived by

Bethe in 1930 [153], in the framework of the non-relativistic scattering theory developed by

Born [154]. Due to the complexity and the large number of involved scattering processes,

it is not possible to evaluate the stopping power of a solid by theory alone. Instead,

suitable methods combining theoretical considerations and experimental input are applied.

In the following, the relativistic collision stopping power of CuInSe2, CuGaSe2, and CuInS2

for 200 keV electrons is evaluated on the basis of the work of Seltzer et al. [155], where

energy loss due to bremsstrahlung is neglected. This is a valid simplification since no

significant contribution to the stopping power owing to bremsstrahlung is expected for

200 keV electrons [156]. The main task for the determination of the collision stopping

power is the accurate evaluation of the mean excitation energy I of the particular compound

Cu(In,Ga)(Se,S)2.

According to Seltzer et al. [155], the electron collision stopping power of a medium, in units

of MeV/cm, is given by

−
dE

dx
=

0.153536 ρ

β2

Z

A
B(T ), (4.1)

where ρ in units of g/cm3 is the mass density of CuInSe2, β the velocity in units of the

velocity of light, Z and A are atomic number and weight of the medium, T the kinetic

energy of the electron, and B(T ) the stopping number. The stopping number

B(T ) = ln(τ 2(τ + 2)/2) + (1 + τ 2/8− (2τ + 1) ln 2)/(τ + 1)2 − 2 ln(I/m0c
2)− δ (4.2)

depends on the kinetic energy in units of the rest mass τ = T/m0c
2, I, and a density-effect

correction δ due to the dielectric polarization of the medium by the electrons [157, 158]. δ

itself depends on I, τ , the plasma frequency of the medium ωp and its phase. The stopping

power of compounds may be estimated by application of the additivity rule [155, 159],

which states that

〈I〉 = exp

((

∑

j

wj(Zj/Aj) ln Ij

)

/
∑

j

wj(Zj/Aj)

)

, (4.3)
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where wj, Zj, Aj, and Ij are the weight fraction, atomic number, atomic weight and mean

excitation energy of the jth constituent of the compound. With the values of Ij tabulated

in Ref. [155] and corresponding errors, the stopping power of CuInSe2 can now be calculated

as

−
dE

dx
= (1.01± 0.02) eV/nm. (4.4)

The density ρ = 5.803 g/cm3 was estimated by use of the lattice constants of the unit cell

[17] and the weight of the atoms within the unit cell. The stopping powers of CuGaSe2 and

CuInS2 are (1.14± 0.02) eV/nm and (1.23± 0.02) eV/nm respectively. The mass densities

were calculated from lattice constants given in Refs. [18, 19]. The average energy loss of

the beam electrons due to the interaction with a TEM specimen is negligible compared

with their kinetic energy since the specimens have a total thickness of typically no more

than 100 nm. It is therefore assumed that the local stopping power of the beam electrons

within the specimen can be approximated by the initial stopping power given in Eq. (4.4).

An average energy Eeh = 2.1Eg + 1.3 eV of a beam electron is needed to generate a free

electron-hole pair in a semiconductor [152], where Eg is the band-gap energy (see Sec. 2.2.2).

If the electron current-density je of the incident electron beam and the mean lifetimes τe,h

of the generated free electrons and holes in the semiconductor is known, the mean densities

of free electrons and holes in the semiconductor generated by the electron beam may be

approximated by

ngen = je

(

−
dE

dx

)

τe
Eeh

(4.5)

pgen = je

(

−
dE

dx

)

τh
Eeh

. (4.6)

Lifetimes of minority carriers of about τe = 10 ns have been detected in CuInSe2 [160]. It is

assumed here that the lifetimes τh of generated holes are in the same order of magnitude.

By use of the highest electron current density that was applied during the acquisition of

inline electron holography, je ≈ 3000 nm−2s−1, Eq. (4.6) yields ngen = pgen ≈ 8.6×1015 cm−3

in the case of CuInSe2. If similar lifetimes are assumed for CuGaSe2, this yields ngen =

pgen ≈ 7.1× 1015 cm−3. The carrier lifetimes in CuInS2 absorbers are significantly smaller

and do not exceed τe,h = 1ns [161]. The upper limit of the electron beam induced free
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Table 4.2: Stopping power −dE
dx , estimated mean carrier lifetimes τe, τh, and upper limit

ngen, pgen of the electron beam induced free charge-carrier density for an electron current
density of je ≈ 3000 nm−2s−1 in the case of CuInSe2, CuGaSe2, and CuInS2.

−dE
dx

(eVnm−1) τe, τh (ns) ngen, pgen (cm
−3)

CuInSe2 1.01± 0.02 10 8.6× 1015

CuGaSe2 1.14± 0.02 10 7.1× 1015

CuInS2 1.23± 0.02 1 0.8× 1015

charge carrier density in CuInS2 is then given by ngen = pgen ≈ 0.8 × 1015 cm−3. Tab. 4.2

shows the stopping power −dE
dx
, the mean carrier lifetimes τe, τh and the upper limit of the

electron beam induced free charge-carrier density ngen, pgen for the different materials. In

the case of CuInSe2 and CuGaSe2, the values ngen, pgen are in the same order of magnitude

as the doping density, in the case of CuInS2, they are about two orders of magnitude

smaller (see Tab. 4.3). In the following, these values are applied to estimate the possible

influence of a redistribution of free charge carriers within the electronic bands on the

averaged electrostatic potential ∆Va(~r). It should be pointed out that the actual induced

free charge carrier density depends on the actual electron current density of the electron

beam. This estimation corresponds to the upper limit of the applied electron current

densities.

4.2.1.2 Redistribution of free charge carriers at grain boundaries as origin of

potential wells

A redistribution of free charge carriers in the vicinity of charged grain boundaries is a

possible origin of the measured potential wells. This issue is now illuminated. In order to

estimate the contribution of a redistribution of free charge carriers to the potential wells,

the MIP is assumed to be constant in the region of interest across the grain boundary,

i.e., the composition as well as the atomic density do not change (see Eq. (3.21)). The

potential wells measured by use of electron holography would then be caused by a change

in ∆Vcr(~r) alone.

Then, according to Poisson’s equation (Eq. (3.25)), the positive curvature at the bottom of

the potential wells implies that negative charge is located at the grain boundary core, which

is screened by positively charged layers on either side. The positive charge layers would
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Figure 4.10: The charge density determined from the potential well measured at a grain
boundary in CuInS2, which is shown as the black curve in Fig. 4.5, by use of Poisson’s
equation under the assumption of a constant MIP at the grain boundary. A relative
permittivity of ǫr = 10.2 was assumed for CuInS2 [162]. The configuration in which negative
charge located at the grain boundary is screened by an excess charge layer of free holes
possibly explains the existence of the measured potential wells. The strong fluctuations in
the grain interiors arise due to the computation of the second derivative of the averaged
electrostatic potential profile, which amplifies the fluctuations and noise in the potential
profile.

arise from an accumulation of free holes, which are majority charge carriers within the grain

interiors of polycrystalline Cu(In,Ga)(Se,S)2 thin films (see Fig. 4.9). This is illustrated in

Fig. 4.10, which shows the excess charge density calculated from the potential well shown

as the black curve in Fig. 4.5, by use of Poisson’s equation and by assuming a constant

MIP at the grain boundary. A relative permittivity of ǫCuInS2
r = 10.2 was assumed for

CuInS2 [162].

In a doped semiconductor, the redistribution of free charge carriers in the electronic bands,

owing to an electric field generated by an isolated excess charge, depends in a complicated

manner on the physical properties of the semiconductor and its temperature. Under certain

assumptions, the simplified model of an isolated negatively charged plane at the surface of a

homogeneously p-doped semiconductor can be computed in the framework of the continuum

model in order to estimate resulting potential distributions within the Cu(In,Ga)(Se,S)2
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Table 4.3: Representative doping densities NA [25, 26], relative permittivities ǫr [162,
163], and calculated Debye lengths LD of CuInSe2 and CuInS2.

NA (cm−3) ǫr LD (nm)

CuInSe2 1× 1016 11.3 40

CuInS2 1× 1017 10.2 12

thin films. The continuum model requires that the typical length scale on which changes

in the potential occur, i.e., screening lengths, are larger than atomic distances3.

Analytical estimation of typical screening lengths under the assumption of

quasi-neutrality

The one-dimensional potential V (x) in the semiconductor, where the x axis is oriented

perpendicularly to the charged plane, can be calculated analytically, if only the majority

carrier density is considered and quasi-neutrality is assumed, i.e., ∆V (x)max << kT , where

∆V (x)max is the maximum potential difference, k the Boltzmann constant, and T the

temperature. The position of the charged plane is chosen as x = 0, and the zero point

of V (x) is chosen far away from the charged plane, where V (x) is flat (see Fig. 4.9). It

is further assumed that the Maxwell-Boltzmann distribution approximates the energetic

distribution of free holes. The potential V (x) close to the charged plane can then be

described by an exponential function [151]

V (x) = −V (x = 0) exp(−|x|/LD), (4.7)

where LD =
√

ǫkT/e2NA is the so called Debye length, and NA is the doping den-

sity. Tab. 4.3 shows calculated values of LD for CuInSe2 (which is representative for all

Cu(In,Ga)Se2 absorbers) and CuInS2 thin film solar cell absorbers. The parameters NA

and ǫr were taken from Refs. [25, 26, 162, 163].

In contrast to the Debye lengths given in Tab. 4.3, the typical distance from the grain

boundary core at which the modulus of the averaged electrostatic potential falls to 1/e

times the modulus of the potential well depth is about 1 nm in the measurements (see

3This model might not necessarily be applicable since the FWHM of the measured potential wells is in
the order of the interatomic distances



76 Chapter 4. Grain boundaries in Cu(In,Ga)(Se,S)2 thin films studied by TEM

Fig. 4.1). Therefore, the experimentally observed attenuation of the potential well occurs

on a length scale, which is at least one order of magnitude lower than expected from the

calculated Debye lengths. The estimation given above therefore indicates that the potential

wells measured at grain boundaries in Cu(In,Ga)Se2 and CuInS2 can not be caused solely

by a redistribution of free holes within the valence band screening the electric field of a

negatively charged grain-boundary core.

Estimation of potential distributions by use of numerical simulations

For a more precise estimation, the generation of free charge carriers is considered and

the constraint of quasi-neutrality is omitted. Fig. 4.11(a) shows numerically simulated

changes in the averaged electrostatic potential profiles across grain boundaries in CuInSe2

and CuInS2 with and without considering the generation of a free charge carrier density of

1× 1016 cm−3 by the electron beam, under the assumption of a constant MIP at the grain

boundaries.

The one-dimensional simulations were performed by use of the computer program SCAPS

[164]. SCAPS numerically solves the one-dimensional continuity equation and Poisson’s

equation for a given initial problem. It does that on the basis of the electronic band

diagram, where the occupation of the electronic states is determined by the effective density

of states and the probability of occupation of these states [165], which is approximated by

the Maxwell-Boltzmann statistics4. Any band discontinuities at the grain boundaries were

neglected for the simulations, since they can only be evoked by a change in the local

structure, which is related with a change in the MIP. Then, the averaged electrostatic

potential shown in Fig. 4.11(a) is proportional to −Ec/e and −Ev/e shown in Fig. 4.11(b).

For the simulations shown in Fig. 4.11, an excess charge density of e · 1 × 1012 cm−2 was

assumed to be bound at the grain boundaries. The excess charge was implemented through

an areal density of acceptors of 1×1012 cm−2 with an energetic level just above the valence-

band edge and well below the Fermi level. This ensured that all acceptors were ionized in

the framework of this simulation and thus charged. The doping densities and permittivities

given in Tab. 4.3 were considered for the grain interiors. Mean charge-carrier lifetimes

in the grain interiors of 10 ns were assumed. The upper limit of the generation rate of

free charge carriers by the electron beam 1 × 1024 s−1cm−3, was chosen such that the

4The Maxwell-Boltzmann statistics is a good approximation of the Fermi-Dirac statistics for electronic
states that are far away from the Fermi level.
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Figure 4.11: (a) Simulated averaged electrostatic potential profiles across grain bound-
aries in CuInSe2 and CuInS2, for a constant MIP at the grain boundaries at T = 300K.
An excess charge density of −e · 1 × 1012 cm−2 was applied at the grain boundaries. Free
charge carrier lifetimes, doping densities in the grain interiors and the generation of free
charge carriers have been chosen in accordance with Tab. 4.3 and Tab. 4.2. The mean free
charge carrier densities generated by the electron beam, if considered, was 1× 1016 cm−3.
(b) Schematic of the corresponding electronic band diagrams, which have been simulated
by use of SCAPS to determine the averaged electrostatic potential shown in (a). The latter
is proportional to −Ec/e. EFn and EFn denote the quasi Fermi levels for electrons and
holes.

average density of generated free charge carriers was 1 × 1016 cm−3, in accordance with

Tab. 4.2. Since the induced free charge-carrier densities are smaller in CuInS2 (see Tab. 4.2),

the free charge-carrier density in the simulation serves as an upper limit. Note that the

dimensions of the potential wells also depend on the effective densities of states Nv, Nc
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in the valence and conduction band. They were chosen as Nc = Nv = 2 × 1018 cm−3. An

enhanced recombination of free charge carriers at the grain boundary was neglected for

this simulation.

As a result of the generation of free charge carriers by the electron beam, the probability

of occupation of electronic states can not be described by one Fermi distribution anymore,

but requires the formalism of quasi Fermi distributions [5], one quasi Fermi distribution

for holes EFp and one for electrons EFn. Note that, with the applied set of parameters,

an excess charge density higher than about e · 1 × 1012 cm−2 led to an intersection of the

valence band and the Fermi level (or the quasi Fermi level of holes) at the grain boundary

(see Fig. 4.11(b)). This means that the grain boundary becomes a conductor. However,

this situation can not be simulated correctly, for the Maxwell-Boltzmann statistics is not a

suitable approximation anymore and the screening depends strongly on the exact density

of states in the valence band. Hence, the simulations are not reliable anymore. However,

a metallic behavior of grain boundaries within CuInSe2 and CuInS2 thin films has not

been found, neither in equilibrium nor under illumination. It is therefore assumed that the

corresponding lowering of the averaged electrostatic potential at grain boundaries is smaller

than the energy difference between the Fermi level and the valence-band maximum. This

difference may be few hundred meV in the investigated semiconductors. This is illustrated

in Fig. 4.11(a). For a bound excess charge density of e·1×1012 cm−2 at the grain boundary,

the resulting potential-well depths are at most −0.11V, which is negligible compared with

the typically measured depths of −(1− 3)V. Even if the distance between the Fermi level

and the valence-band maximum is a few hundred meV, this can not lead to potential well

depths of a few V.

It can be seen from Fig. 4.11 that even if the generation of free charge carriers is taken

into account, the screening lengths, i.e., the distance on which the modulus of the averaged

electrostatic potential falls to 1/e of its maximum, in CuInSe2 and CuInS2 are larger than

1 nm. In the case of CuInS2, the screening length is about 10 nm, regardless whether free

charge-carrier generation was considered or not, and in the case of CuInSe2 it is 18 nm and

24 nm with and without considering the generation of free charge carriers. A comparison

with the previous estimation shows that the assumption of quasi-neutrality was a tolerable

approximation, also in the case of CuInSe2, which has a smaller doping density compared

with CuInS2. The length scales, on which a redistribution of free charge carriers screens

the electric field of a bound excess charge at a grain boundary, was found to be larger
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than 10 nm for all considered cases. Since this corresponds to a few unit cell lengths, the

continuum model is assumed to be applicable for the previous estimations.

By increasing the doping density in the grain interiors, it is possible to simulate smaller

screening lengths, however, this leads to a reduction of the potential-well depths at the

same time. In addition, the Fermi level moves closer to the valence-band maximum leaving

even less tolerance for an upward bending of the bands. Hence, it is not possible to simulate

the shape of the potential distributions as they were measured.

In summary, it is very unlikely that a local redistribution of free charge carriers in the

grain interiors, screening the electric field caused by a negative excess charge bound at the

grain boundary cores, contributes significantly to the width and the depth of the measured

potential wells.

4.2.1.3 Potential barriers or wells below the detection limit

Excess charges bound at grain boundaries give rise to adjacent space-charge or excess

charge layers (see Fig. 4.9), which were found to have a significant impact on the electrical

properties of a polycrystalline material [79]. For the grain boundary models presented in

Sec. 2.3.2 comprise space charge regions, it is of great interest to know the magnitude of

the associated bending of the bands in the electronic band diagram. This issue is discussed

in the following.

Besides negative excess charge at grain boundaries (see Sec. 4.2.1.2), a negative space-

charge region screening the electric field of a positive excess charge bound at the grain

boundary core is a possible scenario, but would result in a potential barrier and thus,

is not compatible with the results. However, it can not be excluded from the presented

results that a corresponding potential barrier (or well) smaller than the detection limit

of the method is present and superimposes the measured potential wells. The magnitude

of such a potential barrier (or well) is now estimated. This is done with and without

consideration of the estimated free charge carrier density induced by the electron beam

(Tab. 4.3) since the actual values are expected to be somewhere in between, depending on

the actually applied electron current density of the beam. The following estimation will be

of use in Sec. 4.2.2, where the electrostatic contribution to the strain that may be caused

by corresponding potential distributions below the detection limit is estimated.
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Potential barriers below the detection limit without consideration of free charge

carrier generation by the electron beam

At first, the generation of free charge carriers by the electron beam is neglected. According

to the depletion approximation for space-charge layers [150, 166], the density of free holes

in the depletion layer is zero and the potential increases with the square of the distance x

towards the grain boundary, which is located at x = 0 (see also Fig. 4.9). If the zero point

of the potential is chosen far away from the grain boundary, the potential is given by

V (x) = a(|x| − w)2, (4.8)

where a = eNA/2ǫ, and w is the space-charge region width on one side of the grain

boundary. Due to overall charge neutrality, the width is given by

w =
Ni

2NA

, (4.9)

where Ni is the bound interfacial charge carrier density. The strongest potential increase

is therefore expected close to the grain boundary. A potential barrier should be detectable

by means of inline electron holography if the increase in potential in a leff = 20 nm wide

region at the grain boundary core (this distance corresponds to the smallest retrievable

spatial frequency) exceeds Vleff = 0.1V, which was found as the detection limit. According

to Eq. (4.8), this leads to a minimum detectable potential barrier

Vmin =
e (Vleff/a+ l2eff)

2
NA

8ǫl2eff
. (4.10)

In the case of CuInSe2 (NA = 1 × 1016 cm−3, ǫr = 11.3) a potential barrier should be

detectable if the total potential barrier is higher than Vmin ≈ 0.83V. By solving Eq. (4.8)

for Ni at x = 0, it can be seen that this potential barrier corresponds to a bound charge-

carrier density at the grain boundary of Ni = 6.5 × 1011 cm−2. The values Vmin and Ni,

also for CuInS2, are summarized in Tab. 4.4.
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Figure 4.12: Electronic band diagram illustrating the screening of the electric field, which
is caused by positive excess charges bound at a grain boundary (GB). Apart from a constant
value, the electrostatic potential is proportional to −e · Ec. Black color denotes the case,
for which the generation of free charge carriers is neglected and red color denotes the case,
for which the generation of free charge carriers is considered. In the latter, EFn and EFp

denote the quasi Fermi levels for electrons and holes. The excess charge density at the
grain boundary is the same in both cases. Electronic defect states within the band gap
at the grain boundary are denoted by dashes. The probability of occupation of the defect
states between the quasi Fermi levels is governed by the kinetics of the generation and
recombination processes [5, 167].

Potential barriers below the detection limit with consideration of free charge

carrier generation by the electron beam

It has to be considered that the electron beam may perturb the potential distribution to

be measured. An accumulation of free electrons, generated by the electron beam, may

screen a positive excess charge bound at the grain boundaries more effectively than space

charge. Apart from the polarity, this situation is similar to the screening of a negative

bound excess charge at a grain boundary by free holes shown in Fig. 4.9. In addition, a

generation of free charge carriers by the electron beam affects the probability of occupation

of the electronic states within the valence and conduction band via the quasi Fermi levels.

In this case, the occupation of electronic defect states between the two quasi Fermi levels is

governed by the kinetics of the non radiative recombination and generation of free charge

carriers [167]. Hence, the bound excess charge density Ni, which is present during the

measurement, is not necessarily the same as in equilibrium. An electronic band diagram in
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Fig. 4.12 illustrates the situation. In analogy to the case of negative excess charge bound

at a grain boundary (see Sec. 4.2.1.2), it has to be taken care that the conduction-band

minimum does not intersect the quasi Fermi level of electrons since this would lead to a

conductive behavior of the grain boundary. For the estimations below, it is assumed that

the conduction-band minimum and the valence-band maximum do not intersect any Fermi

or quasi Fermi level.

The estimations are again based on the assumption of quasi-neutrality. This seems justified

since no significant potential distribution was detected in a 20 nm wide region at the grain

boundaries in all potential profiles determined by use of inline electron holography.

Suppose the situation during the measurement with consideration of free charge carrier

generation by the electron beam. It is assumed that all generated free charge carriers are

mobile enough to take part in the redistribution of free charge carriers screening the electric

field of the bound grain boundary charge before they recombine. The charge distribution

close to the grain boundary is therefore not affected by the mean lifetime of the free

charge carriers. If screening due to space charge is effectively neglected, the attenuation

of the averaged electrostatic potential due to the screening of the positive excess charge at

the grain boundary by generated free electrons can then be described with the help of an

exponential function and the Debye length LD (see Eq. (4.7)). As estimated in Sec. 4.2.1.1,

the generated free electron density in CuInSe2 absorbers (which again is a representative

for all Cu(In,Ga)Se2 absorbers) is not expected to exceed a density of 1 × 1016 cm−3. In

CuInS2, the electron beam induced free charge-carrier density is expected to be smaller

than 1 × 1015 cm−3. These free charge carrier densities determine the Debye lengths Leb
D

modified by the electron beam. They are given in Tab. 4.4. Note that these Debye lengths

are lower limits, since the applied free charge-carrier densities are upper limits.

Potential barriers, for which the increase of the averaged electrostatic potential within a

distance of leff = 20 nm from the grain boundary core is smaller than the detection limit

of Vleff = 0.1V are not detectable. For an exponential increase, this is the case if the total

potential barrier is not larger than (see Eq. (4.7))

V eb
min =

Vleff
1− exp (−leff/Leb

D )
. (4.11)

By use of Poisson’s equation and the condition of charge neutrality, the corresponding

interfacial charge density at the grain boundary core can then be calculated by
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Table 4.4: Debye length, Leb
D modified due to the generation of free charge carriers by the

electron beam, the corresponding minimum detectable potential barrier height or potential
well depth V eb

min, and bound areal charge carrier density N eb
i at the grain boundary for the

two cases of charge of positive and negative polarity at the grain boundary. The shown
Debye lengths are lower limits and hence the resulting |V eb

min| upper limits. Vmin and Ni are
the corresponding values if the generation of free charge carriers by the electron beam is
neglected.

CuInSe2 CuInS2

polarity positive negative positive negative
Leb
D (nm) 40 28 121 12

V eb
min (V) 0.25 −0.20 0.66 −0.12
N eb

i (cm−2) 7.9× 1011 8.8× 1011 6.1× 1011 1.2× 1012

Vmin (V) 0.83 −0.25 0.13 −0.12
Ni (cm

−2) 6.5× 1011 7.9× 1011 7.6× 1011 cm−2 1.2× 1012

N eb
i =

∫

∞

0

2ǫV eb
min

eLeb
D

2 exp (−x/Leb
D ) dx. (4.12)

Corresponding values for CuInSe2 and CuInS2 are given in Tab. 4.4.

Potential wells below the detection limit with and without consideration of free

charge carrier generation by the electron beam

The same estimations can be performed in the case of negative excess charge bound at

grain boundaries, whose electric field is screened by free charge carriers. Apart from a

switch in polarity, this situation can be treated analogously. Only in this case, the free

charge carrier density is either given by the free charge carrier density originating from the

doping (see Tab. 4.3), or the sum of the free charge carrier density originating from the

doping and the one induced by the electron beam. Leb
D , V eb

min, and N
eb
i and the values of

Vmin, and Ni without consideration of the generation of free charge carriers are given in

Tab. 4.4.

The smaller the free charge carrier density in the grain interior, the smaller the values

of Ni that are compatible with the measurement results. This can be seen in Fig. 4.13,

where the minimum detectable bound grain-boundary charge-carrier density Ni is plotted

versus the Debye length for different values of Vleff and leff . The values of both parameters

were estimated for the performed measurements, however, depend in general on the exact
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Figure 4.13: Minimum detectable bound grain boundary charge-carrier density Ni as
function of the Debye length LD or, equivalently, the free charge carrier density for a
constant relative permittivity of ǫr = 10, if the screening through space charge is neglected.
The left graph shows a variation of leff = 10, 20, 30 nm for a constant |Vleff | = 0.1V, the
right graph a variation of |Vleff | = 0.1, 0.2, 0.3V for constant leff = 20nm. Note that this
estimation is applicable for positive or negative charges at the grain boundary.

measurement conditions, i.e., maximum defocus value, image acquisition time, specimen

roughness, etc. The figure is therefore useful to estimate the detection limit of Ni with

respect to a change of these parameters. Fig. 4.13 also states that even if Vleff and leff

are varied as 0.1, 0.2, 0.3V and as 10, 20, 30 nm respectively, Ni is not expected to exceed

1 × 1012 cm−2 significantly, as long as the free charge carrier density is 1 × 1017 cm−3 or

smaller. Below 1× 1016 cm−3, Ni is almost independent of the free charge carrier density.

Note that Ni is independent on the polarity of the bound charge density. Fig. 4.13 also

implies that either Vleff has to be reduced significantly or leff has to be increased, in order

to reduce the detection limit below Ni = 1× 1011 cm−2.

Tab. 4.4 compares the values of V eb
min with the corresponding values Vmin if the generation

of free charge carriers by the electron beam is not taken into account. Note that Vmin is

smaller than V eb
min in the case of CuInS2 with positively charged grain boundaries since

the high density of negatively charged acceptors, NA = 1× 1017 cm−3, screens the electric

field of the bound grain boundary charge more effectively than the smaller generated free

charge carrier density of 1× 1015 cm−3. The previous assumption that the screening by a

space charge region can be neglected compared with the screening by free charge carriers
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is therefore not applicable in this case. The screening with and without consideration of

the generation of free charge carriers by the electron beam is then governed by an adjacent

space charge region. This has to be considered also in Fig. 4.13, which is only valid if the

doping density NA is smaller than the free charge carrier density.

For the sake of completeness, it should be noted that potential barriers and wells that were

numerically simulated, with the parameters given in Sec. 4.2.1.2, for a bound excess charge

carrier density of Ni = 1 × 1012 cm−2 at grain boundaries are smaller than the detection

limit. This can already be seen in Fig. 4.11(a).

In summary, potential barriers or wells with total heights or depths between the values

V eb
min and Vmin given in Tab. 4.4 are compatible with the presented results. Unfortunately,

this estimation is only valid during the measurement since the bound excess charge density

at grain boundaries may change significantly under electron beam irradiation. Only if the

perturbation of the electron beam is negligible, e.g. at very low electron current densities

of the incident electron beam, the values Vmin (see Tab. 4.4) give an upper estimate of

potential barrier heights or well depths that are present at grain boundaries in equilib-

rium. This can the be transfered to the band bending of conduction and valence band by

multiplication with −e. Nevertheless, this estimation is helpful for the following estimation

on the contribution to a strain that may be caused by potential barriers or wells below the

detection limit in Sec. 4.2.2. Such a strain can affect the MIP and hence contribute to the

measured potential wells.

4.2.2 Electrostatic contribution to the strain at grain boundaries

Apart from ∆Vcr(~r), a possible contribution to the measured potential wells at grain bound-

aries is a local change in MIP(~r). It is clear from Eq. (3.21) that this can either be evoked

by a (local) modification of vol, i.e., local distortions owing to stress, or by a modification

of the local composition, which affects the local Coulomb potential V (~r3d) and to some ex-

tent vol. This section covers the electrostatic contribution of space-charge or excess charge

layers below the detection limit to a strain that may be present at grain boundaries, i.e., a

local modification in vol. In order to study the effect of changes in MIP(~r) on ∆Va(~r), any

free charge carrier redistribution causing a measurable contribution to ∆Va(~r) is neglected

in the following, hence ∆Vcr(~r) ≈ 0.
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Figure 4.14: Simplified model of a strain at a grain boundary (GB) caused by the attrac-
tion of positive excess charges bound at the grain boundary core and adjacent negatively
charged layers, which are spatially fixed. In this model, it is assumed that each half of the
bound charge carrier density at the grain boundary is attracted to one direction and that
the two halfs are spatially separated by a lattice constant L. Due to the overall charge
neutrality, the projected charge carrier density of each one of the negatively charged layers
must be equal to Ni/2. In general, the excess charge at the grain boundary may be spatially
distributed and not localized to two planes.

Estimation of the strain which is required to induce the measured potential

wells

First, the strain which would be necessary to explain the measured potential wells is

estimated. For that purpose, consider the illustration in Fig. 4.14. Suppose the MIP is

constant in the grain interiors more than ∼ 2 nm away from the grain boundary core, and

the occupation of the respective lattice sites (composition) does not change at the grain

boundary. It is further assumed that the grain boundary is a planar defect parallel to the

incident electron beam. Due to the symmetry, one may assume that any local distortion of

the unit cell of the crystal lattice parallel to the plane of the grain boundary is negligible

or zero in average. Then, a local change in the unit-cell volume caused by an elongation

along the x axis, normal to the plane of the grain boundary, would according to Eq. (3.21)

result in a decrease of the local MIP(~r). The origin of such an elongation may be a strain

normal to the plane of the grain boundary, which is defined by κ = ∆L/L, where ∆L is
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the local change in the lattice constant L perpendicular to the plane of the grain boundary.

The local MIP at the grain boundary can now be expressed by

MIPgb = MIPgi +∆Va,max =
L

L+∆L
MIPgi, (4.13)

where MIPgi is the MIP in the grain interiors, and ∆Va,max the measured potential well

depth at the grain boundary. The local strain of the crystal lattice normal to the plane of

the grain boundary, which is necessary to explain the measured potential well depth, can

then be estimated to be

κ = −
∆Va,max

MIPgi +∆Va,max

. (4.14)

Hence, a potential well depth of about ∆Va,max = −1.76V and MIPgi = 14.0V, as found

in the case of CuInSe2, would necessitate a strain of κ = 0.14.

Estimation of the strain which may be caused by potential distributions below

the detection limit

Space-charge or excess-charge layers adjacent to a bound charge of opposite polarity give

rise to strain, since charges of opposite polarity attract each other (see Fig. 4.14). The strain

that can be induced by such a constellation is estimated in the following and compared

with the estimation above. Suppose the grain-boundary can be well described by the model

in Fig. 4.14, i.e., there is a bound charge density eNi at its core and space charge or excess

charge layers attenuate the electrostatic potential on either side. As a result, there is an

electrostatic force acting on the bound charges at the grain boundary pulling them to the

charged layers of opposite polarity on either side of the grain boundary. The force per

area on the bound charge density is the stress σel(0), which strains the lattice at the grain

boundary core depending on the stiffness of the lattice, i.e., its Young’s modulus Y . If the

model in Fig. 4.14 is considered for ∆L << L, i.e., the displacements of the lattice planes

are small, Hooke’s law [168] may be applied to express the strain by

κ(0) =
σel(0)

Y
=
eNi|Eelectric(0)|

Y
, (4.15)

where Eelectric(0) is the electric field at x = 0. Note that the attraction of each half of Ni

to one side accounts for half of this strain.
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Estimation of the strain which may be caused by a space charge region below

the detection limit

First, the free charge carrier generation by the electron beam is neglected. In the case of

a positive bound charge at the grain boundary, a negative space-charge region screens the

resulting potential according to Eq. (4.8). The electric field at x = 0 coming from negative

x values is given by Eelectric(0) = −∇rVa(~r)|x=0− = −2aw. The modulus of this value is

equal to the modulus of the electric field at x = 0 coming from positive x values. By use

of Eq. (4.9), this yields

κ(0) =
e2N2

i

2Y ǫ
. (4.16)

In Sec. 4.2.1.3, it was concluded that a potential barrier smaller than the detection limit of

inline electron holography may be present at grain boundaries within CuInSe2 and CuInS2.

The corresponding bound charge carrier density at the grain boundary was estimated to

be smaller than Ni < 1 × 1012 cm−2 (see Tab. 4.4). Applying Young’s modulus Y =

6.49×1010 Nm−2 [169] of CuInSe2 for both materials, results in a strain of κ(0) < 2×10−7.

This is several orders of magnitude smaller than κ = 0.14, which is required to explain the

potential-well depths (see Eq. (4.14)). Even a bound charge carrier density of 1×1014 cm−2

at the grain boundary core results in a strain of less than κ(0) < 0.002.

Estimation of the strain which may be caused by an accumulation of free charge

carriers at a charged grain boundary

In the case of an excess charge bound at a grain boundary, an excess charge layer of

free charge carriers of opposite polarity may screen the resulting potential according to

Eq. (4.7). Then, the strain is given by

κ(0) =
eNiVmin

Y LD

. (4.17)

Even if the generation of free charge carriers by the electron beam is included (Vmin = V eb
min),

Eq. (4.17) with the values from Tab. 4.4 results in κ(0) = 1.5×10−7 in the case of CuInSe2

(Leb
D = 28 nm), and κ(0) = 3 × 10−7 in the case of CuInS2 (Leb

D = 12 nm). Again, this is

much smaller than required. If the generation of free charge carriers is considered in the

case of a positive charge density at the grain boundary, the contribution to the strain is
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similarly small.

If the condition of quasi-neutrality is omitted, |Eelectric(0)| can be determined from the slope

of the potential distributions that were numerically simulated for the estimation given in

Sec. 4.2.1.2. For Ni = 1× 1012 cm−2, it is found that |Eelectric(0)| = 5.7× 106 Vm−1 in the

case of CuInSe2 and |Eelectric(0)| = 5.9 × 106 Vm−1 in the case of CuInS2. This leads to

corresponding strains of κ(0) ≈ 1× 10−6 (CuInSe2) and κ(0) ≈ 1× 10−6 (CuInS2). These

values are also much smaller than the strain required to induce potential wells with a depth

of a few V.

The values of the strain computed for potential distributions below the detection limit

are all equal or smaller than 10−6. The previous assumption ∆L << L (see Eq. (4.15))

seems therefore justified. It is therefore concluded that the electrostatic contribution to

the strain does not have a significant impact on the measured potential wells at grain

boundaries. Note, however, that strain caused by local lattice distortions on a distance of

few atomic layers from the grain boundary core can not be ruled out from this estimation.

DFT calculation are required to estimate this contribution to the strain.

4.2.3 Local change in composition and ionicity at grain bound-

aries

A change in the local composition at grain boundaries may also be responsible for or

contribute to the experimentally detected potential wells. This issue is discussed in the

following.

The MIP of a crystalline material can be roughly estimated by use of the formula [170]

MIP =
h2

2πmeΩ

∑

j

njf
el
j (0), (4.18)

where Ω is the volume of the unit cell, nj is the number of atoms or ions of type j

within the unit cell, and f el(0)j are the respective atomic or ionic scattering factors in

forward direction. An approximation of the MIP by use of Eq. (4.18) neglects any charge

redistributions of electrons due to bonding between atoms or ions. However, Eq. (4.18)

will be applied in the following in order to estimate the MIP of the investigated absorber

materials as well as compositional changes at grain boundaries. Even if the estimated

values of the MIPs are not accurate, trends in the change of the MIP upon compositional
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Table 4.5: Electron scattering factors in forward direction f el(0) for the neutral atoms
Cu, In, Ga, Se, S, Na, O, and corresponding ions according to Refs. [171, 172], in units of
nm. The scattering factors of Se2− and S2− were not found in the literature.

neutral atom ion

Cu and Cu+ 0.629 0.329
In and In3+ 1.06 0.430
Ga and Ga3+ 0.714 0.243
Se 0.727
S 0.516
Na and Na+ 0.474 0.113
O and O2− 0.198 0.410

changes are assumed to be reflected correctly.

Required atomic and ionic scattering factors in forward direction can be found in Refs. [170–

174]. The scattering factors relevant for this work are given in Tab. 4.5. In general, the

atoms in a crystal show a degree of ionicity ζ between the neutral atom and the ion. The

corresponding scattering factors can be calculated according to [172]

f el(0) = (1− ζ)f el
neutral(0) + ζf el

ion(0), (4.19)

where f el
neutral(0), and f

el
ion(0) are the scattering factors of the neutral atom and the corre-

sponding ion.

Tab. 4.6 shows MIPs of CuInSe2, CuGaSe2, CuIn3Se5, CuGa3Se5, and CuInS2 calculated

by use of Eq. (4.18) with the scattering factors of neutral atoms. The required volumes

Ω were calculated by use of the lattice constants given in Refs. [17–19, 175, 176] and are

also applied in the following. The estimated value of the MIP of CuInSe2, 15.51, is in

agreement with the measured value of (14.0± 1.6)V.

Considering the potential wells, there are several ways according to Eq. (4.18) to induce a

reduction of the MIP by a change in composition. The most prominent ones are vacancies

of any kind, i.e., reducing the number of atoms in the unit cell. A substitution of atoms or

ions for respective atoms or ions with smaller fel(0) also reduces the MIP. However, it has

to be taken care of the fact that the unit cell volume may change with a significant amount

of substitutions. Instead of trying to take account of all local changes in composition that

may cause the potential wells, the matter will be discussed in detail in Sec. 4.4 with respect

to the measurements on local composition changes at grain boundaries. It is clear from
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Table 4.6: MIPs of the phases CuInSe2, CuGaSe2, CuIn3Se5, CuGa3Se5, and CuInS2
calculated by use of the electron scattering factors for neutral atoms given in Tab. 4.5. The
volumes of the unit cells Ω were determined from the lattice constants given in Refs. [17–
19, 175, 177].

MIPV

CuInSe2 15.51
CuGaSe2 15.40
CuIn3Se5 14.91
CuGa3Se5 14.77
CuInS2 15.38

Tab. 4.6, however, that the depth of the measured potential wells at grain boundaries

of up to 3V can not be explained by the presence of one of the other considered phases

since all their MIPs are similar. Please note that a direct correlation between the measured

changes in the averaged electrostatic potential at grain boundaries and an estimated change

in composition by use of Eq. (4.18) is a simplification. This is because Eq. (4.18) involves

the unit-cell volume Ω, whereas the changes in the potential may occur on length scales

smaller than the unit cell size. This correlation is only justified if the values of the measured

changes in the averaged electrostatic potential correspond to a value that is averaged over

many atoms parallel to the plane of the grain boundary representing the local composition.

The large differences in the scattering factors of neutral atoms and ions indicate that a

local change in ionicity of the atomic bonds at grain boundaries may be responsible for the

presence of the potential wells. Indeed, a potential difference of ∆MIP = 1.48V is induced

according to Eq. (4.18), if e.g. the ionic character of Cu changes from neutral to fully

ionic. However, it has to be taken care that the net charge of a unit cell must be neutral.

Unfortunately, the initial ionicity of the bonds within the perfect crystal is unknown.

The question is why such a distinct change in ionicity may occur. This is expected, if the

composition changes and elements with different electronegativity are present and involved

in the atomic bonding or if the atomic bonds are strained or compressed. A contribution of

a local change in ionicity at grain boundaries to the measured potential wells is therefore

possible and can not be ruled out. This issue is discussed in Sec. 4.4.1.3 with the help of

electron energy-loss spectra.
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Figure 4.15: Models of the constellation of a Σ3 (112) 180 ◦ rotational twin grain boundary
(GB) (a) and a Σ9 (111) 180 ◦ rotational twin boundary (b) in Cu(In,Ga)Se2 based on
geometrical considerations and symmetry.

4.2.4 Effect of grain boundary geometry investigated by simula-

tions

In this section, the possible influence of the grain boundary geometry on the averaged

electrostatic potential is estimated. At a grain boundary, where two grains meet, the

periodicity of the lattice is disturbed. In general, there are two possible scenarios, how

the crystal lattice may look like at the interface. In the first scenario, the local crystal

structure at the grain boundary is described by simple geometrical considerations. The

grain boundary structure is given by the contact of the surfaces of both adjacent crystal

lattices, with respect to the lowest possible total energy achievable. In the second, much

more complicated scenario, the lattice at and close to the interface reconstructs with respect

to the composition and the bond lengths until the involved atoms occupy sites leading to

the energetically most favorable configuration. This approach considers the interaction

between all involved atoms self consistently. Typically, DFT calculations are employed to

solve these specific problems. Unfortunately, there is no simple access to model a possible

reconstruction in the case of random grain boundaries, since a defined structure is required

as a starting point for the calculations.

In this section, the former consideration is treated for two special cases. Fig. 4.15 shows
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models of a Σ3 (112) 180 ◦ rotational twin boundary and a Σ9 (111) 180 ◦ rotational twin

boundary in Cu(In,Ga)Se2 that have been discussed and investigated in the literature

[84, 178]. The general assumption underlying these models is that the crystal lattices of

both adjacent grains do not overlap, i.e., that there is one plane that can be considered

to terminate both adjacent grain lattices. The Σ3 grain boundary is coherent, i.e., its

composition does not change across the grain boundary with respect to the nearest neigh-

bors of the adjacent atoms. Such grain boundaries have been found by Krejci et al. [71]

in epitaxially grown CuInSe2 and are assumed to be the most frequent type of Σ3 grain

boundaries within CuInSe2 [178, 179]. For this model, the bond lengths across the grain

boundary were assumed to be equal to the corresponding bond lengths within the perfect

lattice, which, however, is not necessarily the case in general.

The grains adjacent to the Σ9 grain boundary exhibit the same orientation relationship as

it is the case for the Σ9 grain boundary in CuGaSe2 that has been investigated earlier in this

thesis (see Sec. 4.1.5). The shown configuration serves therefore as a model system, which

can be employed for simulations of the averaged electrostatic potential for comparison with

the experimental results. The distance between the two grains was adjusted such that the

Se atoms at the grain boundary core (initially belonging to the right grain) exhibit the

same bond lengths to the nearest neighboring atoms on either side. The closest distance

between the cations and the Se atoms across the grain boundary was chosen to match the

corresponding bond length in the perfect lattice. Note that the two lattices do not overlap

and coincide only with the Se atoms at the grain boundary core. The effective result is a

smaller local atom density at the grain boundary.

In order to study the averaged electrostatic potential on the basis of the geometrical con-

sideration, three dimensional supercells of both grain boundaries were constructed.

The supercell of the Σ3 (112) 180 ◦ rotational twin boundary comprised ∼ 5500 atoms

and exhibited dimensions of 7.7 nm in [221] direction, 3.9 nm in [1̄10] direction, and 3.9 nm

in [111̄] direction. The supercell of the Σ9 (111) 180 ◦ rotational twin boundary com-

prised ∼ 2300 atoms and exhibited dimensions of 4.5 nm in [441] direction, 2.8 nm in [1̄10]

direction, and 3.7 nm in [112̄] direction. These supercells served as input for multislice

simulations [147] performed by use of JEMS [180]. The required electron scattering fac-

tors were taken from Refs. [171, 172, 181]. Note that the scattering factors of neutral

atoms were applied, since the ionic scattering factors of Se2− and S2− are not available in

the literature. However, a comparison of the estimated MIP by use of neutral scattering
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Figure 4.16: Gray-value phase images obtained by multislice simulations of supercells
containing the Σ3 and Σ9 twin grain boundaries (GB) shown in Fig. 4.15 for CuInSe2. The
same low pass filter was applied on the simulated phase distributions as it was for the re-
construction of the measured phase images. Extracted profiles of the averaged electrostatic
potential across the grain boundaries averaged over the highlighted regions of interest are
shown on the right.

factors and experimental results showed satisfactory agreement (see Sec. 4.2.3), leading

to the assumption that neutral scattering factors are a good approximation. The lattice

constants of the unit cells were already discussed in Sec. 4.2.3. The averaged electrostatic

potential was then extracted from the phase distributions of the simulated object wave

functions as described in Sec. 3.2.6. Fig. 4.16 shows the calculated gray-value images of

the phase distributions in the case of CuInSe2. The same spatial frequencies that were

filtered out by the low-pass filter during the reconstruction of the object wave function by

use of inline electron holography (see Sec. 3.2.4), which corresponds to spatial frequencies

higher than the objective aperture radius (∼ 1.2 nm−1), were also filtered out here, to make

the calculation comparable with the experimental results. Due to the absence of any free

charge carriers in the models, the absolute value of the averaged electrostatic potential

corresponds to the MIP in both cases.

The profile of the averaged electrostatic potential across the Σ3 grain boundary in Fig. 4.16

shows an oscillation. This oscillation arises from the fact that the crystal lattice is tilted in
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zone axis orientation, where the atomic columns are parallel to the incident electron beam.

In addition, the local thickness fluctuates slightly, owing to the fact that the top and the

bottom of the model are terminated by planes that are not parallel to the lattice planes

(see Fig. 4.15). In contrast, the specimen was not tilted in a zone axis configuration for the

measurements, which led to an averaging of the potential from the atomic columns and the

space in between. Moreover, the total specimen thickness was much larger reducing the

effect of similar thickness fluctuations on the potential. The oscillations exhibit a mean

value of approximately 14.5V and continue to either side. No significant change of the

oscillation is present at the grain boundary. This is a consequence of the coherence of the

grain boundary, i.e., the composition averaged over the shown region of interest as well

as the bond lengths do not change across the grain boundary compared with the grain

interior.

Further simulations were performed on mirror symmetric Σ3 reflectional twin boundaries,

for which two anion or cation terminated (112) surfaces face each other across the grain

boundary. A structural model of the latter is shown in Fig. 4.24. Similar to the Σ3 (112)

180 ◦ rotational twin boundary investigated here, an oscillation of the averaged electrostatic

potential was found due to the zone axis configuration. However, no significant change of

this behavior was found at the grain boundary in either case.

In contrast, a distinct potential well with a depth of about 2.5V and a FWHM of about

0.5 nm is present at the Σ9 grain boundary. Its origin is the smaller local density of atoms

at the grain boundary core, which is allowed by the symmetry. Deviations from a flat

potential away from the grain boundaries can be explained by slight thickness variations

of the supercell along the [112̄] direction that was chosen for the simulation, see Fig. 4.15,

and the zone axis orientation. Nevertheless, the MIP average value in the grain interior,

more than 0.5 nm away from the grain boundary core, of about 14.5V is similar to the

mean value found in the case of the Σ3 grain boundary. The values are not the exact

same as estimated by use of Eq. (4.18) (15.51V). A reason might be that the supercell

dimension is not a multiple of the unit cell dimension. However, the values agree well with

the measured value of (14.0± 1.6)V, see Sec. 4.1.1.

Fig. 4.17 shows the direct comparison of the potential profile that was measured at the Σ9

grain boundary in CuGaSe2 (see Fig. 4.7) and the one that was obtained from multislice

simulations on the Σ9 grain boundary model for CuGaSe2. It can be seen that the simulated

potential well is about three times deeper and exhibits about half the width of the measured
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Figure 4.17: Comparison of the potential well that was measured at a Σ9 grain boundary
(GB) within CuGaSe2 (see Sec. 4.1.5) and the potential well that was determined by
multislice simulations on a supercell model of the Σ9 grain boundary shown in Fig. 4.15(b),
for which the incident electron beam was assumed to be parallel to the [112̄] direction. The
green (blue) curve shows the simulated potential profile of the Σ9 grain boundary, if a
specimen thickness of 47 nm and a tilt of αt = 1.2 ◦ (2 ◦) around the [1̄10] axis is assumed.

potential well. However, a slight deviation from the perfect edge-on configuration of the Σ9

grain boundary, with respect to the electron beam, during the measurement can have a huge

impact on the width of the potential well. For a specimen thickness of about 47 nm, as it

was found from the thickness measurement, a tilt of about αt = sin−1(1 nm/47 nm) ≈ 1.2 ◦

around the [1̄10] axis is sufficient, to broaden the potential well to a width of about 1 nm.

The simulated potential profile of the Σ9 grain boundary for a specimen thickness of 47 nm

(this corresponds to a stack of 12 supercells) and tilts of αt = 1.2 ◦ and αt = 2 ◦ around

the [1̄10] axis are shown in Fig. 4.17.

The potential well which is present at the αt = 1.2 ◦ tilted grain boundary has about the

same FWHM as the measured one, however, is about one and a half times as deep. The

potential well which is present at the αt = 2 ◦ tilted grain boundary is a bit wider but has

almost the same depth as the measured one. The grain boundary geometry in combination

with a slight tilt of less than 2 ◦ from the edge-on orientation are therefore able to explain

the measured potential well shape satisfactorily. In the case of the Σ9 grain boundary, this
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means that the contribution of geometry to the MIP is large enough to account solely for

the potential distribution which was found experimentally.

Other symmetric constellations of the Σ9 (111) 180 ◦ rotational twin boundary, for which

the bond lengths across the grain boundary are not smaller than in the perfect crystal

lattice, are not considered at this point, because the atom densities at the grain boundaries

are smaller in these models, and the discrepancy between simulation and measurement is

larger.

This example also shows that a slight misalignment of the grain boundary with respect

to the edge-on orientation during the electron holography measurement can have a huge

impact on the shape of the measured potential wells. However, the area above the potential

wells seems to be almost invariant up to this misalignment. Since all measured potential

wells exhibited a similar width, greater than the spatial resolution of the method, it is

assumed that the depths of the measured potential wells shown in this thesis are comparable

with each other.

4.2.5 Possible measurement artifacts

So far, any systematic artifacts or errors have been neglected. This issue is discussed in

the following. Measurement artifacts may arise from:

• Fringing fields: Errors may be induced by electrostatic fields that extend from the

specimen into the vacuum region on either side of the specimen and contribute to

the measured phase shift in the object wave function. This issue has been discussed

by Pozzi [182] and Dunin-Borkowski et al. [183]. However, both authors conclude

that a contribution from such electrostatic fringing fields is small if the specimen

thickness is much larger than the length scale on which a change in potential occurs.

The regions of interest analyzed in the present work exhibited specimen thicknesses

of at least 20 nm, and typically even close to 50 nm. This is at least an order of

magnitude larger than the width of the measured potential wells. The effect of

electrostatic fringing fields on the measured phase shift is thus expected to be small.

Although the contribution of fringing fields to the measured phase shift was found

to increase with the permittivity ǫr of the specimen, the effect manifests itself in an

offset which is added to the phase shift, rather than a deformation of the measured

potential profile [183]. Such an offset is of no importance here since only relative
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phase shifts are measured across grain boundaries. If there are considerable space

or excess charge layers at the grain boundaries, which are not detectable with the

applied methods, their extension is much wider than the specimen thickness and the

width of the potential wells. In the 1−2 nm wide region, where a change in potential

is found, this would rather lead to an offset to the averaged electrostatic potential

than a deformation of the shape of the potential distribution.

• Dead layers: Another possible error might be introduced by dead layers with thick-

ness d0 on top of either side of the specimen. These are layers which are significantly

distorted owing to the specimen preparation and which may therefore not contribute

to the potential Vcr(~r) caused by any free charge carrier redistribution. This, as a

result, reduces the effective thickness of the specimen in which charge redistribution

may occur to deff(~r) = d(~r)− 2d0(~r). As a consequence, the phase shift in the object

wave function is not given by

ϕ(~r) = σ(U)(MIP(~r)d(~r) + ∆Vcr(~r)d(~r)) (4.20)

anymore (see Eq. (3.22) and Eq. (3.4)), but by [184]

ϕ(~r) = σ(U)(MIP(~r)d(~r) + ∆Vcr(~r)(d(~r)− 2d0(~r))). (4.21)

If a change in ∆Vcr(~r) contributes to a phase shift, the measured phase shift ϕ(~r)

should decrease with decreasing total specimen thickness since the contribution of

∆Vcr(~r) becomes less significant. This means that if a change in ∆Vcr(~r) gives a major

contribution to the potential wells measured at grain boundaries in Cu(In,Ga)(Se,S)2,

the contribution to ∆Va(~r) should decrease with decreasing specimen thickness, and

with it the potential well depths. Such an effect was not found in this work. A

substantial contribution of dead layers is therefore assumed to be negligible.

• Dipole layers: The presence of a dipole layer on both surfaces of the TEM lamella

is also possible. However, a dipole layer with the same dipole moment everywhere on

both surfaces, also at the grain boundary, affects the averaged electrostatic potential

only insofar as that a constant value, i.e., the average of both resulting dipole po-

tentials along the z axis, is added to the averaged electrostatic potential. This again
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is irrelevant for the changes in the averaged electrostatic potential presented here,

however, may affect its absolute value significantly. Nevertheless, a locally changing

surface dipole moment may deteriorate the measurements.

• Surface grooves: The Ar-ion polishing process during the specimen preparation

may lead to a preferential etching at grain boundaries, giving rise to surface grooves

where grain boundaries meet the TEM lamella surface (see Fig. 4.18(a)). Since such

surface grooves reduce the specimen thickness, measurements—assuming a constant

specimen thickness—would yield a smaller averaged electrostatic potential at the

grain boundaries than actually present. Assuming a 50 nm thick TEM lamella of

CuInSe2, with a MIP of about 14.0V, ssg = 3.5 nm deep surface grooves on either

side of the TEM lamella would appear in the measurement as a local reduction

of the averaged electrostatic potential. This corresponds to a local reduction of

the specimen thickness by 14%. The reduction in the potential can be estimated

by MIP(1 − (d − 2ssg)/d) = 2V. Such surface grooves, 3.5 nm deep and 1.5 nm

wide, could therefore explain the dimensions of the measured potential wells at grain

boundaries. This situation is illustrated in Fig. 4.18(b). However, the proportions of

these surface grooves seem unrealistic, especially with respect to the incident angle

of the Ar-ion beam of less than 9 ◦.

It was mentioned earlier that no significant features within the acquired d/λmfp maps

could be correlated with grain boundaries. Since the inelastic mean free paths—

for the applied collection angle—of pure Cu (133 nm), In (116 nm), Ga (131 nm), or

Se (128 nm) specimens differ at most by 7.2% from the inelastic mean free path of

CuInSe2 (125 nm), a thickness reduction of 14% caused by surface grooves would

conflict with the smooth d/λmfp behavior, even if significant changes in the local

composition were considered. A possible reduction in the local atom density, as

discussed in Sec. 4.2.4, would result in a higher λmfp, and would even require a higher

local specimen thickness d at grain boundaries to explain the smooth behavior of

d/λmfp.

In addition, if surface grooves are present at all investigated grain boundaries, their

depths and widths should be similar in average, independent of the total specimen

thickness. Their contribution to the potential wells would therefore decrease with

increasing specimen thickness. However, no correlation between the specimen thick-
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Figure 4.18: Schematic of a TEM lamella cross section with surface grooves on either
side (a), and the dimensions of surface grooves that may cause potential wells similar to
the measured ones (b).

ness and the potential-well depth was found. Surface grooves are therefore assumed

to contribute to the measured potential wells only to a minor extent. However, an

investigation of the topography of the TEM specimens at grain boundaries by use of

scanning tunneling microscopy (STM) or atomic force microscopy (AFM) may shed

light on that issue.

Due to the random orientation of grain boundaries and the small grain sizes, it was

not possible to perform tilt series, with tilt axis along a vector contained in the grain

boundary with constant z value. With such a tilt series, it is possible to determine

the specimen thickness at the grain boundary [185].

4.3 Comparison with studies on grain boundaries in

other materials

Potential profiles across grain boundaries or interfaces in other materials have been studied

in the past in a similar way like in the present work by use of Fresnel contrast analysis as

well as by inline and off-axis electron holography. In Fresnel contrast analysis, intensity

profiles of images within a through focal series across interfaces are extracted and compared

with simulations in order to determine local changes in the averaged electrostatic potential

[133]. The unambiguous interpretation of the potential profiles was not possible in most

cases. A summary of the previous studies is given in the following.

Kara et al. [132] employed Fresnel contrast analysis to investigate grain boundaries in

mullite (3Al2O3·2SiO2). They found averaged electrostatic potential wells being present at
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two different types of grain boundaries. One grain boundary exhibited a glassy film between

the two adjacent grains in contrast to the other that exhibited a crystalline grain boundary.

They attributed a local change in composition, which they found by use of STEM-EDX,

to be responsible for the 5V deep potential well at the grain boundary exhibiting the

glassy film. They were not able to detect local changes in composition at the crystalline

grain boundary. Excluding a local change in the ionicity and a local strain at the grain

boundary by use of rough estimations, they concluded that a bound charge density at the

grain boundary and a corresponding layer of free charge carriers must be responsible for

the potential well depth of about 1.5V they measured.

Ravikumar et al. [186–189] studied pristine bicrystals and polycrystalline SrTiO3, i.e.,

without extrinsic doping, and grain boundaries in Mn doped polycrystalline SrTiO3 by

use of off-axis electron holography. The grain boundaries in the undoped material exhib-

ited smaller phase shifts than the grain boundaries in the Mn doped material. Therefore,

they assumed that a reduced MIP causes the potential wells at grain boundaries in un-

doped SrTiO3, whereas an additional negative bound charge at the grain boundary and

corresponding positive excess charge layers on either side, are responsible for the deeper

potential wells in Mn doped SrTiO3.

In contrast, Mao et al. [190] concluded that space charge or excess charge layers conter-

minous to charged 24 ◦ [001] tilt grain boundaries in undoped and Nb doped SrTiO3 can

not be the main contribution to the potential wells (0.3 − 1.6V deep and 1 − 2 nm wide)

they detected by use of Fresnel contrast analysis. However, combining the Fresnel contrast

analysis with high resolution TEM, EELS, and STEM-EDX they were not able to identify

the origin of the potential wells unambiguously.

Similar measurements were performed by Koch [185]. He compared averaged electrostatic

potential profiles across a Σ13 grain boundary in a nominally undoped SrTiO3 bicrystal,

determined by use of the same inline electron holography method as applied in this thesis,

with impedance spectroscopy data. While the averaged electrostatic potential profiles show

a potential well, with a depth of about −680mV and a FWHM of about 2 nm width, being

present at the grain boundary, the impedance spectroscopy results indicate the presence

of a potential barrier at the grain boundary with a barrier height of about 500mV and

a FWHM of more than 100 nm. This finding suggests that two length scales must be

considered. One on which possible space or excess charge layers determine the potential

(100 nm) and one on which the local crystal configuration at the grain boundary determines
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the potential (∼ 1 nm). Interestingly, the gray-value images of the averaged electrostatic

potential determined by use of inline electron holography showed patches of increased

potential (about 150mV higher compared with the potential more than 20 nm away from

the grain boundary) close to the grain boundary and parallel to its core. This finding

is consistent with a much wider potential barrier, considering the lower limit of spatial

frequencies that can be imaged with this method (which corresponds to a distance of leff

of a few tens of nm). This indicates the capability of this technique to image such wide

potential barriers. Such an increased potential close to the grain boundaries could not be

found at grain boundaries in Cu(In,Ga)Se2 and CuInS2.

One common feature of the described investigations and the results presented in this thesis

is the lowering of the electrostatic potential, which has been found to be present at all

grain boundaries. This raises the question whether this lowering is a generic feature of

grain boundaries. A smaller atom density due to the lattice distortion or due to the grain

boundary geometry (see Sec. 4.2.4), for example, may at least in part account for the

potential wells.

4.4 Correlation between the potential wells and a lo-

cal change in composition

The evaluation in the previous section showed that a very probable explanation for the

existence of the measured potential wells is a local change in composition at the grain

boundaries. This issue is further examined in the following with the help of the Cu series,

for which the local composition at grain boundaries was measured. The spatial extent of

the observed averaged electrostatic potential wells suggests that a possible local change

in composition may occur in a region closer than ∼ 1 nm from the grain boundary cores.

A sufficient spatial resolution of the measurement technique is therefore required. This

section presents results from the local changes in composition which have been measured

by use of STEM-EELS and atom probe tomography to correlate them with the potential

wells.
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4.4.1 Experimental results

The EELS results which are presented in the following were measured on TEM specimens

that were prepared by the H-bar and the FIB method (see Sec. 3.2.8) only. With both

methods, it was possible to avoid problems in the acquisition and in the evaluation of

EEL spectra due to a contamination of the specimen surface by C from the epoxy glue.

The EELS measurements were performed by Dr. Bernhard Schaffer, SuperSTEM, STFC

Daresbury Laboratories, Warrington, United Kingdom.

4.4.1.1 Averaged electrostatic potential and EELS profiles from the identical

grain boundary within Cu(In,Ga)Se2

Fig. 4.19 shows elemental profiles of the elements Cu (Cu-L2,3 edge), Se (Se-L2,3 edge),

In (In-M4,5 edge), and O (O-K edge) which were extracted from an EEL spectrum image

acquired across a grain boundary within a Cu(In,Ga)Se2 absorber exhibiting the ratios

[Cu]/([In] + [Ga]) = 0.83 and [Ga]/([In] + [Ga]) = 0.28. The averaged electrostatic po-

tential profile extracted across the same grain boundary is shown below. The potential

well depth at this specific grain boundary was found as −1.9V. Signals from the elements

Ga, and Na could not be evaluated due to their unfavorable position in the EEL spec-

trum (see Sec. 3.2.7). The Na-K edge and the Ga-L2,3 edge are very close to the onset of

the Cu-L2,3. The EELS signals indicate the presence of a local change in composition at

the grain boundary with a spatial extent similar to that of the potential wells. A clear

signal decrease at the grain boundary is found in case of Se. In contrast, the In and O

signals show a distinct increase at the grain boundary. The Cu signal is ambiguous. While

the lowest signal is located at the grain boundary core, the highest signal is found at a

distance of about 1 nm on either side of the grain boundary. The high mobility of Cu in

Cu(In,Ga)Se2 [191] may account for this observation. A thermal activation of Cu diffusion

by electron-beam irradiation is possible, and could lead to a distortion of the signal. It

should also be noted that damage of the specimen due to electron beam irradiation was

visible in the STEM-HAADF image after the acquisition of the spectrum image. However,

this result was confirmed by elemental profiles that were determined from EEL spectrum

images acquired at slightly different positions at the same grain boundary.

It was further found that a significant amount of C is present within the specimen, however,

confined to local patches. Electron beam irradiation induced contamination of the specimen
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Figure 4.19: Elemental distribution profiles of the elements Cu (Cu-L2,3 edge), Se (Se-
L2,3 edge), In (In-M4,5 edge), and O (O-K edge) extracted from an EEL spectrum im-
age acquired across a grain boundary (GB) within a Cu(In,Ga)Se2 absorber exhibiting
[Cu]/([In] + [Ga]) = 0.83 and [Ga]/([In] + [Ga]) = 0.28. The profile was extracted from the
highlighted region in the STEM high angle annular dark field (HAADF) image on the left
side. The averaged electrostatic potential profile determined at the same grain boundary
is shown below. The investigated specimen was prepared by use of the H-bar method, see
Sec. 3.2.8.

surface with C, a 2min plasma-cleaning procedure before the EELS measurements or the

H-bar preparation method of the specimen may account for this. The EELS signal profiles

shown in Fig. 4.19 were extracted across a region where the carbon signal was smallest. It

should be mentioned that the In and the Cu signal showed an anticorrelated behavior in

all extracted profiles.
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Figure 4.20: Elemental distribution profiles of Cu (Cu-L2,3 edge), Se (Se-L2,3 edge),
and In (In-M4,5 edge) extracted from an EEL spectrum image acquired across a grain
boundary (GB) within a Cu(In,Ga)Se2 absorber exhibiting [Cu]/([In] + [Ga]) = 0.43 and
[Ga]/([In] + [Ga]) = 0.32, which is shown in the STEM-HAADF image on the left. No
traces of O or C were found. The specimen was prepared by use of the pure FIB method.

4.4.1.2 Dependence of local changes in composition on the integral Cu con-

centration of the absorber

Elemental distribution profiles of the elements Cu (Cu-L2,3 edge), Se (Se-L2,3 edge), and

In (In-M4,5 edge), which were extracted from an EEL spectrum image acquired across

a grain boundary within a Cu(In,Ga)Se2 absorber exhibiting [Cu]/([In] + [Ga]) = 0.43

and [Ga]/([In] + [Ga]) = 0.32 are shown in Fig. 4.20. In contrast to the results on grain

boundaries within the absorber exhibiting [Cu]/([In] + [Ga]) = 0.83, the Cu signal increases

towards the grain boundary, while the In signal decreases. However, the spatial extension

of the change in composition is similarly 1 − 2 nm. The Cu and In signals are likewise

anticorrelated, which was confirmed by further EELS measurements (not shown here).

The Se signal indicated no significant change in the Se composition at grain boundaries.

It was not possible yet to measure the averaged electrostatic potential profile across this

specific grain boundary. However, averaged electrostatic potential profiles across other

grain boundaries within the same sample are available (see Fig. 4.1). It should be pointed

out that no traces of O or C were found in this specimen.

Unfortunately, EELS measurements across grain boundaries within absorbers exhibiting

[Cu]/([In] + [Ga]) = 0.67 are not yet available. However, compositional measurements
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Figure 4.21: Elemental distribution profiles in the vicinity of a grain boundary within
a Cu(In,Ga)Se2 absorber exhibiting [Cu]/([In] + [Ga]) = 0.43, which were determined by
means of atom probe tomography. The profiles are illustrated as proximity histogram [192],
where the grain boundary core is located at distance = 0. By courtesy of O. Cojocaru-
Mirédin and P.-P. Choi, Max Planck Institute for Iron Research, Düsseldorf, Germany.

were performed by means of atom probe tomography (see Sec. 3.3). Fig. 4.21 shows

profiles extracted from a proximity histogram [192] of a grain boundary within the very

same absorber material. It should be mentioned that the grain boundary was not identified

by an analysis of the lattice orientation on either side but by the assumption that a local

change in composition may only occur at grain boundaries. The Na concentration increases

significantly towards the grain boundary core. A smaller relative increase in concentration

is found for In and Se. As measured at a grain boundary in the absorber exhibiting

[Cu]/([In] + [Ga]) = 0.83, the Cu signal is reduced at the grain boundary core. However,

no maximum of the Cu signal was found about a nm away from the core as it was found for

the grain boundary within the Cu(In,Ga)Se2 absorber exhibiting [Cu]/([In] + [Ga]) = 0.83.

No trace of O was detected at this grain boundary.

Fig. 4.22 gives an overview of the averaged electrostatic potential profiles that were mea-

sured at grain boundaries within Cu(In,Ga)Se2 absorbers exhibiting compositions with

different [Cu]/([In] + [Ga]) ratios and the corresponding profiles of the local composition.

A major difference between the different compositional profiles is the O increase at the

grain boundary in the standard absorber ([Cu]/([In] + [Ga]) = 0.83). However, it is likely

that the local O increase at this grain boundary was introduced by the plasma-cleaning
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Figure 4.22: Correlation of the measured averaged electrostatic potential profiles across
grain boundaries (GB) within absorber exhibiting different [Cu]/([In] + [Ga]) ratios (a) and
the corresponding profiles of the local composition measured by use of EELS or APT (b).
Please note that the results belong to the very same grain boundary only in the case of
[Cu]/([In] + [Ga]) = 0.83.

treatment of the TEM specimen prior to the EELS measurements, since no traces of O

were found in the other two samples ([Cu]/([In] + [Ga]) = 0.43 and 0.67) that were not

plasma-cleaned. The plasma-cleaning procedure should therefore be avoided in future in-

vestigations.

No change in the local composition at grain boundaries was detected in an analogous

investigation of the local composition by means of STEM-EDX performed at a Zeiss LIBRA

200FE. The main reason might be the low count rate of X-ray photons, even for the highest

beam intensities, for which the spatial resolution was smaller than 2 nm. In addition, strong

electron beam induced contamination of the TEM surface was observed which can lead to

a significant deterioration of the measurements.
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Figure 4.23: Comparison of the Cu-L2,3 core-loss edge fine structure in electron energy-
loss spectra acquired at the grain boundary (GB) and at the grain interior (GI), in the case
of the absorber with a composition of [Cu]/([In] + [Ga]) = 0.83 (a) and the absorber with a
composition exhibiting [Cu]/([In] + [Ga]) = 0.43 (b). The energy-loss background has been
subtracted as described in Sec. 3.2.7. The black arrows highlight pronounced differences in
the spectra.

4.4.1.3 Fine structure of core loss edges in the electron energy-loss spectra

The fine structure and the extended fine structure of core-loss edges in electron energy-loss

spectra reflect the influence of the surrounding atoms on the electronic states of the atom

under investigation [142]. If the electronic states of an atom are affected by a change in the

atomic environment, e.g. at a grain boundary, the fine structure is likely to change. Such

a change in the electronic states may also influence the ionicity, i.e., the ionic character of

atomic bonds. This is briefly studied in the following.

Fig. 4.23 shows the Cu-L2,3 core-loss edge fine structure in electron energy-loss spectra

acquired at the grain boundary and in the grain interior in the case of the two investigated

absorbers with compositions of [Cu]/([In] + [Ga]) = 0.83 and [Cu]/([In] + [Ga]) = 0.43.

Although the spectra exhibit different intensities, representing the elemental concentra-

tions, pronounced differences, highlighted by arrows, are noticeable. These differences

indicate local changes in the atomic environment of Cu atoms at grain boundaries, which

might be correlated with a local change in ionicity or in the bond lengths, as discussed in

Sec. 4.2.3. Such a change in ionicity may as well contribute to the lowering of the averaged

electrostatic potential at grain boundaries. A detailed evaluation of this fine structure was



4.4 Correlation between the potential wells and a local change in composition 109

not possible within the scope of this work.

4.4.2 Discussion on local compositional changes, their origins

and impacts

In the following, the finding of potential wells at grain boundaries and correlated changes

in composition in absorbers of the Cu series are combined. Potential well depths are

estimated by use of Eq. (4.18) with respect to the local changes in composition that were

measured by use of EELS. Three possible causes for the presence of compositional changes

at grain boundaries are proposed and discussed. The transfer to the Ga series and CuInS2

absorbers is addressed. Finally, the impact on the electrical properties of grain boundaries

is briefly discussed.

4.4.2.1 Estimation of potential well depths with respect to the local compo-

sition

From the EELS and APT results on the Cu series in Figs. 4.19, 4.20, and 4.21, one can

estimate the local change in composition at grain boundaries for the elements Cu, Se, and

In. The average level of the EELS signal in the grain interior more than 2 nm away from

the grain boundary core is assumed to correspond to the atomic concentrations according

to the total integral composition shown in Tab. 3.1. It is assumed in the following that the

EELS signal of one element is linearly dependent on its atomic concentration. Generally,

this linear relation only holds for very thin specimens, with thicknesses below 0.3λmfp, for

which multiple scattering can be neglected [144]. This is about the order of the thicknesses

of the regions of interest from which the results were obtained. It is therefore presumed that

the linear relation is a good approximation. Therefore, the ratio between the net counts

at the grain boundary and the net counts in the grain interior corresponds to the ratio

between the concentration cgb of the respective element (in at.%) at the grain boundary

and the concentration cgi in the grain interior.

Tab. 4.7 shows the ratio cgb/cgi for each measured element and corresponding changes in

the ∆MIP according to Eq. (4.18) for a constant unit cell volume, and by use of the neutral

electron scattering factors (see Tab. 4.5). The numbers in brackets are the corresponding

values if the scattering factors of the respective ions are applied. The last two rows show

the total estimated change ∆MIPtot and the corresponding measured potential well depths.
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Table 4.7: Ratios cgb/cgi of the atomic concentrations cgi in the grain interior and the
atomic concentrations cgb at the grain boundary of the elements Cu, In, and Se from
Figs. 4.19, 4.20, 4.21. Corresponding changes in the MIP are denoted by ∆MIP. For this
estimation, the unit cell volume of CuInSe2 was applied, and it was assumed that every
lattice site is occupied in the unit cell according to the integral composition in Tab. 3.1.
The last two rows show the total change in the MIP for which the changes caused by
the individual elements were summed up and the corresponding measured potential well
depths. In the case of [Cu]/([In] + [Ga]) = 0.83, the latter was obtained at the grain
boundary at which electron holography and EELS were performed (see Tab. 4.19). In the
other two cases [Cu]/([In] + [Ga]) = 0.67 and [Cu]/([In] + [Ga]) = 0.43, the values were
taken from Tab. 4.1.

[Cu]
[In]+[Ga]

= 0.83 [Cu]
[In]+[Ga]

= 0.67 [Cu]
[In]+[Ga]

= 0.43

cgb/cgi ∆MIP (V) cgb/cgi ∆MIP (V) cgb/cgi ∆MIP (V)

Cu 0.85 −0.42 (−0.22) 0.59 −0.98 (−0.51) 1.88 1.51 (0.78)

In 1.20 0.80 (0.33) 0 0 0.59 −1.87 (−0.76)

Se 0.5 −3.69 1.05 0.38 0.93 −0.54

all elements −3.31 −0.6 −0.90

experiment −1.9± 0.1 −1.60± 0.14 −1.98± 0.32

A change in the Ga concentration is not considered since the corresponding signal could

not be evaluated by use of EELS and the APT measurement showed no change of the Ga

concentration at the grain boundary core. The unit cell volume of CuInSe2 was applied for

the estimations given in Tab. 4.7. This leads to an underestimation of the changes in the

averaged electrostatic potentials by about 4%, since a substitution of ∼ 30% In atoms for

Ga atoms leads to a ∼ 4% smaller unit cell volume. The different Cu concentrations of

the three different absorber layers are assumed to have a negligible effect on the unit cell

volume since the lattice constants of CuInSe2 and CuIn3Se5 are similar [17, 177].

It can be seen that the estimated change in the averaged electrostatic potential due to a

change in the local composition, which was determined by use of EELS and APT measure-

ments, is in the same order of magnitude as the experimentally determined potential well

depths in Tab. 4.1. Even the trend that the mean potential well depths of grain boundaries

within absorbers exhibiting [Cu]/([In] + [Ga]) = 0.67 are smaller than the ones in the other

absorbers is qualitatively reproduced.

Deviations may occur due to the presence of Ga, Na, and O, which were not considered
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here. However, due to their relatively small integral concentration, and their small elec-

tron scattering factors, their effect is expected to be smaller compared with compositional

changes of Cu, In, and Se. A strong dependancy on the exact measurement position

as well as on the grain-boundary type may also explain the deviations. A slight mis-

alignment of the grain boundaries with respect to the edge-on configuration in the EELS

measurement would modify the profiles of the local composition in a similar manner as

the potential wells, see Fig. 4.17. In this case, the detected changes in composition at the

grain boundary would be smaller than it is actual the case but occur in a wider region.

This would yield an underestimation of the potential well depths. However, this can not

explain the finding that the estimated potential well depth in the case of the standard

absorber ([Cu]/([In] + [Ga]) = 0.83) is deeper than the measured one at the same grain

boundary. A preferential damage of the grain boundaries (surface grooves) caused by the

plasma-cleaning treatment before the EELS measurements and after the inline electron

holography measurements or a substitution of Se for O may account for this. In the mea-

surement, surface grooves would appear as a reduced concentration of all elements, also

in the case of Se, which is the main contribution to the estimated potential well depth of

−3.31V in Tab. 4.7.

However, one may speculate that a local change in composition is not the only cause for the

measured potential wells. Local lattice distortions resulting in different atomic densities

at grain boundaries compared with the perfect crystal lattice and different ionicities of the

atomic bonds may be present at grain boundaries and contribute as well to the potential

wells.

4.4.2.2 Estimation of potential well depths with respect to defect complexes

and phase changes

Previous studies on grain boundaries suggest that only a small downward bending of the

electronic bands, below 350meV, is present at grain boundaries [26, 107–110]. At or close

to equilibrium, the bound excess charge density at grain boundaries is therefore expected

to be well below5 1× 1012 cm−2. Hence, less than one net charge carrier is located at every

1/1000 atom at the interface. Therefore, significant excess of few at.% of a negatively

charged defect, e.g. a Cu vacancy V−

Cu, at a grain boundary requires a balancing positively

5A downward bending of the bands in equilibrium of 830meV corresponds to a bound excess charge
density at the grain boundary of about 6.5× 1011 cm−2, see Tab. 4.4.
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Table 4.8: The atomic concentrations in the grain interior and at the grain boundary
estimated from the ratios cgb/cgi given in Tab. 4.7 and the integral composition of the
Cu(In,Ga)Se2 absorbers of the Cu series given in Tab. 3.1.

[Cu]
[In]+[Ga]

= 0.83 [Cu]
[In]+[Ga]

= 0.67 [Cu]
[In]+[Ga]

= 0.43

cgi (at.%) cgb (at.%) cgi (at.%) cgb (at.%) cgi (at.%) cgb (at.%)

Cu 22 19 19 11 14 26

In 19 23 20 20 22 13

Ga 8 − 9 9 10 −

Se 51 26 52 55 54 50

charged defect. Note that V−

Cu, V
3−
In and V2+

Se denote vacancy defects of the respective

element, as defined in Sec. 2.2.3, whereas the notation III2+Cu denotes an antisite defect.

Since the simple model of ionic bonds is only an approximation, the actual ionic character

of the atomic bonds restricts the possible compositional changes. Note that the ionic

character of the atomic bonds may also change at grain boundaries due to the distortion

of the bond lengths.

It is assumed that the defect complexes (2V−

Cu + III2+Cu) and (2V−

Cu +V2+
Se ), from which

at least the former complex is believed to have a very small enthalpy of formation in

Cu(In,Ga)Se2 [29], only exhibit a small net charge, much smaller than ±e. Both defect

complexes are therefore promising candidates for basic units to induce a change in compo-

sition but, at the same time, cause only a minor amount of net charge at grain boundaries.

It is now estimated whether the changes in composition can be described by adding or

removing units of the described defect complexes to or from the grain boundaries. In this

context, the presence of the Cu(In,Ga)3Se5 phase at grain boundaries within the absorber

with an integral composition close to the Cu(In,Ga)Se2 phase and vice versa is discussed.

Tab. 4.8 shows cgi and cgb estimated from the ratios cgb/cgi given in Tab. 4.7 and the

integral compositions of the Cu(In,Ga)Se2 absorbers of the Cu series given in Tab. 3.1. In

the case of the absorber with a composition of [Cu]/([In] + [Ga]) = 0.83, the Cu and In

concentrations both change to about the same extent but are anticorrelated. The change in

the Se concentration is about eight times higher. This change in composition can therefore

not be explained by an addition or removal of units of both defect complexes, even if the

Ga concentration changes significantly at the grain boundary. However, the sum of the
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Cu, In, and Se concentrations is way below 100 at.%. The plasma cleaning procedure prior

to this measurement may have led to a deterioration of the results. The presence of phases

other than Cu(In,Ga)Se2 and Cu(In,Ga)3Se5 at the grain boundary can not be excluded.

The change in composition at grain boundaries within the absorber layer exhibiting a ratio

[Cu]/([In] + [Ga]) = 0.67, can similarly not been explained satisfactorily by an addition or

removal of both defect complexes since only the Cu concentration changes significantly at

the grain boundary.

In the case of the absorber layer with [Cu]/([In] + [Ga]) = 0.43, it is also hard to explain

the changes in composition based on the presence or absence of the defect complexes at first

sight. However, if a slightly reduced specimen thickness at the grain boundary is assumed,

i.e., surface grooves, this may account for the 4 at.% reduced Se concentration and would

also lead to an underestimation of the Cu and In concentration by about 2 at.% each.

The corresponding grain boundary composition would be cCu
gb ≈ 28 at.%, cIngb ≈ 15 at.%,

cSegb ≈ 54 at.%, and consequently cGa
gb ≈ 7 at.%, if other elements are not considered. The

change in composition with respect to the corresponding cgi can then be explained by an

addition or removal of the defect complex (2V−

Cu + III2+Cu). The composition is furthermore

close to the composition of the Cu(In,Ga)Se2 phase. In Tab. 4.6, however, it was estimated

that the MIP of the Cu(In,Ga)Se2 phase is higher than the one of the Cu(In,Ga)3Se5 phase,

which is in conflict with the measured of averaged electrostatic potential wells.

4.4.2.3 Estimation of potential well depths with respect to impurity atoms

Now, the effect of impurities on the measured potential wells is estimated by use of

Eq. (4.18) and the scattering factors given in Tab. 4.5. The most prominent impurities

which are discussed in the context of segregation at grain boundaries are oxygen (O), and

sodium (Na) (see Sec. 2.3). Traces of both elements were found in the presented results.

Supposing that Na preferably occupies the Cu lattice sites and O the Se lattice site due to

their isovalent character, a substitution of Cu for Na or a substitution of Se for O would

lead to a reduction of the MIP (see Tab. 4.5). However, if the lattice constants do not

change significantly, a total substitution of neutral Cu for neutral Na reduces the MIP by

only 0.76V in the case of CuInSe2, and even less in the case of CuIn3Se5. If both elements

are fully ionized, the MIP decrease is 1.07V and still smaller than the depth of the mea-

sured potential wells. A change in the Na concentration by 2 at.%, as found in Fig. 4.21,
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thus results in a negligible change in the MIP. In contrast, a substitution of 30% Se for O

already yields a MIP reduction of 2V in the case of neutral atoms. It is worth noting that

the atoms of the isovalent pairs O and Se, as well as Na and Cu have different electroneg-

ativities. Hence, a substitution may result in the formation of a significant bound charge

density.

In summary, it is not very likely that the potential wells are caused by Na occupying Cu

sites at the grain boundary. A more likely explanation for the potential wells would be a

local substitution of Se by O. However, O was only found at one grain boundary and may

not in general account for a reduction of the MIP by a substitution of Se. In addition, Na

(Na+) and O (O2−) exhibit different electronegativities than Cu, In, Ga, and Se. These

impurities may therefore be involved in balancing the charge at grain boundaries, which is

caused by lattice distortions as well as by local changes in composition (see Sec. 4.4.2.2).

4.4.2.4 Possible origins of the measured change in composition

A local change in composition of the elements Cu, In, and Se in accordance with the EELS

and APT results is able to explain the FWHMs of the measured potential wells and the

order of magnitude of their depths, whereas the contribution of Na and O impurities is

expected to be less significant. However, the impurities may be involved in compensating

bound grain boundary charges. This issue is discussed in Sec. 4.4.2.3. Together with

the evaluation in Sec. 4.2 this suggests that a change in composition makes a dominant

contribution to the measured potential wells. This leaves the question why such a local

change in composition is present at grain boundaries. Three possibilities are discussed

below.

Grain boundary geometry as origin of the measured change in composition

One possible explanation for the detected local changes in composition by means of STEM-

EELS is based on geometrical considerations. For the following gedankenexperiment, sup-

pose that the grain boundary is formed by the contact of the surfaces of two adjacent

crystal lattices, as discussed in Sec. 4.2.4. Fig. 4.24 shows two schematics of a mirror

symmetric Σ3 (112) reflectional twin boundary in CuInSe2 for two different orientations as

an example. A cylinder with radius r is assumed to represent the volume from which the

STEM-EELS signal is obtained. Depending on the probe size diameter 2r of the electron



4.4 Correlation between the potential wells and a local change in composition 115

S3 reflectional twin GB Cu

Se

In

(112) [ 10]1
[221]

[11 ]1

S3 reflectional twin GB

(112) [ ]111
[221]

[1 0]1

(a) (b)

r
cylinder

Figure 4.24: Schematic of a Σ3 (112) reflectional twin boundary exhibiting mirror sym-
metry. The projection of the lattice is shown in [1̄10] direction (a) and [111̄] direction (b).
The cylinder is assumed to represent the volume from which the information about the
local composition is obtained by use of STEM-EELS with a probe size diameter 2r of the
electron beam.

beam, a compositional profile acquired by use of EELS would yield different results. This

is illustrated in Fig. 4.25. The figure shows net counts corresponding to the number of

atoms whose lattice position is contained in a cylinder with radius r, placed at different

distances from the grain boundary. The data were extracted from a supercell of the Σ3

(112) reflectional twin boundary. The supercell comprised ∼ 5500 atoms and exhibited

dimensions of 7.7 nm in [221] direction, 3.9 nm in [1̄10] direction, and 3.9 nm in [111̄] direc-

tion. The presented net counts are averages extracted along two different paths. One path

contained the two In atomic columns opposing each other across the grain boundary and

one path contained the two Cu atomic columns. The curves were also slightly smoothed by

use of a binomial filter to compensate for strong fluctuations in the signal arising from the

digital distribution of the atoms in combination with the sharp boundaries of the cylinder.

Note that the situation is much more complicated in an actual measurement. The signal is

not obtained from a cylinder with sharp boundaries, but depends on the electron current

density distribution of the electron beam (probe), the applied convergence and collection

angles of the microscopic system [142], the thickness of and the total wavefunction of the

specimen.

If the radius of the cylinder is much smaller than the smallest interatomic distance, the
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Figure 4.25: Simulation of the local composition across the Σ3 (112) reflectional twin
boundary in Fig. 4.24. The shown net counts correspond to the number of atoms whose
center is contained in a cylinder with radius 1.8 Å (a) and radius 3 Å (b) placed at different
distances from the grain boundary.

signal represents the composition of the atomic columns, provided these are contained in

the cylinder, and is zero in between. The signal in Fig. 4.25(a) was obtained by use of a

cylinder with a radius similar to the interatomic distance (1.8 Å). The curve now represents

the average composition of few atomic columns. The Cu and In signals show an increase

at the grain boundary, because the local Cu and In atomic densities with respect to the

size of the cylinder are increased. The larger the radius, the more the signal smears out.

This can be seen in Fig. 4.25(b), which shows the net counts for a cylinder with a radius

of 3 Å. No local increase of the In and Cu signal at the grain boundary can be found in

this case. The dip of the Se signal at the grain boundary will also vanish if the radius is

further increased. Of course, the orientation of the model system also affects the results of

the measurement. However, a misalignment from the edge-on configuration would lead to

a spatially broadened signal with a reduced change in the atomic composition at the grain

boundary, similarly to the case of the potential wells discussed in Sec. 4.2.4.

This example shows that a local change in composition, which is apparent in the EELS

signal, can be explained by geometrical considerations in which a grain boundary consists

of two grain surfaces facing each other.

The STEM-EELS results presented in this work were obtained at random grain boundaries

without high symmetry and the applied probe size of the electron beam was in the order

of the interatomic distance (see Sec. 3.2.7.1 for details on the EELS measurements). In
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all compositional profiles obtained by use of STEM-EELS, the In signal and the Cu signal

showed an anticorrelated behavior at the grain boundaries, independent of the integral

composition of the investigated Cu(In,Ga)Se2 thin film. According to this gedankenex-

periment, a change in the composition at the grain boundary compared with the grain

interior can only be evoked if the stacking sequence changes at the grain boundary. Two

grain surfaces terminated at an In rich and Cu deficient plane facing each other across

the grain boundary are sufficient to explain an increase of the In signal and a decrease

of the Cu signal, as it was found for grain boundaries within the Cu(In,Ga)Se2 film with

[Cu]/([In] + [Ga]) = 0.83. Vice versa, two grain surfaces terminated at a Cu rich and In

deficient plane facing each other across the grain boundary are required to explain the

decrease in the In signal and the increase in the Cu signal, which was found to be present

at grain boundaries within the Cu(In,Ga)Se2 layer exhibiting [Cu]/([In] + [Ga]) = 0.43.

In the CuInSe2 crystal structure, only the {101} family of lattice planes may be considered

(out of the low index planes) for such a termination at a plane exhibiting either a Cu rich

and In deficient composition or vice versa. Only few, highly symmetric grain boundary

models in which two such terminated planes face each other are thinkable. In contrast,

the vast majority of low index lattice planes contain In and Cu atoms to same parts. It

is therefore unlikely that all investigated random grain boundaries exhibited the described

configuration, especially since they generally featured a curvature in their projection. A

high symmetry of the investigated random grain boundaries is also unprobable. While one

grain was always tilted in a low-index zone axis orientation to obtain atomic resolution

for the STEM-EELS measurement, the opposing grains did not exhibit atomic resolution,

indicating to be tilted in a high-index zone axis.

With the example of the Σ3 (112) reflectional twin boundary in Fig. 4.24, one may argue

that a compositional profile across the grain boundary along the path where two Cu (In)

atom columns oppose each other, leads to a local increase in the Cu (In) signal and a

decrease in the In (Cu) signal. However, the STEM-EELS measurements were performed

at regions of interest with an extension of more than one unit cell in parallel to the grain

boundary projection. The averaging over this region of interest would result in an increase

in both, the Cu and In signal, as shown in Fig. 4.25.

In summary, it is unlikely that local changes in composition, which were measured to be

present at random grain boundaries by means of STEM-EELS, originate merely from a

geometrical assembly of two crystal lattices.
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Minimization of the grain boundary free energy as origin of the measured

change in composition

The lattice distortions at a grain boundary may give rise to a local reconstruction of the

adjacent lattices to an energetically more favorable configuration. This includes a local

reconstruction of the bond lengths as well as a local reconstruction of the composition.

Both types of reconstruction may appear as a local change in composition depending on

the resolution of the analyzing method and may explain the finding of potential wells.

From a theoretical point of view, such reconstructions are very complex to treat. The

bond lengths, the formation of defects, the presence of impurities, as well as resulting

excess charges in the environment of the grain boundary are mutually dependent. The

problem has to be solved self-consistently from a suitable starting point. One approach to

solve this problem are DFT calculations on an initially defined structure. However, this is

not possible for random grain boundaries, since the starting point of the local structure is

not known. In the case of the Σ9 grain boundary that has been investigated in this work, a

possible starting point would be the model in Fig. 4.15. Corresponding DFT calculations

are already in progress but will not be discussed in the present work.

Defect segregation as origin of the measured change in composition

Another possible explanation for the experimental finding that the local composition is dif-

ferent at the grain boundary, compared with the bulk, is defect segregation. In equilibrium,

the minimization of the interfacial free energy of a grain boundary and its environment

can be considered as driving force for defect segregation to the grain boundary. In non-

equilibrium segregations, e.g. occurring during growth of a polycrystalline material, the

diffusion of defects and defect complexes plays an important role [194].

A prerequisite for the following argumentation is the considered absorbers exhibit a com-

position somewhere on or close to the quasi-binary cut In2Se3-Cu2Se of the phase diagram

of the ternary system Cu-In-Se (see Fig. 2.4). Consider a p-type Cu(In,Ga)Se2 thin film

similar to the one of the standard absorber ([Cu]/([In] + [Ga]) = 0.83, see Tab. 3.1). From

the phase diagram in Fig. 2.4, it is obvious that the Cu(In,Ga)Se2 phase is the dominant

one. The most probable defects in the thin films with such a composition are V−

Cu, In
2+
Cu

[29], and probably V2+
Se [27] (see Sec. 2.2.3 for the notation of the defects). Moreover, the

phase Cu(In,Ga)3Se5 possibly coexists [32]. Ga is not considered at this point since no
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Figure 4.26: Schematics of the unit cell of the Cu(In,Ga)Se2 phase and a model of the
unit cell of the Cu(In,Ga)3Se5 phase according to Zhang et al. [29, 193]. In their model,
the Cu(In,Ga)3Se5 phase can be obtained from the Cu(In,Ga)Se2 phase by removing four
units of the defect complex (2V−

Cu + III2+Cu) from five unit cells of the Cu(In,Ga)Se2 phase.
This leads to a structure, in which atomic positions are statistically ”occupied” by cations
or vacancies. These positions are highlighted by squares. Note that this is only one of few
models [177].

changes in the Ga composition could be detected in the present work. Therefore, V−

Cu,

In2+
Cu antisite defects, V2+

Se , and corresponding defect complexes can be considered as so-

lute defects in the Cu(In,Ga)Se2 phase. This is illustrated in Fig. 4.26 with the help of

a unit cell of the Cu(In,Ga)Se2 phase and a model of the unit cell of the Cu(In,Ga)3Se5

phase. These defects may segregate at grain boundaries, either in equilibrium to minimize

the interfacial free energy of the grain boundaries and its environment, or during growth,

where the diffusion of the defects may be enhanced. This would lead to an increase of the

local In concentration and a decrease of the local Cu and Se concentrations, as found in

the corresponding measurements.

Now, considering the p-type absorber exhibiting [Cu]/([In] + [Ga]) = 0.43 (see Tab. 3.1),

the phase diagram (Fig. 2.4) states clearly that the Cu(In,Ga)3Se5 phase is the dominating

phase and the Cu(In,Ga)Se2 phase coexists. V
3−
In , Cu

2−
In (also with respect to In already oc-

cupying the Cu lattice sites), V2+
Se , and corresponding defect complexes are solute ”defects”

in the phase Cu(In,Ga)3Se5 perturbing its defined statistical occupation of the atomic po-
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sitions (see Fig. 4.26). A segregation of these ”defects” to grain boundaries may yield a

local increase in the Cu concentration, as well as a local decrease in the In and Se con-

centrations. This has been found to be the case in the corresponding measurement (see

Fig. 4.20). The measured Se concentration, however, did not change significantly.

If the integral Cu content in the absorber is between these two cases discussed above, e.g.

[Cu]/([In] + [Ga]) = 0.67, the phase Cu(In,Ga)Se2 and the phase Cu(In,Ga)3Se5 coexist

to similar fractions. Defects with respect to a dominant phase can not be defined in this

case. The driving force to improve the purity of the dominating phase may thus be less

pronounced as in the case, where one phase dominates over the other. Likewise, it is

thinkable that the defects of both phases may segregate to grain boundaries neutralizing

each other. The number of segregated defects of the locally dominating phase would then

outbalance the number of segregated defects of the other phase to some extent. This may

be an explanation for the results on the local composition at a grain boundary within

the absorber exhibiting [Cu]/([In] + [Ga]) = 0.67 by means of APT, where only the Cu

concentration was found to change significantly at the grain boundary, and the finding that

the averaged electrostatic potential wells exhibited the smallest depths of all absorbers in

the Cu series.

4.4.2.5 Transfer to Ga series and CuInS2

Unfortunately, no measurements on the local composition across grain boundaries within

the Ga series are available, yet. All Cu(In,Ga)Se2 layers from the Ga series exhibit almost

the same integral Cu and Se concentrations as the standard absorber [Cu]/([In] + [Ga]) =

0.83 of the Cu series (see Tab. 3.1). One may assume that the behavior of the Cu and Se

concentration at the grain boundaries is similar to that found at grain boundaries within

the absorber of the Cu series with [Cu]/([In] + [Ga]) = 0.83, i.e., the concentration of

both elements is reduced. Likewise, the In concentration is expected to be increased at

the grain boundaries in both In containing absorbers. However, it can not be estimated

whether the Ga concentration is also increased at the grain boundary. The STEM-EELS

measurements on grain boundaries within the standard absorber of the Cu series suggest

that the potential wells are mainly caused by a Se deficiency. Referring to this finding,

the measurements on the electrostatic potential do not aid in the current discussion since

all grain boundaries within absorbers with different integral Ga concentration exhibited
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similar potential well depths.

Although the standard aborber in the Cu series ([Cu]/([In] + [Ga]) = 0.83) exhibits a Ga

concentration gradient normal to the substrate, where the concentration changes by about

10 at.%, no dependancy of the potential well depths on the distance of the corresponding

grain boundary from the substrate was found. This indicates that a substitution of In

for Ga, or vice versa, has no significant impact on the potential well depths. Ga and In

may therefore behave similar with respect to the local composition at grain boundaries.

This is supported by the APT measurements on grain boundaries within the absorber with

[Cu]/([In] + [Ga]) = 0.67, where no significant change was found for both, the In and the

Ga concentration (see Fig. 4.21).

No measurements on the local composition at grain boundaries in CuInS2 have been per-

formed so far. A major difference of the investigated CuInS2 absorbers (Fig. 4.5) com-

pared with the Cu(In,Ga)Se2 absorbers is that their integral composition exhibits a ratio

[Cu]/([In] + [Ga]) closer to 1 and that the growth of the layer is different. A simple transfer

of the experimental results on Cu(In,Ga)Se2 especially with respect to the local Cu and In

composition at grain boundaries is therefore not possible at this point. Further measure-

ments on the local composition at grain boundaries within both materials are necessary.

4.4.2.6 Impact of the grain boundary symmetry

The results on the averaged electrostatic potential at grain boundaries exhibiting different

geometries was shown in Sec. 4.1.6. Potential wells have been found to be present at a

Σ3, a Σ9, and a random grain boundary. However, the potential well depths increase with

decreasing symmetry from the Σ3 grain boundary, exhibiting the highest symmetry, to

the random grain boundary, exhibiting the lowest symmetry. The results give rise to the

assumption that the local lattice perturbations at grain boundaries increase with decreasing

symmetry. According to the simulations on structural models of Σ3 twin boundaries in

Sec. 4.2.4, the geometrical assembly of two grains can not explain the presence of a potential

well that has actually been measured at a Σ3 grain boundary [92]. Analogous simulations

on a simple structural model of a Σ9 grain boundary yielded a slightly more pronounced

potential well than measured. Since the redistribution of free charge carriers was excluded

as sole origin for the potential wells, this indicates that local changes in composition may

as well contribute to the potential wells in both cases.
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The significant changes in composition measured at a random grain boundary within the

standard absorber of the Cu series give rise to the presence of potential wells with a depth

of more than 3V (see Tab. 4.7). This is much deeper than the measured potential well

depths at the Σ9 and especially at the Σ3 grain boundary. This indicates that a grain

boundary exhibiting a lower symmetry involves a more distinct change in composition

than a grain boundary exhibiting a higher symmetry. The degree of a local compositional

change seems to depend on the symmetry of the grain boundary.

From another point of view, a grain boundary exhibiting a high symmetry already gives

rise to less compositional changes in the local crystal lattice than one exhibiting a lower

symmetry. For example, the free energy of the Σ3 (112) 180 ◦ rotational twin boundary in

Fig. 4.15 is expected to be close to the free energy of the perfect lattice since the distortions

of the bond lengths across the grain boundary are small. Hence, the driving force for a local

change in composition is small. In contrast, at least some atomic bonds across the Σ9 (111)

180 ◦ rotational twin boundary in Fig. 4.15 must be distorted, since the distance between

nearest neighbors (across the grain boundary) changes with position. The minimization

of the free energy of the distorted crystal is then the driving force for a local change in

composition at and close to the grain boundary.

4.5 Grain boundary model

The aim of this section is to combine the previous findings in order to propose a model

for the electrical properties of grain boundaries within Cu(In,Ga)Se2 and related thin film

absorbers with respect to the electronic band diagram.

Unfortunately, it is not generally possible to determine the electronic band structure, com-

prising two electronic bands, based on only one quantity, the averaged electrostatic poten-

tial. Only if changes in the averaged electrostatic potential are caused by a redistribution

of free charge carriers, the band bending of the valence and conduction band is propor-

tional to the −e∆Va(~r) (see Sec. 4.2.1.2). Since a redistribution of free charge carriers

owing to a bound grain boundary excess charge was excluded as origin of the measured

potential wells, the potential distribution can not be transferred directly to the electronic

band diagram by a simple corresponding local band bending. A change in the local crystal

structure and consequently on the band-gap energy, including shifts of the bands, seem

probable.
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Figure 4.27: Schematics of the local electronic band diagram (in equilibrium) at grain
boundaries in the standard absorber ([Cu]/([In] + [Ga]) = 0.83) (a) and the absorber ex-
hibiting [Cu]/([In] + [Ga]) = 0.43 (b). A possible defect distribution within the band gap
is denoted by a sequence of dashes. The band bendings in the vicinity of the shown details
can not be estimated based on the presented results and are disregarded here. The chosen
positions of the Fermi level in the band gaps correspond to the case without band bending.

First, the compositional changes at grain boundaries are considered. At grain boundaries

within the standard Cu(In,Ga)Se2 absorber ([Cu]/([In] + [Ga]) = 0.83), a decrease of the

Cu and Se concentrations, as well as an increase of the In concentration was found. The

change in composition occurs in a region of about 1 nm at the grain boundary. According

to Zhang et al. [29] and Persson et al. [33, 34], a local decrease in the Cu concentration and

a local increase of the In concentration in Cu(In,Ga)Se2 is accompanied by a modification

of the electronic band diagram, i.e., the valence-band maximum is shifted to lower energies

(see Fig. 2.5). Fig. 4.27(a) shows the corresponding schematics. The less significant impact

on the conduction band edge is neglected at this point to keep the model simple. Note

that any effect of the strongly reduced Se concentration can not be considered here since

no corresponding DFT calculations are currently available in the literature. There are,

however, indications that the strong decrease of the Se concentration of about 50% is

due to a preferential damage of the grain boundary during a plasma cleaning procedure

before the measurement. This may have led to a substitution of Se for the isovalent

O, which was also found to be present. In contrast, no O and no significant change in
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the Se concentration was found at grain boundaries within the other two specimens of

the Cu series. It is therefore assumed, at this point, that the actual decrease of the Se

concentration at grain boundaries is not as pronounced as detected. This assumption

justifies the proposed model.

In contrast, grain boundaries in absorbers with a very Cu poor and In rich composition

([Cu]/([In] + [Ga]) = 0.43, see Tab. 3.1) exhibited a Cu enrichment and an In depletion,

likewise in a region of about 1 nm at the grain boundary, while the Se concentration did

not change significantly. Regarding the In and Cu concentration, the situation is inverse to

grain boundaries within the standard absorbers. It is therefore proposed that the valence-

band maximum within this absorber is lower compared with the standard absorber, and

that it is shifted to higher energies at grain boundaries. A schematics of this model is

depicted in Fig. 4.27(b).

If the integral composition of the absorber is in between both extremes, the valence-band

offsets may be less distinct and either positive or negative, depending on the exact com-

position. Note that this model neglects strain and a change in the ionicity of the atomic

bonds, which may be present at grain boundaries in addition to changes in composition.

Next, the effect of the grain boundary symmetry is considered. It was shown in Sec. 4.1.6

and Sec. 4.4.2.6 that the symmetry of grain boundaries in Cu(In,Ga)Se2 thin films with

composition close to the standard absorber affects the depths of the corresponding averaged

electrostatic potential wells and, very likely, the degree of the local change in composition.

Local changes in composition and hence the valence-band offset at grain boundaries are

expected to be less significant if their symmetry is higher. This is depicted in Fig. 4.27(a).

Now, the effect of bound grain boundary charge is addressed. Most of the previous studies

suggest a slight downward bending of the electronic bands towards the grain boundaries in

Cu(In,Ga)Se2 and CuInS2 absorbers in equilibrium, which corresponds to the presence of

potential barriers. Owing to the perturbation of the potential distribution by the electron

beam during the inline electron holography measurements, it was not possible to estimate

an upper limit for a bound charge carrier density—in terms of charged defects—which is

possibly present at grain boundaries in equilibrium (see Sec. 4.2.1.3). Even if the electron

current density of the electron beam is adjusted to a minimum and the semiconductor is

close to equilibrium, potential barriers of about 0.83V (Cu(In,Ga)Se2) and 0.13V (CuInS2)

are below the detection limit (see Tab. 4.4). These values are larger than the ones of at

most 0.35V (Cu(In,Ga)Se2) [107–110] and 0.06V (CuInS2) [26] discussed in the literature,



4.5 Grain boundary model 125

and do not confine them. The presence of potential wells below the detection limit could

likewise not be ruled out. The band bending of the valence and conduction band is therefore

not illustrated in Fig. 4.27.

In conclusion, the model for grain boundaries within the standard absorber of the Cu series

([Cu]/([In] + [Ga]) = 0.83) is compatible with the model of space charge and an additional

neutral tunneling barrier at grain boundaries (see Sec. 2.3.2.4) as well as with the model of

the simple valence band offset (see Sec. 2.3.2.2). However, assuming that an energetic defect

distribution within the band gap is present at random grain boundaries, which is probable

due to the local perturbation of the perfect crystal lattice, the absence of bound excess

charge seems unrealistic. This would require a very special defect distribution such that the

Fermi level has the same energetic distance to the conduction band at the grain boundary

and in the grain interior. The model of benign grain boundaries (see Sec. 2.3.2.1) seems

to be too simple to be applicable for random grain boundaries, since it is based on DFT

calculations on a highly symmetric Σ3 grain boundary, for which only lattice relaxation

but no compositional change was allowed. Similarly, the Seto model (see Sec. 2.3.2.3),

which only considers a redistribution of free charge carriers, is supposed to be too simple

with respect to the changes in composition and the lowering of the averaged electrostatic

potential that were found at grain boundaries in the present work. The model proposed in

the case of a very Cu poor absorber ([Cu]/([In] + [Ga]) = 0.43), with a composition close to

the phase Cu(In,Ga)3Se5, is based on the same concept, i.e., a local change in composition

influences the band-gap energy. However, this is the first grain boundary model to be

proposed for such absorbers.

The impact of the grain boundary model on the corresponding solar cells is now briefly

discussed. Grain boundaries exhibiting an electronic defect distribution within the band

gap give rise to a higher net recombination rate of free charge carriers compared with the

grain interior under illumination, thus leading to a decrease of the conversion efficiency of

the corresponding solar cell. Two-dimensional device simulations on Cu(In,Ga)Se2 solar

cells including grain boundaries showed that a valence-band shift of a few hundred meV

to lower energies may reduce the recombination rate at grain boundaries, leading to an

improvement of the conversion efficiency [82, 195]. This is since such a valence-band offset

at grain boundaries reduces the local free hole density within the valence band, leaving

less available states for the free electrons within the conduction band. The degree of the

beneficial effect, however, depends on the balance of the offset value, its spatial width, the
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properties of the defect distribution, as well as the orientation of the grain boundaries [195].

Valence-band offsets at grain boundaries parallel to the substrate act as a hole transport

barrier (see Fig. 4.27(a)) and, if too large, hinder the current transport significantly. If

the offset or its width is too small, free holes may either be thermionically emitted above

the barrier or tunnel through the barrier, leaving the recombination rate unaffected. In

summary, however, this means that the grain boundary model shown in Fig. 4.27(a) may

account for the high conversion efficiency of Cu(In,Ga)Se2 solar cells compared with other

polycrystalline thin film solar cells. It is not obvious how the grain boundary symmetry

affects the solar cell efficiency since the energetic defect distribution as well as the valence-

band offset must be considered.

On the contrary, a valence-band shift to higher energies at grain boundaries, as proposed in

the case of the absorber exhibiting [Cu]/([In] + [Ga]) = 0.43 (see Fig. 4.27(b)), leads to an

increased recombination rate at grain boundaries. Unfortunately, no simulations have been

performed on that issue yet. However, this is expected to lead to a reduced conversion effi-

ciency of the corresponding solar cells since the situation is inverse to the one in Fig. 4.27(a).

The grain boundary properties of this absorber may therefore account to some parts for

the inferior conversion efficiency of the corresponding solar cell of about 9.5%, compared

with the conversion efficiency of the standard absorber ([Cu]/([In] + [Ga]) = 0.83) of about

14.8%.

4.6 Summary of grain boundaries in Cu(In,Ga)Se2

and CuInS2 thin films studied by TEM

In this chapter, grain boundaries in Cu(In,Ga)Se2 and CuInS2 absorbers were investigated

by use of electron holography and STEM-EELS. The integral absorber composition, as

well as the grain boundary type were varied in order to study the dependence of the grain

boundary properties on the composition and the symmetry. This approach yielded the

following results:

• A lowering of the averaged electrostatic potential in a region of 1 − 2 nm and a

depth of 0.2− 3V was present at all grain boundaries studied. The depths of these

potential wells depend strongly on the type of the grain boundary, i.e., its symmetry,

and, less distinct, on the integral absorber composition. The lower the symmetry,
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the deeper the potential wells. While the potential well depths varied strongly from

grain boundary to grain boundary, even in identical layers, random grain boundaries

generally exhibited the deepest potential wells.

• Estimations and numerical simulations on the screening of a bound grain boundary

charge showed that a redistribution of free charge carriers close to the grain boundary

does not contribute significantly to the potential wells (see Sec. 4.2.1.2). Possible

contributions are a local change in composition, in ionicity of the atomic bonds, and in

the atomic density. A reduced atomic density may be evoked by a local reconstruction

of the lattice or from mere geometrical considerations if two adjacent grains, each

grain terminated by a plane, are assembled. Multislice simulations showed that

the latter may contribute significantly to a lowering of the averaged electrostatic

potential since the simulated potential wells were even deeper than the measured

ones (see Sec. 4.2.4).

• The presence of space charge or excess charge layers screening the electric field of

a bound excess charge at grain boundaries during the measurement could not be

excluded. The electrostatic contribution to the strain of corresponding potential dis-

tributions below the detection limit, however, was estimated to give an insignificant

contribution to a change in the averaged electrostatic potential.

• In the case of the highest applied electron current density during the electron holog-

raphy measurements, the generation of free charge carriers by the electron beam was

found to perturb the potential distribution caused by mobile charge carriers signifi-

cantly. This is one reason why an estimation of the presence of excess charge at grain

boundaries in equilibrium was not possible. Another reason is the detection limit of

the inline electron holography as applied in the present work (see Sec. 4.2.1.3).

• The presence of the averaged electrostatic potential wells at grain boundaries was

found to be correlated with a local change in composition. It was estimated that

these changes in composition give indeed rise to a major contribution to the potential

wells.

• The local change in composition at grain boundaries strongly depends on the integral

composition of the absorbers. In the standard absorber ([Cu]/([In] + [Ga]) = 0.83),
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grain boundaries exhibited an increased In concentration, while the Cu and Se concen-

trations were reduced. Grain boundaries within absorbers exhibiting a composition

close to the Cu(In,Ga)3Se5 phase ([Cu]/([In] + [Ga]) = 0.43) showed an increased Cu

concentration, while the In concentration was decreased. The Se concentration did

not change significantly.

• The local Cu and In concentrations showed anticorrelated behavior at all investigated

grain boundaries, independently of the integral composition of the absorber. Based on

symmetry considerations, this finding can hardly be explained by a pure geometrical

model of the grain boundary. A local lattice reconstruction with respect to the local

composition is much more probable.

• Based on the experimental findings and on published DFT calculations, a grain

boundary model was established for the standard absorbers ([Cu]/([In] + [Ga]) =

0.83) and for an absorber exhibiting [Cu]/([In] + [Ga]) = 0.43. The model for grain

boundaries within the standard absorber involves a valence-band shift to lower ener-

gies at the grain boundary, which is less pronounced if the grain boundary is highly

symmetric. It is in agreement with the model of space charge and an additional neu-

tral tunneling barrier at grain boundaries (see Sec. 2.3.2.4) as well as with the model

of a simple valence band offset (Sec. 2.3.2.2). The two other models, i.e., the model

of benign grain boundaries (see Sec. 2.3.2.1) and the model of Seto (see Sec. 2.3.2.3),

do not take into account a strong change in the local composition. It was further

proposed that a shift of the valence band edge to higher energies is present at grain

boundaries within the absorber exhibiting [Cu]/([In] + [Ga]) = 0.43.
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Concluding remarks and outlook

The aim of the present work was to gain a deeper insight into the properties of grain

boundaries within polycrystalline Cu(In,Ga)Se2 and CuInS2 layers applied as absorber

layers in highly efficient thin-film solar cells. For this purpose, the microscopic properties

of grain boundaries from the few 10 nm range down to the Å range have been studied. In

the following, the most important results as well as conclusions are summarized, and next

steps are suggested.

In general, the local Coulomb potential at and in the vicinity of grain boundaries plays a

significant role in the current transport properties of any polycrystalline material. Elec-

tron holography in transmission electron microscopy allows a direct measurement of the

Coulomb potential on a microscopic scale from the µm range down to the nm range. By

use of this method, it was shown that the Coulomb potential, averaged parallel to the plane

of the grain boundary, is reduced in an 1− 2 nm wide region at the grain boundaries by up

to 0.2 − 3V. While the widths of these potential wells were always similar, their depths

varied between individual grain boundaries, even within the same layer, with the integral

composition of the absorber, and the symmetry of the grain boundaries. The higher the

grain boundary symmetry, the less pronounced was the measured potential well.

A redistribution of free charge carriers screening the electric field of a bound grain bound-

ary charge was excluded as a main contribution to the potential wells (see Sec. 4.2.1.2).

However, it was found that the electron beam (in TEM) may perturb the potential distri-

bution caused by a redistribution of free charge carriers significantly due to a generation

of additional free charge carriers with a density of up to 1016 cm−3, which is in the order of

129
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magnitude of the doping density of Cu(In,Ga)Se2. The presence of a bound excess charge

carrier density of about Ni = 1012 cm−2 at grain boundaries during the measurement is

compatible with the measurement results. Even if this value can be transferred to the equi-

librium state without the perturbation by the electron beam (in TEM), this is higher than

bound charge carrier densities discussed in the literature and is therefore not a significant

confinement [26, 107–110]. Owing to the high spatial coherence, further off-axis electron

holography measurements on the Coulomb potential at grain boundaries within polycrys-

talline Cu(In,Ga)Se2 and CuInS2 layers may provide better estimates of the magnitudes of

possible bound charge carrier densities. However, the generation of free charge carriers by

the electron beam has to be kept at a minimum.

Significant contributions to the measured potential wells may arise from local distortions

of the lattice. These comprise a reduced atomic density owing to the grain boundary

geometry or owing to a relaxation of the interatomic bonds and a correlated change in

the ionicity of the bonds, as well as a reconstruction of the grain boundary structure

and its vicinity, including compositional changes. With the help of a structural Σ9 grain

boundary model and multislice simulations, it was shown that the geometrical assembly of

two perfect crystal lattices, each lattice terminated by a plane, may cause a significantly

reduced local atomic density at the grain boundary and a corresponding lowering of the

averaged electrostatic potential. The presence of surface grooves at the grain boundary

vacuum interface was not investigated experimentally. Further AFM or STMmeasurements

are required to study this issue.

By use of STEM-EELS, the presence of potential wells at grain boundaries was correlated

with a local change in composition occurring within a similar range (1 − 2 nm). The

change in composition was estimated to contribute significantly to the potential wells

(see Sec. 4.4.2.1). However, there may be further contributions. The contributions of a

lattice relaxation, a change in ionicity, and a reconstruction of the local crystal lattice to

the potential wells at grain boundaries could not be estimated in the present work. A

comparison of the performed measurements with DFT calculations is required to evaluate

the possible scenarios described above. Such DFT calculations are already in progress in

the case of the Σ9 grain boundary studied in the present work. It is further suggested to

perform HRTEM at the Σ9 grain boundary by use of a Cs corrected TEM to estimate a

possible change in the local atom density and to obtain an adequate structural model.

The local composition change at random grain boundaries was found to depend strongly on
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the integral composition of the absorbers. In the standard absorber ([Cu]/([In] + [Ga]) =

0.83), grain boundaries exhibited a Cu and a strong Se deficiency, as well as an In en-

richment. In the absorber with composition close to that of the Cu(In,Ga)3Se5 phase

([Cu]/([In] + [Ga]) = 0.43), Cu was enriched at the grain boundary, while In was deficient,

and Se did not change significantly. The In and Cu concentrations at grain boundaries

exhibited an anticorrelated behavior at all grain boundaries studied. Based on this find-

ing, it was concluded that the changes in composition measured by use of EELS may not

arise from a geometrical assembly of two grains alone (see Sec. 4.4.2.4). A local lattice

reconstruction in terms of a change in composition is more probable. As the evaluation of

the local Ga and Na concentrations is difficult by use of EELS, it might be advantageous

to determine local changes in composition at grain boundaries by use of energy dispersive

X-ray spectroscopy in STEM mode using a Cs corrected TEM.

The role of the impurity atoms Na and O is not clear. O was only found at a grain boundary

within the standard absorber ([Cu]/([In] + [Ga]) = 0.83). The Na concentration measured

by use of APT at a grain boundary within the absorber exhibiting [Cu]/([In] + [Ga]) = 0.67

was about 2 at.%, which is much too small to contribute significantly to the potential wells.

However, the impurities, even if only present in a small atomic concentration, may be

involved in neutralizing a possible bound grain-boundary charge.

A local reconstruction of the crystal lattice at grain boundaries and defect segregation were

proposed as possible causes for the detected change in composition. The former may be

tested with the aid of DFT calculations, which are currently performed. Moreover, mod-

eling of the defect segregation in either equilibrium or non equilibrium may give further

insight into the origin of the changes in composition. In this context, it has to be consid-

ered that Cu is highly mobile in Cu(In,Ga)Se2 and may respond to bound grain bound-

ary charges by electromigration, as proposed for surfaces [196]. Additional measurements

on the local compositions at grain boundaries within Cu(In,Ga)Se2 absorbers exhibiting

[Cu]/([In] + [Ga]) > 1 may also assist in understanding whether a defect segregation is the

cause of the compositional changes.

Combining the results, a model was proposed describing the electronic band diagram at

grain boundaries within Cu(In,Ga)Se2 absorbers exhibiting [Cu]/([In] + [Ga]) = 0.83 and

[Cu]/([In] + [Ga]) = 0.43. The model is similar to those based on DFT calculations [29, 33,

34], suggesting a lowering of the valence-band maximum upon a decrease in the local Cu and

an increase in the local In concentrations. In the case of absorbers with [Cu]/([In] + [Ga]) =
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0.83, such a lowering of the valence-band maximum was proposed to be present in an about

1 nm wide region around the grain-boundary core. The magnitude of this valence-band

offset was suggested to decrease with an increasing grain boundary symmetry. Device

simulations by Taretto et al. [195] and Gloeckler et al. [82] showed that such a valence-

band offset may account for an effective passivation of grain boundaries, leading to an

improvement of the conversion efficiency of the corresponding solar cells compared with

the case without the offset. The grain boundary properties revealed in the present work

may therefore explain the superior conversion efficiency of Cu(In,Ga)Se2 thin-film solar

cells compared with other polycrystalline thin-film solar cells.

For the first time, a grain boundary model was proposed for absorbers with composition

close to the phase Cu(In,Ga)3Se5. In this case (absorber with [Cu]/([In] + [Ga]) = 0.43),

a valence-band maximum shift to higher potential energies was suggested to be present at

grain boundaries. Such an offset is expected to reduce the solar cell conversion efficiency.

This may account to some parts for the inferior conversion efficiency of the corresponding

solar cell compared with the absorber with composition of [Cu]/([In] + [Ga]) = 0.83.
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Wave aberration function

The wave aberration function is given by [120, 123, 147]
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where Cs is the spherical aberration coefficient, A2 and A3 the two- and threefold astigma-

tism coefficient, and B the axial coma coefficient. ~q is expressed by its modulus q and the

azimuth angle of the vector ~q. αA2
and αA3

are azimuth angle offsets.

The envelope functions may be described as [147]
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and

Eap(~q) =

{
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, (A.4)

where θcoh is the illumination aperture half width, and ∆ is the focal spread. By use of the

energy spread ∆E of the beam electrons, the instability ∆U of the acceleration voltage U ,

and the instability ∆I of the electromagnetic lens current I, ∆ is given by
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where Cc is the chromatic aberration coefficient.
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Transmission cross coefficient

The transmission cross coefficient is given by [134]

TCC(~q ′, ~q ′ ′) =

∫∫

H(δf)F ( ~qill)

× exp (−i (χ (~q ′ + ~qill,∆f
′ + δf)− χ (~q ′ ′ + ~qill,∆f

′ ′ + δf))) d~qill dδf,

(B.1)

where ~qill = k~α is the illumination direction, and ~q ′ = ~q + ~q ′ ′. F ( ~qill) and H(δf) are

normalized distribution functions describing the angular distribution of the illumination

source and the focal spread. If the angular distribution of the illumination can be described

by a Gaussian function, the focal spread is zero, and the aberration function comprises only

the defocus and the spherical aberration terms, see Appendix Sec. A, then the TCC may

be approximated by [134]

TCC(q ′, q ′ ′) = exp

(

−

(

kθcoh
2

)2(
δχ(q ′,∆f)

δq ′
−
δχ(q ′ ′,∆f)

δq ′ ′

)2
)

× exp (−i (χ (q ′,∆f)− χ (q ′ ′,∆f))) .

(B.2)

If only the defocus term of the aberration function is considered in the first term, this

yields

TCC(q ′, q ′ ′) = exp
(

− (πθcoh∆fq)
2)

× exp (−i (χ (q ′,∆f)− χ (q ′ ′,∆f))) .
(B.3)
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tion ist bis auf die gekennzeichneten Teile noch nicht veröffentlicht worden. Ich habe weder
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