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Chapter 1

Introduction

The issue of relating microstructural properties of materials to the functions of corre-
sponding applications is a very old discipline in materials physics. Whenever designing
materials for specific applications, it is essential to control the formation and properties
of extended structural defects in the materials. In the investigation of such structure-
property relationships, always microscopy techniques have been applied, in combina-
tion with mechanical or electrical characterization of the materials and corresponding
devices. While in the beginning, rather optical microscopy was used, nowadays, also
tunnelling, probe and electron microscopy techniques are employed.

The present work will deal with combinations of these microscope techniques in
order to reveal structure-property relationships in optoelectronic devices such as so-
lar cells as well as light-emitting and laser diodes based on inorganic semiconductor
p-n junctions. More specifically, the focus will be put on the application of electron
microscopy and its related methods. Since these methods are well suitable to study
extended structural defects but not necessarily point defects, these zero-dimensional
crystal defects will not be included in the characterization. However, it will be shown
in the present work that point defects tend to segregate to extended structural de-
fects. Therefore, it is not possible to separate point defects completely from extended
structural defects.

Structure-property relationships in solar cells and light-emitting diodes have been
studied by means of electron microscopy and its related techniques to large extent
during the past decades (see various books as, e.g., Refs. [1–3], and also articles as, e.g.,
Refs. [4–10]), however, mostly in polycrystalline material systems with average grain
sizes of several hundred micrometers. The present work deals with thin-film stacks,
as applied for thin-film solar cells or light-emitting diodes, of only few micrometers in
total thickness, in which the individual compound semiconductor layers exhibit average
grain sizes of few hundred nanometers or even smaller. Such a situation requires not
just the simple application of electron microscopy techniques described in the literature
but their adaptation for the much smaller scales and the complex material systems,
which also again make high demands on the specimen preparation for the analysis.

Extended structural defects have been investigated by numerous groups also down
to the nanoscale or even at the subnanometer level. However, the key issue of revealing
structure-property relationships in nanostructured material systems is the combined
application of various microscopy techniques, probing microstructural, compositional,
and optoelectronic properties of extended structural defects, on identical specimen
positions. Such a work has not yet been performed to large extent, especially not

1



1 Introduction

on nanostructured, optoelectric semiconductor devices. For such materials systems
and devices, the present report intends to give a comprehensive overview and further
development of corresponding approaches.

As an exemplary material system consisting of a thin-film stack, solar cells based
on Cu(In,Ga)Se2 absorber layers will be used. These solar cells are highly relevant
since they exhibit the highest power-conversion efficiencies of all thin-film solar cells
of up to 21% [11–14]. Note that thin-film solar cells are defined such that they are
grown on just any substrate, without the necessity of epitaxial growth. Thus, all layers
in the thin-film stack are polycrystalline. Currently, the research and development of
Cu(In,Ga)Se2 solar cells is based on trial-and-error approaches, aiming at achieving
highest power-conversion efficiency without regarding the aspect of microstructure.
The influences of extended structural defects in the polycrystalline Cu(In,Ga)Se2 thin
films on the device performances of the solar cells has not been fully understood.
Indeed, only limited results are available in the literature, and knowledge on the mi-
crostructural development during film synthesis is insufficient for controlled and repro-
ducible growth of the functional layers in the solar-cell stack. In view of the solar-cell
performance limited mainly by the open-circuit voltage and thus by recombination
of generated charge carriers, there is a great demand for enhanced understanding
of structure-property relationships and thus for a basis of a controlled synthesis of
Cu(In,Ga)Se2 thin films for highest power-conversion efficiencies, towards 25% and
larger.

In the present work, the direct link between extended structural defects and the
macroscopic solar-cell performance can not yet be shown for both, the photocurrent
and the photovoltage. While the microscropic behavior of the short-circuit current
around these defects is consistent with a macroscopic photocurrent value close to the
radiative limit of the solar cell, it remains a challenge to demonstrate a relationship
between local recombination behaviors at extended structural defects and the limited
open-circuit voltage, as a direct evidence that this limitation is mainly due to non-
radiative recombination enhanced at the defects. Moreover, the local electrical and
optoelectronic properties of these defects in Cu(In,Ga)Se2 thin films differ substan-
tially even within the same identical layer, as will be discussed in detail further below.
From this complex ensemble of structural defects with different effects on current and
voltage, it was not possible to derive consistent electronic band diagrams and to eventu-
ally propose an equally consistent device model including all structural defects. Thus,
the issue of structure-property relationships has been considered mainly on the mi-
croscopic scale, and the present work gives a broad overview of these relationships for
the various extended structural defects, as obtained by (mainly) electron microscopy
techniques. The approaches detailed below can be used for the study of structure-
property relationships also on other (complex) optoelectronic material systems and
devices consisting of thin-film stacks built up by compound semiconductor layers.

The present work is organized in the following way. An introduction to optoelec-
tronic semiconductor devices and structure-property relationships is provided in Chap-
ter 2. Chapter 3 will give an overview of the different types of extended structural
defects. An introduction into techniques used for the analysis of structure-property
relationships in optoelectronic compound semiconductor devices can be found in Chap-
ter 4. In the main Chapter 5 of the present work, the various properties of the different
types of extended structural defects in Cu(In,Ga)Se2 thin-film solar cells as well as their
influences on the microscopic electrical and optoelectronic properties will be presented
and discussed. Chapter 6 will conclude the work with an outlook.
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Chapter 2

Structure-property
relationships of optoelectronic
semiconductor devices

In the present chapter, an overview on performance parameters of optoelectronic de-
vices, i.e., solar cells and light-emitting diodes is given. Also, the limits of these devices
are discussed, with an overview of the various factors reducing the device perfomance.
Particularly, the relationship between recombination of generated charge carriers and
extended structural defects is outlined.

2.1 Performance parameters of optoelectronic de-
vices

A solar cell is a device that converts the power density of photons impinging on the
device into electrical power density, i.e., into the product of a voltage and a current
density. Fig. 2.1 gives a schematics of a solar cell as well as its current-voltage charac-
teristics measured in darkness and under illumination.

The power conversion efficiency η of a solar cell is defined as η = pmax/pin =
VMPPjMPP/pin, where pmax is the maximum power density of the solar cells, VMPP

and jMPP the voltage and current density at the maximum-power point, and pin the
power density of the impinging photon flux. Introducing the fill factor

FF =
VMPPjMPP

Vocjsc
, (2.1)

where Voc and jsc are open-circuit voltage and short-circuit current density, the power-
conversion efficiency can be written as

η =
VocjscFF

pin
. (2.2)

The current-voltage dependence [16] of a solar cell with single p-n junction under
illumination is expressed by

j(V ) = j0

[
exp

(
qV

nidkBT

)
− 1

]
− jsc, (2.3)

3



2 Structure-property relationships of optoelectronic semiconductor devices

Figure 2.1: (a) Schematics of the layer sequences in a thin-film solar cell, adapted from
Ref. [15]. (b) Current density-voltage characteristics of a high-efficient Cu(In,Ga)Se2

solar cell, measured in darkness and under illumination. The dark and light character-
istics overlap owing to a change in the saturation current under illumination. Various
solar-cell parameters are given (see also the text for details).

where j0 is the saturation current density, q is the charge, V the voltage, nid the
diode ideality factor (that corrects for small deviations of the exponential slope of
q/kBT ), kB the Boltzmann constant, and T the absolute temperature. It is important
to note that Eq. 2.3 represents an idealized description of the current density/voltage
dependence of a solar cell since serial as well as shunt resistances are neglected. Also,
the short-circuit current density jsc is only equal to the photocurrent jph obtained by
j-V measurements if jph is not voltage-dependent.

The current density introduced into the solar cell upon illumination is represented
by the short-circuit current density jsc (second part of Eq. 2.3). The dark current
density of the solar cell (first part of Eq. 2.3) can be considered a recombination current
density of charge carriers injected by applying a bias voltage. This recombination
process may be radiative and also nonradiative. The saturation current density can
therefore be regarded as the sum of radiative and nonradiative partial currents: j0 =
j0,rad + j0,nrad. The radiative part of the saturation current can be expressed in terms
of Planck’s radiation law, assuming the solar cell a black body (bb) emitting light, as a
result of radiative recombination of generated charge-carriers by photons with energies
of larger than the band-gap energy Egap:

j0,rad(Egap) = q

∞∫
Egap

φbb(E)dE (2.4)

with photon flux from a black body (per s and m2) [17]

φbb(Eph) =
2π

h3c2
E2

ph

exp [Eph/(kBT )]− 1
,

where h is Planck’s constant and c the velocity of light. At V 6= 0, Eq. 2.4 changes
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2.1. Performance parameters of optoelectronic devices

slightly to [18]

j0,rad = q
2π

h3c2

∞∫
Egap

E2

exp [(E − eV )/(kBT )]− 1
dE

For V = Voc, Eq. 2.3 can be written as:

Voc =
nidkBT

q
ln

(
jsc
j0

+ 1

)
. (2.5)

This means, the saturation current density j0, representing the recombination of
injected charge carriers at bias voltage, is inversely proportional to the open-circuit
voltage of the solar cell. The higher j0, the lower Voc.

The external quantum efficiency Qe(Eph) of a solar cell is defined as

Qe(Eph) =
1

q

djsc(Eph)

dφsun(Eph)
, (2.6)

where Eph is the photon energy, q the charge, and φsun(Eph) the flux of photons from
the sun in s−1 m−2 eV−1. The internal quantum efficiency Qi(Eph) also takes into
account the reflectance R(Eph):

Qi(Eph) =
Qe(Eph)

(1−R(Eph))
.

Using Eq. 2.6, the short-circuit current density can be expressed as

jsc = q

∞∫
Egap

Qe(E)φsun(E)dE (2.7)

Solar cells are closely related to light-emitting diodes (LEDs) since the quantum
efficiency Qe of a solar cell is a process reciprocal to the electroluminescence φel of a
LED [19]. The corresponding relationship can be written as [19]

φel(Eph) = Qe(Eph)φbb(Eph)

[
exp

(
qV

nidkBT

)
− 1

]
. (2.8)

While φel and Qe are spectrally reciprocal quantities, the corresponding scalar
values are the open-circuit voltage Voc and the quantum efficiency of the LED. The
radiative part of the open-circuit voltage, Voc,rad can be expressed using Eq. 2.5 as

Voc,rad =
nidkBT

q
ln

(
jsc
j0,rad

+ 1

)
≈ nidkBT

q
ln

(
jsc
j0,rad

)
. (2.9)

With j0 = j0,rad + j0,nrad in Eq. 2.5, the difference ∆Voc = Voc,rad − Voc results to

∆Voc = −nidkBT

q
ln

(
j0,rad

j0,rad + j0,nrad

)
.

The quantum efficiency of the LED, QLED, is finally defined as the ratio
j0,rad/ (j0,rad + j0,nrad) [19], and may be expressed in terms of

QLED = exp

(
−q∆Voc

nidkBT

)
. (2.10)
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2 Structure-property relationships of optoelectronic semiconductor devices

2.2 Limits of solar cells (and of light-emitting diodes)

When converting the power of incident illumination into electrical power, a large frac-
tion of the incident power is lost. For the following discussion, we assume a single-
junction solar cell based on an inorganic semiconductor p-n junction under unconcen-
trated illumination, with the inorganic semiconductor solar absorber sufficiently thick
to absorb all the incident photons, exhibiting a band-gap energy Egap and perfect
collection of generated charge carriers. For such a case, photons with energies Eph <
Egap are not absorbed. If Eph > Egap, the electron-hole pair generated by the inci-
dent photon almost instantly thermalizes to the conduction and valence-band edges.
Correspondingly, the power losses may be categorized as follows:

• Photons not absorbed for Eph < Egap

• For Eph > Egap, the excess energy Eph - Egap is lost due to thermalization
(interactions with phonons) of excited electrons and holes

The residual power density can be used as electricity. In order to estimate the
maximum photovoltaic energy conversion efficiency, the detailed balance theory by
Shockley and Queisser (SQ) [20] accounts for all types of (single junction) solar cells
as a limiting situation. These authors considered only the detailed balance pair light
absorption and light emission. This restriction implies that all details of excitation,
charge separation, and transport inside the device are neglected. All absorption of
light leads to generation of charge carriers that, in addition, are all collected by the
electrical terminals of the device. As consequence, the principle of detailed balance
ensures that such a perfect solar cell is also a perfect LED, and that the balance
between light absorption and emission defines the radiative efficiency limit [21].

The corresponding photovoltaic performances at the SQ limit can be calculated
using Eqs. 2.1, 2.2, 2.9, as well as by using j0,rad instead of j0, and nid = 1 in the
Shockley equation (Eq. 2.3), in order to calculate the maximum power density of
jrad(V ). Also, we set the external quantum efficiency Qe(Eph) = 1 for Eph ≥ 1 and
Qe(Eph) = 0 elsewhere, leading to a larger short-circuit current density, jsc,SQ, as
compared with jsc in Eq. 2.7:

jsc,SQ = q

∞∫
Egap

φsun(E)dE. (2.11)

As incident illumination power density, the AM1.5 spectrum provided by the Na-
tional Renewable Energy Laboratory, Golden, CO, USA, was used [22]. (AM stands
for air mass, while 1.5 is about 1/cos(42◦) at longitudes for which the surface normal
of the earth points to the sun, at an elevation of 41.81◦ above the horizon.) Note that
all quantities calculated at the SQ limit only depend on the band-gap energy Egap and
on the absolute temperature T (assumed to be 300 K) of the semiconductor used as
solar-cell absorber. Plots of the power-conversion efficiency, the open-circuit voltage,
the short-circuit current density, and the fill factor, as functions of the band-gap en-
ergy, are given in Fig. 2.2. Further below in chapter 5.1.4, we will see how close to
this theoretical limit one can get using real solar-cell devices.

So far, idealized scenarios have been drawn for solar cells (and LEDs). In real
devices, however, loss of power density is also due to the following causes:

1. Shading of collecting grids and due to reflection of illumination at the surface
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2.2. Limits of solar cells (and of light-emitting diodes)

Figure 2.2: Power-conversion efficiency (a), short-circuit current density (b), open-
circuit voltage (c), and fill factor (d), as functions of the band-gap energy, calculated
using Eqs. 2.1, 2.2, 2.9, and 2.11. In (a), the two local maxima of the power-conversion
efficiency at 1.15 and 1.35 eV are highlighted by dotted lines.

2. Absorption in window layers, through which the incident illumination has to
travel to reach the absorbing semiconductor thin film

3. Photons with energies Eph close to the absorption edge are weakly absorbed and
thus are likely to be transmitted by the absorber

4. The thickness of the absorber, or, more generally, the effective absorption length
of photons in the absorbing semiconductor, is not sufficient to absorb all incident
photons

5. Series and shunt resistances contribute to further reduction of the power density

6. A further aspect is inhomogeneities in semiconductor absorbers, which may be
divided into band-gap and electrostatic fluctuations. Band-gap fluctuations may
be due to local variations of compositions (especially in case of compound semi-
conductors), leading to locally different energetic positions of the conduction and
valence-band edges, and consequently to recombination paths with smaller effec-
tive band-gap energies. Rau and Werner [23] assumed the prerequisites of the
radiative SQ limit (see above) as well as a Gaussian distribution for the band-gap
energy Egap, with average band-gap energy Egap and standard deviation σEgap

.
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2 Structure-property relationships of optoelectronic semiconductor devices

These authors calculated that Eq. 2.4 may be expressed in the form of

j0,rad = j00 exp

(
−Egap

kBT
+

σ2
Egap

2(kBT )2

)
,

which, inserted in Eq. 2.9, and with nid = 1, results in

Voc,rad =
Egap

q
+
kBT

q
ln

(
jsc
j00

)
−

σ2
Egap

2kBTq
. (2.12)

This is, the open-circuit voltage may be reduced substantially, even at the radia-
tive limit, by band-gap fluctuations, which are expressed by the quantity σEgap

.
For the two maxima in Fig. 2.2a at 1.15 and 1.35 eV, Rau and Werner [23]
calculated a reduction of the power-conversion efficiency (which is about 33.3%
without any fluctuations) of about 2% absolute for σEgap=50 meV. For σEgap

< 25 meV, however, fluctuations do not affect the power-conversion efficiency
considerably.

Electrostatic fluctuations are related to redistribution of (free) charge carrier
densities, leading to fluctuations of electrostatic potentials φ(−→r ), i.e., of the
vacuum level −eφ(−→r ). Thus, for electrostatic fluctuations, the band-gap energy
does not change spatially. One may introduce also a standard deviation, σel, as
in the case of band-gap fluctuations, with equal dependencies of the open-circuit
voltage. The total fluctuations present in semiconductor absorbers, σtotal, are

given by σtotal =
√
σ2
Egap

+ σ2
el.

2.3 Recombination mechanisms and extended struc-
tural defects

As has already been mentioned above, recombination occurs generally not only ra-
diatively but also via nonradiative processes. Especially interfaces in semiconductor
thin-film stacks, where layers of different materials or different phases within individual
layers coincide, are resources of midgap states that lead to nonradiative recombina-
tion. The three basic recombination mechanisms for photogenerated excess carriers in
a semiconductor are (see Fig. 2.3.):

• Radiative recombination: Rrad = B
(
np− n2

i

)
• Meitner-Auger [24,25] recombination (nonradiative):
RAuger = Γnn

(
np− n2

i

)
+ Γpp

(
np− n2

i

)
.

• Shockley-Read-Hall (SRH) recombination [26,27], assuming a trap level at midgap
position (nonradiative): RSRH =

(
np− n2

i

)
[(n+ p) τ ]

In these equations, n and p are the electron and hole densities in the excited state,
where np = n2

i exp(qV/kBT ) under applied bias V . The quantity n2
i is the product of

electron and hole densities in thermodynamic equilibrium, n0p0. B defines a material-
specific radiation coefficient [28], τ is the life time of electron and holes, which is
assumed to be equal for the two particles for simplicity, while Γn and Γp are the
Auger coefficients for electrons and holes. Especially in high efficiency solar cells with
η > 20%, the open-circuit voltage Voc is limited by nonradiative recombination (either
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2.3. Recombination mechanisms and extended structural defects

Auger or SRH), which are generally connected to the presence of extended structural
defects. Moreover, power-conversion efficiencies of these solar cells are limited mainly
because of the limited Voc, apart from further optical and collection losses [29].

Figure 2.3: Overview of the three basic recombination mechanisms for photogenerated
excess carriers in a semiconductor (with conduction-band minimum Ec and valence-
band maximum Ev). The excess energy is either transferred to (a) a photon, (b)
kinetic energy of an excess electron or hole, or (c) phonons. For case (b), the so-called
Auger recombination, the kinetic energy of the electron is lost by collisions with the
lattice, which heats up. In case (c), the emission of phonons becomes possible by the
existence of states in the forbidden energy-band gap (SRH recombination). Adapted
from Ref. [15].

Extended structural defects present in solar cells and LEDs are, similar to in-
terfaces, generally assumed features of enhanced recombination of the generated or
injected charge carriers, as compared with the surrounding bulk material. Thus, it is
expected that the collection of charge carriers generated by the incident illumination
and therefore the usable current density at the contacts of the device is reduced. How-
ever, recombination processes are closely linked not only to the current density but also
to the open-circuit voltage, see Eq. 2.5. We see that always, the influences of extended
structural defects on both, current density and voltage, have to be considered.

How exactly current density and voltage are influenced depends on how (radiative
or nonradiative) and where in the solar cell (at interfaces or within the quasi-neutral
region) charge carriers recombine. This is because the recombination rates for photo-
generated excess carriers in a semiconductor (see list above) depend on the product of
electron and hole densities, np. This product varies across a solar-cell stack from n� p
at one contact to n � p at the other. Somewhere in the vicinity of the p-n junction,
within the space-charge region, is the position of p equals n, which is where the recom-
bination rates become maximum. At this position, the presence of extended structural
defects considered as centers of enhanced recombination is highly detrimental for the
power-conversion efficiency.

For dislocations in Si solar cells, various authors have reported direct relation-
ships of densities of this linear defect to the electrical properties of these solar cells.
Minority-charge carrier diffusion lengths L =

√
Dτ [30](D is the diffusion constant of

the minority-charge carriers) and also open-circuit voltages of these solar cells [31,32]
are reduced for increasing dislocation densities. Dislocations are also of concern in
LEDs, since the thin-film stacks are based on epitaxial growth of Al-In-Ga-N-P-As on
sapphire substrates, leading to threading dislocations [33]. Already in the early days
of LED research, it was shown [34] that the brightness-current density of the LED
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2 Structure-property relationships of optoelectronic semiconductor devices

exhibits an inverse relationship to the dislocation density.
We see also by Eqs. 2.8 and 2.9 that relevant physical quantities of the optoelec-

tronic devices solar cell and LED, which are connected to recombination processes, are
related to each other. The question remains how these quantities can be improved by
controlling the properties of extended structural defects. This question has, to date,
not yet been answered. It is connected to the issue of controlling the formation and
properties of extended structural defects during the growth of the solar cells or LEDs.
Indeed, the growth of most high-efficiency devices is, in this respect, up to date rather
a trial-and-error process. This situation may be improved substantially by obtaining
better insight into how microstructure develops during the growth. For this task, cor-
relative microscopy as proposed by the present work represents one important basis.
It can be applied to, e.g., a series of samples from growth processes interrupted at
different points of a specific process.

Furthermore, a thorough analysis of various properties of extended structural de-
fects, as will be reported in the present work, is indispensable for multidimensional
device simulations that include also such structural defects. Such simulations have
been already performed on several devices (see, e.g., for Cu(In,Ga)Se2 solar cells,
Refs. [35–38]). However, the input for these simulations have been rather limited, in
accordance with rather limited information available on extended structural defects
and their properties.
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Chapter 3

Overview of extended
structural defects

The present chapter shall give a short introduction into the various extended structural
defects present in a polycrystalline material. Structural defects in general exhibit
various dimensions:

- Zero-dimensional defects, i.e., point defects

- One-dimensional, i.e., line defects, which are dislocations

- Planar defects, which are stacking faults, of which twin boundaries are special
cases

- Three-dimensional defects, which comprise grain boundaries (in their general
form, i.e., those apart from highly symmetrical twin boundaries), and also strain,
which can be considered across the whole thin film (macrostrain) or also within
individual grains (microstrain). Strain is connected to the formation of disloca-
tions, which occurs upon plastic deformation of a thin film.

In the following, the basic issues on structural defects will be treated.

3.1 Point defects

Point defects in a periodical crystal are (foreign) atoms or vacancies which reside on
or in between atomic sites in the crystal structure and disturb the periodicity of the
lattice. Self-interstitials are atoms from the bulk of the crystal. Their density can be
expected to be rather small in closely packed crystals since they distort the surrounding
atomic lattice substantially.

Interstitial impurity atoms, especially if these atoms exhibit much smaller ionic
radii than the bulk atoms of the crystal, can be included to much larger densities. If
impurity atoms are of equal size as the bulk atoms or even larger, it is more likely that
impurity atoms occupy lattice sites of the bulk atoms (substitutional impurity atoms).
Finally, an atom may be missing on a specific lattice site (vacancy).

Diffusion of these point defects may occur by exchanging places with an neigh-
boring atom in the crystal lattice via cooperative ringlike rotational movement (ring
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3 Overview of extended structural defects

mechanism), via vacant sites in the lattice (vacancy mechanism), by exchange of sites
of intenstial atoms and point defects on lattice sites, and vice versa (interstitialcy
mechanism, for cases where substitutional atoms (point defects) exhibit similar sizes
as the atoms in the crystal lattice), and finally by migration of point defects (only)
on interstitial sites (interstitial mechanism, only possible for small solute atoms) [39].
In face-centered cubic, body-centered cubic, and hexagonal close packed crystals, self-
diffusion occurs predominantly via the vacancy mechanism [39].

If dealing with polycrystalline thin films, grain-boundary diffusion needs to be
considered as well [40]. In general, the diffusion along extended structural defects can
be assumed to be substantially faster (2-3 orders of magnitude) than the mechanisms
for bulk diffusion described above. Thus, it is likely to find point defects segregated to
these extended structural defects such as dislocations, stacking faults, as well as twin
and (random) grain boundaries.

3.2 Dislocations

A dislocation is a line defect along which the lattice is locally distorted by misalign-
ments of atoms. There are two basic types of dislocations: edge and screw (Fig. 3.1.
The magnitude and direction of the lattice distortion is described by the Burgers vector

(
−→
b ). For an edge (screw) dislocation, the Burgers vector is perpendicular (parallel)

to the dislocation line. For dislocations in adamantine (diamond-type) crystal struc-
tures, also a mixture of edge and screw dislocations are found, so-called 60◦ dislocations
(where 60◦ is the angle between dislocation line and Burgers vector).

Figure 3.1: (a) An edge dislocation and (b) a screw dislocation in a simple cubic
structure. From Ref. [41].

In close-packed and related structures, the shift which is represented by the Burgers
vector may become dissociated into two steps. The passage of these partial dislocations
involves the formation of stacking faults. Partial dislocations thus appear as boundaries
of stacking faults [42]; see Figs. 3.2 and 3.3. In these figures, the dissociation of a 60◦

dislocation into a 30◦ and into a 90◦ partial dislocation is shown.

3.3 Stacking faults and twin boundaries

Extended structural defects that originate from irregularities in the stacking sequence
can be divided into twin boundaries (Fig. 3.4a), also called growth stacking faults, and
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3.3. Stacking faults and twin boundaries

Figure 3.2: Model for dislocation dissociated into a 30◦ and into a 90◦ partial dislo-
cation, with a stacking fault ribbon bound between them. The corresponding Burgers
vectors are highlighted. By courtesy of Jens Dietrich, TU Berlin, reproduced from
Ref. [43].

Figure 3.3: a) Schematics of partial dislocations, bound to a stacking fault. From
Ref. [42]. b) Partial dislocations, bound to a stacking fault, in a CdTe crystal. By
courtesy of Dr. Yanfa Yan, University of Toledo, Ohio, U.S.A. (see also Ref. [44]).
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3 Overview of extended structural defects

into deformation stacking faults, which are further divided into intrinsic (Fig. 3.4b)
and extrinsic stacking faults (Fig. 3.4c). The H and K notations in Figs. 3.4a-c where
introduced by Jagodzinski [45]. While at an intrinsic stacking fault, the crystal is
undisturbed up to the boundary surface (also true for the twin boundary), an extrinsic
stacking fault contains an intermediate layer which differs from the lattices on both
sides of the stacking fault. To a first approximation, the energies of different kinds
of stacking faults can be estimated as being proportional to the number of foreign
sequences (i.e., hexagonal (H) sequences in a face-centered cubic (K) lattice) [42].

Figure 3.4: Structural models for stacking faults in a face-centered cubic lattice. Twin
boundary or growth stacking fault (a), as well as intrinsic (b) and extrinsic deformation
stacking faults (c). H and K mark atomic layers according to hexagonal (A,B) and
cubic stacking (A,B,C). From Ref. [42].

Apart from structural considerations, stacking faults as well as twin boundaries
have also been analyzed electrically. It has been reported in various publications since
about 50-60 years (e.g., [46, 47]) that (Σ3) twin boundaries in semiconductors do not
exhibit strong electrical activities. Moreover, the recombination activities at grain
boundaries and intergrain boundaries is dependent on the symmetry of the boundary
[48]. On a similar line, also stacking faults were found to exhibit only weak contrasts
in measurements of electron-beam-induced current [49]. This is probably since the
densities of dangling bonds and correspondingly also sites for impurity atoms (point
defects), possibly leading to enhanced recombination, are rather low for both, stacking
faults and twin boundaries.

However, no or weak electrical activity may be found only for coherent twins (and
stacking faults). For incoherent twins, the densities of dangling bonds are substantially
higher. Depending on the reconstruction of the incoherent twin plane by impurities
(point defects) and corresponding precipitates (see Ref. [50] for the example of FeSi2
at a twin boundary in multicrystalline Si), deep-level defects may form, leading to en-
hanced recombination. This situation would be similar as for random grain boundaries
(see next section).
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3.4. Grain boundaries, macrostrain, and microstrain

3.4 Grain boundaries, macrostrain, and microstrain

3.4.1 Grain boundaries

A boundary surface between any two crystals will take up such a position that the crys-
tals exhibit more or less optimum matching. A mathematical approach to formulate
the notion of ”matching” two periodic structures is the concept of the coincidence-site
lattice (CSL) [42]. Before going into detail into this concept, it is essential to remind
that a grain boundary (GB) in general exhibits 5 degrees of freedom in three dimen-
sions: 3 for the misorientation between the point lattices of two neighboring grains,
and 2 for the (relative) orientation of the GB plane. The concept of CSL considers
only the misorientation and does not concern the orientation of the GB plane. Also,
it has to be taken into account that depending on the crystal symmetry of the point
lattices, various symmetrically equivalent misorientations exist.

We may now consider two point lattices of two arbitrary neigboring grains which
exhibit a specific misorientation to each other (Fig. 3.5). The lattices shall inter-
penetrate in such a way that lattice points coincide. The resulting CSL exhibits a
periodicity depending on that of the original point lattices (of the neighboring grains).
In the case of Fig. 3.5, the volume of the unit cell of the CSL is 3 times larger than
that of the volumes of the original point lattices. This factor of 3 is called the Σ value
of the GB, which is used to classify GBs. Generally, the lower the Σ value, the higher
the symmetry of the GB, and also the lower is its formation enthalpy (although not
true for all Σ values).

In the example given in Fig. 3.5, the GB is in fact a twin boundary (Fig. 3.4a).
However, only if the GB plane is identical to the mirror plane of the boundary, the
twin boundary is called coherent, else incoherent. The overestimation of the impact
of the Σ concept has also been discussed in the work ”The coincidence site lattice and
the ’sigma enigma’” by Randle [51].

Any misorientation may be parametrized by an orthogonal misorientation matrix
R with rational matrix elements aij and

R =
1

N

a11 a12 a13

a21 a22 a23

a31 a32 a33

 .

Here, there shall be not any integral factor common to the positive integer N and the
nine integers aij . Grimmer et al. [52] showed that in this case N = Σ for cubic crystal
lattices. Thus, the misorientation matrix provides another way of determining the Σ
value of a GB. Taking again the example of a twin boundary in a face-centered cubic
lattice with Σ = 3, one of the representations of the misorientation matrix is

R =
1

3

 2 2 −1

−1 2 2

2 −1 2

 .

Randomly oriented GBs can be considered all those which do not exhibit a sym-
metrical constellation of the atomic lattices of the neighboring grains (as is the case for
twins). Their Σ values is substantially larger than high-symmetry twins (more than 50
according to Ref. [50]). Random GBs can be classed into small-angle (misorientation
less than 10-15 degrees) and large-angle GBs. While small-angle GBs can be resolved
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3 Overview of extended structural defects

Figure 3.5: a) When superimposing two atomic lattices of CuInSe2, the atoms of these
lattices coincide at various sites, forming an atomic lattice with a new periodicity
(CSL). This is shown in two dimensions for 112 planes. b) Perpendicular to the 112
planes, the CSL exhibits a lattice constant three times larger than that of the original
lattices.

into walls of dislocations, large-angle GBs can either be described by the CSL [42] or
by Hornstra’s ball-and-wire model [53].

Overviews on structural and electrical properties of (random) GBs in semiconduc-
tors can be found in various textbooks and proceedings volumes (e.g., Refs. [3,54–58]).
In general, point defects tend to diffuse to GBs, which may lead to deep-level traps
acting as centers for enhanced (non-radiative) recombination (see, e.g., chapter 6 in
Ref. [54]). Reduced charge-carrier collection is found at small-angle GBs in multicrys-
talline Si by means of combined electron-beam-induced current (EBIC) and electron
backscatter diffraction measurements [7]. This study also shows that the lower the
symmetry of the GB, the larger is the reduction of the EBIC signal.

This enhanced recombination of charge carriers at GBs in Si can be explained well
by the model proposed by Seto [59]. Based on the temperature dependence of the
measured resistivity and Hall mobility across GBs in multicrystalline Si, this author
proposed electronic states within the band gap at the GBs due to imperfections of the
lattice. These electronic states are occupied by holes and result in a positive excess
charge at the GBs which is screened by a negatively charged space-charge region on
both adjacent sides. For the current transport through GBs, this means that the
majority carriers (holes in p-type Si) have to overcome a potential barrier. This process
can be described by thermionic emission theory.

As we will see further below when discussing the properties of random GBs in
Cu(In,Ga)Se2 thin films, the Seto model working very well for random GBs in Si
can not be transferred easily to multiatomic material systems with a large variety of
(compensating) point defects.
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3.4.2 Macrostrain and microstrain

The terms ”macro” and ”micro” refer to different length scales. Hereby, ”macrostrain”
occurs at several to a few hundred micrometers. ”Microstrain” refers to a distortion
of the atomic lattice within a grain, typically at a scale in the order of 1 µm. This
distortion is in strong relation to other extended structural defects such as dislocations,
stacking faults, and twin boundaries. Balluffi provides an overview of the elastic theory
for crystal defects [60]. The strain field around dislocations can be calculated by the
equations provided by Steeds [61].

A good introduction into the topic of strain is given by Krill et al. [62]. We may
consider an atomic lattice and a specific lattice-plane family with interplanar distance
d. When stress is applied to this lattice, the corresponding, local strain (microstrain)
at the position r can be written as

ε(r) = (d(r)− d0)/d0, (3.1)

with the interplanar distance d0 for the unstrained atomic lattice. Note that the
microstrain ε(r) is a tensor with components εij(r). The corresponding macrostrain
can be regarded as average of ε(r) over the entire sample, while also influences by
extended structural defects on this average value have to be considered. The average
of ε(r) can be written as

〈ε(r)〉 = (〈d(r)〉 − d0)/d0. (3.2)

Eq. 3.1 can be expressed in a different way using Eq. 3.2:

ε(r) = 〈ε(r)〉+ (d(r)− 〈d(r)〉)/d0.

The first term of the sum, 〈ε(r)〉, is independent of the position r, represents homo-
geneous deformations of the lattice, and can be identified as the macrostrain. The
second term of the sum, (d(r) − 〈d(r)〉)/d0, exhibits an inhomogeneous nature, since
the average value 〈(d(r)− 〈d(r)〉)/d0〉 = 0, and represents the microstrain.

The reader is referred to Refs. [63–67] for approaches to strain analysis by scanning
and transmission electron microscopy, as well as by X-ray diffraction.
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Chapter 4

Microscopy techniques
applied for analyses of
structure-property
relationships

In the present chapter, an overview of techniques will be given that are used for the
analyses of extended structural defects and their influences on performances of corre-
sponding optoelectronic devices. It is not the intention of the author to give a detailed
description of all techniques. For this information, the reader is referred to various text-
books (see, e.g., Ref. [68] for a comprehensive overview of several techniques applied
also for structure-property relationships in thin-film solar cells). Rather, important
aspects of the application of specific techniques with the aim of revealing structure-
property relationships in optoelectronic semiconductor devices will be discussed. The
chapter starts with the most important step for microscopy analysis, the specimen
preparation.

4.1 Specimen preparation for various analysis con-
figurations

The key issue of specimen preparation (not only) for electron microscopy comprises
always the optimization of the surface quality of the specimen. Whatever approach
may be chosen, the aim is to reduce mechanical defects such as scratches, oxidation,
impurities, and similar features to a minimum. A good overview is given in Ref. [69].
In the following, various techniques for specimen preparation are discussed, taking the
example of a thin-film solar cell stack.

4.1.1 Plan-view specimens for scanning electron microscopy

The most simplest way of accessing a layer deposited on any substrate is to look at
its surface, which may be Ar-ion polished or chemically etched in order to optimize it
for imaging and further analyses. However, a layer may also not be accessible easily,
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4 Microscopy techniques applied for analyses of structure-property relationships

e.g., when sandwiched in between two layers. Then, cross-sectional specimen have to
be prepared.

4.1.2 Cross-sections: Fractioning of specimens for scanning elec-
tron microscopy

A very simple cross-section preparation for thin-film solar cells on glass substrates, but
also for those on foils, is to fracture or cut the cell, which normally takes only seconds.
However, since these solar cells in general consists of rather brittle materials, the result
may be disappointing, yet justified when aiming for a quick glance on the sample
or when surface roughness on the cross-section is not a severe issue. Further more
elaborated (and also more time-consuming) methods are described in the following.

4.1.3 Cross-sections: mechanical and ion-beam polishing

Specimens for scanning electron microscopy

Stripes of the solar cell are cut, which then are glued face-to-face together, best by use
of epoxy glue which is suitable for high vacuum. From the resulting stack, slices are
cut, of which the cross-sections are mechanically polished. Care is advised not to apply
too much pressure during the polishing, and that the scratches remaining on the cross-
section surface are in the range of 100 nm or smaller in depth. Then, this cross-section
sample is introduced in an ion-polishing machine, equipped with, e.g., Ar-ion beams.
In order to obtain rather flat cross-section surfaces, small incident angles of about 4◦

should be chosen. A thin layer of graphite (of about 5 nm in thickness) reduces drift
during the measurement and also preserves the cross-section surface, often for several
weeks. The graphite seems also to enhance the signal intensities for electron-beam-
induced current and cathodoluminescence measurements, probably since it reduces the
surface recombination substantially.

Producing cross-sectional specimens for high-resolution transmission elec-
tron microscopy analyses

• Combining mechanical and ion polishing. An approach applied frequently for
preparing cross-section specimens from thin-film stacks is the combination of
mechanical and ion polishing. There are various ways to the final specimen for
transmission electron microscopy (TEM):

– Stripes of the solar cell are cut, which then are glued face-to-face together
by use of epoxy glue (similar as for the preparation of scanning electron
microscopy (SEM) specimens). One may also glue a piece of Si single crystal
to the sample stripe. The resulting stack is introduced into a small tube
of about 3 mm in diameter, filled with epoxy glue. From the tube, disks
are cut, which are polished on both sides down to thicknesses of about 100
µm. A dimple-grinder introduces a circular deepening in the sample, so that
the resulting minimum specimen thickness is about 20-30 µm. Finally, Ar-
ion milling at rather small angles (3.5-6◦) is performed until a hole forms,
preferably at the interface between the two stripes of the solar cell (i.e., the
fringe of the hole intersects the thin-film stacks, see Fig. 4.1a).

– From the stack formed by gluing to stripes of solar cells together face-to-
face, also directly disks may be cut. These disks are polished on both sides
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4.1. Specimen preparation for various analysis configurations

until they exhibit thicknesses of about 10 µm. Rings made of Mo or Ni are
glued on these very thin cross-section specimens, which will then support
them. The Ar-ion milling process is somewhat shorter than in the procedure
described above, due to the reduced thickness of the specimen (Fig. 4.1b).
Also for this approach, the result is a specimen with a hole at the interface
between the solar-cell stripes. I.e., in side view, the specimen has the shape
of a wedge, with decreasing thickness towards the hole (Fig. 4.1c).

• Tripod polishing. The stack form by gluing two stripes of solar cells face-to-
face together may also be polished by use of a so-called Tripod [69], where the
polishing plane is defined by three points. Two points are given by teflon legs,
which are kept coplanar, while on the third point at a corresponding leg, the
sample is mounted. The pod heights are adjustable by micrometer screws. By
use of a Tripod, either plan-parallel specimens may be polished, which are then
glued to supporting rings (as described above), or wedge-shaped specimens may
be produced (see Fig. 4.1d). Often, specimens prepared by use of a Tripod
are post-treated in an Ar-ion polishing machine, in order to further reduce the
thicknesses and to optimize the surface qualities.

Figure 4.1: Schematics for conventional TEM preparation methods for cross-section
specimens. a) Forming a stack by gluing to two stripes of solar cells face-to-face
together, and embedding the stack in a Fe tube (cross-section and plan views). b)
Polishing the stack and gluing it to a Mo support ring (cross-section and plan views).
c) Cross-section view of the geometry of the final TEM specimen with respect to the
incident electron beam. d) Preparation of a wedge-shaped specimen by means of a
Tripod. At the tip of the wedge, the specimen is transparent for the electron beam.
From Ref. [70].
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4.1.4 Cross-sections: focused ion beam

Procedures for scanning electron microscopy

A focused Ga-ion beam can be used to sputter trenches into specimens, exposing cross-
sections at positions of interest. In a scanning electron microscope, the progress of the
sputtering can be monitored by corresponding electron detectors. Also, by alternately
FIB slicing and SEM imaging, a 3D image of the specimen may be reconstructed. Sim-
ilarly, alsoelectron backscatter diffraction and energy-dispersive/wavelength-dispersive
X-ray spectrometry may be combined with FIB slicing. It is of advantage to be able
to prepare cross-sections specimens and perform imaging and analyses on these speci-
mens without breaking the vacuum, i.e., reducing the effects of surface contaminations
substantially. It should be pointed out that by means of FIB, cross-section specimens
from thin-film solar cells may be prepared independent of the substrate, which should
be particularly helpful when working with, e.g., sensitive foils as substrates.

Producing cross-sectional specimens for high-resolution transmission elec-
tron microscopy analyses

Similarly as for SEM specimen preparation, trenches may be formed on two sides of
a specific region of interest (Fig. 4.2). The residual specimen lamella between the
two trenches can be thinned further, until it is transparent for the electron beam.
This lamella is then extracted by use of a micromanipulator needle, and usually put
on a TEM grid or welded (e.g., by use of Pt gas) to an appropriate TEM holder.
Surface contamination layers formed as consequences of the ion-beam bombardment
can be reduced substantially by decreasing the voltage and current of the impinging
ion beam. FIB preparation may be also combined with polishing of the specimen in
order to reduce the FIB milling duration. Further information of specimen preparation
for TEM by use of a FIB can be found in, e.g., Refs. [71–74].

Figure 4.2: a) Schematics of the configuration of the electron and Ga ion sources as
well as of the gas injection in a focused-ion beam system within a scanning electron
microscope. The preparation of a TEM lamella is indicated. b) SEM image of a TEM
lamella prepared by FIB from a CdS/Cu(In,Ga)Se2/Mo/glass stack. From Ref. [70].
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4.2. Considerations for analyses of semiconductors by use of scanning electron beam
techniques

4.1.5 Cross-sections: Plasma etching in a glow-discharge appa-
ratus

Apart from polishing or slicing cross-sections by means of ion beams, also plasmas may
be used for this purpose [75]. Particularly, instruments used for glow-discharge optical
emission or mass spectrometry may be employed. The specimen functions as cathode
in the glow-discharge set-up, and the Ar plasma ignited sputters the specimen atoms.
Few seconds sputtering is sufficient for reducing surface roughnesses substantially.

4.1.6 Back surfaces of solar-cell stacks: lift-off approach

The basic concept of lifting-off individual layers in a thin-film solar cell stack is given
in Ref. [76]. The following description gives details on preparation of back surfaces for
electron-beam-induced current measurements.
After deposition of a graphite layer (serving as diffusion barrier for Ag in the epoxy
glue) on the ZnO/ZnO:Al front contact, the solar-cell stack is glued by use of Ag epoxy
glue to an Al sample holder (Fig. 4.3). The backside of the Cu(In,Ga)Se2 absorber
layer is exposed by lifting off the Mo-coated glass substrate. In order to passivate
the Cu(In,Ga)Se2 (back)surface and to enhance the conductivity, a graphite layer is
evaporated on top.

Figure 4.3: Preparation and measuring geometry for electron-beam-induced current
measurements on Cu(In,Ga)Se2 back surfaces. From Ref. [77].

4.2 Considerations for analyses of semiconductors
by use of scanning electron beam techniques

When analyzing a semiconductor by use of an electron beam, it has to be taken into
account that charge carriers are generated upon electron-beam irradiation, which may
be significantly different compared with the generation by sunlight. In the following
different scenarios are discussed.

• Injection conditions
The different spatial distribution of charge carrier generation as compared to

23



4 Microscopy techniques applied for analyses of structure-property relationships

sunlight generation might influence the charge distribution in the solar cell and
therefore collection properties, as for example shown in Ref. [78] . The injection
level, i.e., the density of excess charge carriers compared with the equilibrium
doping level of the semiconductor irradiated, plays an important role. When the
density of excess charge carriers is close to or higher than the doping density,
the charge distribution within the device is influenced by these excess charge
carriers, which also changes the collection properties [79–81]. This effect can be
used to estimate the doping density with a good spatial resolution, which can be
used, e.g., to detect differences in the doping level of grain boundaries [82].

• Temperature
When using high electron beam intensities, it is possible that the sample heats
up during the measurements, which may result in a modified charge-carrier col-
lection behavior of the device. An estimate of the maximum temperature change
due to electron beam irradiation is given by ∆T = EbIbrb/K [83], where K is
the thermal conductivity of the material irradiated, rb is the beam radius (in our
case in the order of the extension of the generation volume), Eb the electron-
beam energy and Ib the electron-beam current. A more precise equation for a
thin-film substrate structure is also given in Ref. [83].

• Interactions of sample and electron beam
Generally, the electrons penetrating into the sample have much higher energies
compared with light of the solar spectrum. There might also be reactions tak-
ing place which are not possible under standard conditions but might influence
charge-carrier collection properties. As an example, it was found that the elec-
tron beam works as a reducing agent and breaks oxygen bondings passivating
compensating donors in a Cu(In,Ga)Se2 layer, thereby changing its doping den-
sity [84].

• Additional interfaces/surfaces
The experimental setup might lead to additional surfaces or interfaces present
in the charge-carrie-collecting device, which are not present under standard con-
ditions using sunlight as excitation source. At these interfaces, there might be
enhanced recombination due to an accumulation of defect states as mentioned
above. A second effect might also be a different charge equilibrium due to struc-
tural reconstruction at the interface (dangling bonds etc.). This results in band
bending at the surface and therefore modified collection properties. As an exam-
ple, it was shown that on InP an oxide causes band bending which assists charge
carrier collection [85].

4.3 Combination of various scanning electron and
scanning probe microscopy techniques on iden-
tical positions

In order to analyze structure-property relationships of semiconductor devices at the
nanoscale, it is helpful to investigate various materials and device properties on iden-
tical regions of interest. Combining scanning electron and scanning probe microscopy
techniques on same identical positions provides the means to correlate microstruc-
tural, compositional, electrical, and optoelectronic properties, with spatial resolutions
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of about 10-100 nm. On overview is given in Ref. [70].
Examples for a secondary electron (SE) image, electron backscatter diffraction

(EBSD) pattern-quality and orientation-distribution maps, monochromatic cathodolu-
minescence (CL) images, an electron-beam-induced current (EBIC) image, and energy-
dispersive X-ray spectrometry (EDX) elemental distribution maps, all acquired on the
identical position on a ZnO/CdS/CuInS2/Mo/glass cross-section specimen, are given
in Fig. 4.4. By combination of, e.g., the EBSD maps and the CL images, it is possible
to relate the local orientations to the local recombination behavior. The EDX maps
suggest that the strongly varying local CL intensities are not due to a change in com-
position, and it is apparent that the EBIC intensities are high where the CL signals
are rather low.

There are also reports (e.g., [70]) about platforms integrating scanning electron
(SEM), scanning tunneling (STM), atomic force (AFM), and scanning near-field optical
microscopy (SNOM). There are obvious benefits from this approach: (a) the tips for
STM and AFM can be manipulated with high precision under constant observation in
the SEM; (b) the tip and the electron beam are two independent probes that can be
controlled simultaneously: one acting as excitation probe, the other acting as sensing
probe, depending on the experimental configuration; (c) SEM-based and SPM-based
measurements can be performed at the same identical region of interest simultaneously
(see [70] for details).

4.4 Combination of electron energy-loss spectroscopy
and holography on identical positions

Also in transmission electron microscopy (TEM), it is possible to combine struc-
tural/compositional characterization and electrical analyses on the same identical po-
sitions, in order to study structure-property relationships in semiconductor devices.
One example is the combination of high-resolution imaging, electron energy-loss spec-
troscopy (EELS) and in-line electron holography, which were performed on the posi-
tions of grain boundaries (GBs) in Cu(In,Ga)Se2 solar cells.

4.4.1 Introduction into inline electron holography

In order to analyze the change in electrostatic potential at the positions of dislocations
and GBs in Cu(In,Ga)Se2 thin films, in-line electron holography in a transmission
electron microscope was employed [86,87]. This technique uses the dependency of the
transfer function between object and image wave function on the defocus of the objec-
tive lens in a transmission electron microscope. It is based on the acquisition of images
with varying defocus value (i.e., changing the objective lens current), keeping all other
microscope parameters constant. For the reconstruction of the wave function, the ob-
ject wave is at the same time its own reference wave. In Figs. 4.5a-c, schematics of the
inline electron holography is given. The resulting intensity I(−→r ,∆f) = |ΨI(∆f,−→r )|2
of the image wave of a phase object (constant amplitude and small shifts in phase) is
considered at defocus ∆f=0 (a), as well as at small (b) and large ∆f (c).
For image waves in the focus plane at ∆f = 0 (Fig. 4.5a), the intensity of the image
is constant in spite of spatial phase shifts, because of zero interference. For increased
defocus ∆f (Figs. 4.5b and c), different wave function with varying phase of the object
waves interfere, influencing the image intensity I(−→r ,∆f). A small defocus (Fig. 4.5b)
leads to interference of near regions (equivalent to large frequencies in the Fourier
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Figure 4.4: SE image (at 3 keV), EBSD pattern quality (with Σ3 grain boundaries
highlighted by red lines) and orientation distribution maps (at 20 keV), monochromatic
CL images at 10 keV, 8 K, and at 820 (yellow, band-band-transitions) and 1150 nm
(pink, defect-related transitions), superimposed on an SE image, an EBIC image (8
keV) and EDX elemental distribution maps (7 keV) from Zn-L (yellow), Cu-L (pink)
and Mo-L (green) signals. All images and maps were acquired on the identical position
of a ZnO/CdS/CuInS2/Mo/glass stack (provided by courtesy of Dr. B. Marsen, HZB,
Berlin, Germany; CL images in collaboration with Dr. U. Jahn, Paul-Drude Institute
Berlin, Germany). From Ref. [70].

space), a large defocus would transfer information from small spatial frequencies. This
phase contrast by using interference fringes in the image is used to reconstruct the
phase of the object wave function, φ(−→r ). Fig. 4.5 also shows TEM images acquired at
dislocations in Cu(In,Ga)Se2 thin films with defocus ∆f increased from a-c, resulting
in interference fringes in the defocused image plane at the positions of the dislocations.

More precisely, inline electron holography records the lateral variations of the am-
plitude and phase of the exit-plane electron wave function, after the interaction of the
incident electron beam with the specimen (i.e., images containing amplitude and phase
information as grey values).

In the framework of the phase object approximation [89], the two-dimensional
electrostatic potential Va(x, y) within the specimen, which is obtained by averaging
the three-dimensional electrostatic potential V (x, y, z) along the path of the electrons
through the specimen (here: z axis, corresponding to the optical axis), is linked to the
phase of the object wave function by [89]

ϕ(x, y) = σ(U)

∫
path

V (x, y, z) dz ≈ σ(U)t(x, y)Va(x, y), (4.1)

where t(x, y) is the local specimen thickness and σ(U) is an acceleration voltage
dependent interaction constant (σ(200 kV) ≈ 7.3 × 106 V−1m−1). The x and y axes
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Figure 4.5: Schematics of inline electron holography with the object wave function
of a phase object. On the focus plane ∆f = 0, the intensity of the image wave
I(−→r ,∆f) = |ΨI(∆f,−→r )|2 is constant. At increased ∆f (b and c), different object
waves, which exhibit a phase shift to one another, interfere and influence the image
intensity correspondingly. A small defocus (b) leads to interference of near regions
(highlighted by blue circle), a larger defocus (c) of far regions (orange circle). TEM
images are given to illustrate the effect of the defocus ∆f on the interference fringes
in the image. Adapted from Ref. [88].

in Eq. 4.1 are both chosen perpendicular to the z axis. Maps of the local specimen
thickness were obtained by [90]

t(x, y) = λmean ln(It(x, y)/I0(x, y)), (4.2)

where λmean is the inelastic mean free path of beam electrons within the specimen,
It(x, y) is the intensity distribution of an unfiltered TEM image, and I0(x, y) is the
intensity distribution of a zero-loss filtered TEM image. The inelastic mean free path
λmean was estimated by use of an algorithm given in Ref. [90].

The local variation of the phase ϕ(x, y) is proportional to the variation in the
projected electrostatic potential that an electron experiences when it travels through
the specimen [91]. The average potential can then be calculated using

∆Vav(x, y) =
ϕ(x, y)

σ t(x, y)
. (4.3)

The local variation of the averaged electrostatic potential (not to be confused with
potential energy) can be considered as the sum of variations related to a lateral re-
distribution of free charge carriers, ∆Vcharge, and to the mean-inner potential (MIP):

∆Vav = ∆MIP + ∆Vcharge. (4.4)
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The MIP is due to the distribution of all charges within the neutral solid, i.e.,
protons and electrons, and is - because of the higher localization of positive charges
- a positive quantity. Changes in MIP can be caused by variations in the (local)
composition, in crystal structure and/or in the (local) density. The MIP of a crystalline
material can be roughly estimated by use of [92]

MIP =
h2

2πmeeΩ

∑
j

njf
el
j (0), (4.5)

where me is the effective mass of electrons, e the elemental charge, Ω is the volume
of the unit cell, nj is the number of atoms or ions of type j within the unit cell, and
felj (0) are the corresponding atomic or ionic scattering factors in forward direction.
An approximation of the MIP by use of Eq. 4.5 neglects any charge redistributions of
electrons due to bonding between atoms or ions.
Fig. 4.6 shows, as an example, distributions of the relative phase shift and the spec-
imen thickness around a random GB in a Cu(In,Ga)Se2 thin-film as well as of the
resulting profile across the GB, which was extracted from the distribution of the av-
erage electrostatic potential, calculated by use of Eq. 4.3. For these types of thin
films, always potential wells are measured. One fundamental question is whether con-
tributions from ∆Vcharge or from the MIP dominate these local minima in average
electrostatic potential.

Figure 4.6: Relative phase shift φ(x, y) and specimen thickness t(x, y) of the iden-
tical area on a Cu(In,Ga)Se2 thin-film in a completed solar cell. From the regions
highlighted by yellow frames, profiles were extracted, and the shown profile of the spa-
tial distribution of the averaged electrostatic potential, ∆Vav(V ), across the GB was
calculated by use of Eq. 4.3. From Ref. [93].
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4.4.2 Electron energy-loss spectroscopy

Recording the inelastically scattered electrons in a TEM specimen, which is termed
electron energy-loss spectroscopy (EELS) when spectrally resolved, provides a large
range of material properties at the subnanometer scale. The EEL spectrum can be
divided into several sections (corresponding to different causes for energy loss):

• The zero-loss peak (at 0 eV)

• The low-loss region (0 - 50 eV), which gives information on phonon scattering, in-
traband excitation, plasmons (and thus on dielectrical constants), and interband
transitions (and thus also on local band-gap energies)

• The ionization edges (50 eV - few keV) providing information on local composi-
tion, the binding state and the density of states (via the near-edge structure), as
well as on the distance of neighboring atoms (via the extended energy-loss fine
structure).

Further details on the EELS technique can be found in Ref. [90].

4.4.3 Correlative analysis of electron energy-loss spectroscopy
and electron holography

Although EELS (e.g., [94–97]) and electron holography (e.g., [98–103]) have been sep-
arately applied for analysis of extended structural defects, correlative applications on
same identical positions have been, so far, very rare [93]. This is, however, the only ap-
proach at scales of few nanometers or lower (also considering nanodiffraction methods
in TEM [104]) to study the influences of charge accumulations and atomic recon-
structions at extended structural defects. Moreover, especially in combination with
high-resolution imaging of the atomic lattice, it may be explored whether changes in
the atomic density (strain fields around dislocations, spacings in the atomic structure,
atomic reconstruction) or redistribution of free charge carriers dominate the potential
distributions around an extended structural defect. This is an important contribution
also in revealing parameters used as input for multidimensional device modelling. In
Chapter 5.5.6 below, an example of such correlative analysis will be given on GBs in
Cu(In,Ga)Se2 thin films.

4.5 Information depths of techniques

An important issue of analyses of extended structural defects, which also affects the
comparability of results on properties of these defects obtained by various characteri-
zation techniques, is the information limit of a specific method. One is often tempted
to combine information obtained by different methods, ignoring the different informa-
tion depths. However, it is obvious that a property of an extended structural defect
at the surface of a thin film may not be the same identical as the one present within
the volume of the thin film. One only needs to consider, e.g., the densities of dangling
bonds.
An overview of various techniques applied for grain-boundary analysis and their infor-
mation depths is given in Table 4.1. The different information depths are also depicted
in Fig. 4.7
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Table 4.1: Overview of various techniques applied for grain-boundary analysis and
their information depths.

Technique Type of information Information depth

Imaging in electron
microscopy (SEM and

TEM)

Distribution of crystal
defects

few nm to few 100 nm

Imaging in atom force
microscopy (AFM)

Distribution of crystal
defects

1 nm

Imaging in scanning
tunneling microscopy

(STM)

Distribution of crystal
defects

1 nm

Electron backscatter
diffraction (EBSD)

Local crystal symmetry
and orientation;

classification of grain
boundaries

5-100 nm

Electron diffraction in
TEM

Local crystal structure
and lattice contants

few 10 to few 100 nm

Energy-dispersive X-ray
(EDX) and electron

energy-loss sepctroscopy
(EELS) in

aberration-corrected
TEM

Local composition few 10 nm

Auger electron
spectroscopy (AES)

Local composition 1 nm

Atom-probe tomography
(APT)

Local composition (3D) 1 nm

conductive atom force
microscopy (c-AFM)

Local transport depending on distance
between contacts; surface

sensitive

Kelvin-probe force
microscopy (KPFM)

Local electrical work
function; distribution of

electrical potential

< 1 nm

Scanning capacitance
microscopy (SCM)

Local capacitance; local
doping concentrations

depending on distance
between contacts; surface

sensitive

Scanning tunneling
spectroscopy (STS)

Local j/V characteristics;
density of states

< 1 nm

Electron-beam-induced
current (EBIC)

Local short-circuit
current

few 100 nm to few µm
(depending on diffusion

length)

Cathodoluminescence
(CL)

Distribution of radiative
recombination

few 100 nm to few µm
(depending on diffusion

length)

Electron holography in
TEM

Local electrostatic
(scattering) potential

few 100 nm30
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Figure 4.7: Various techniques for the analysis of extended structural defects in a thin
film, and their information depths. For the abbreviations, see Table 4.1.
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Chapter 5

Structure-property
relationships in Cu(In,Ga)Se2
thin-film solar cells

The present chapter gives first an introduction into Cu(In,Ga)Se2 thin-film solar cells,
with an emphasis on their limitations. Also, an overview of various extended structural
defects in Cu(In,Ga)Se2 thin films is presented. In detail, their structural, composi-
tional, electrical and optoelectronic properties are discussed. Particularly, correlative
microscopy approaches are described in order to access these properties on various
length scales from subnanometers to several hundred micrometers. It should be noted
that the structure-property relationships discussed in the present chapter are related
to microscopic properties as revealed by microscopy techniques.

5.1 Introduction into Cu(In,Ga)Se2 thin-film solar
cells

Thin-film solar cells have reached highest solar-conversion efficiencies of more than 20%
by use of Cu(In,Ga)Se2 absorber layers. Regarding the microstructure, Cu(In,Ga)Se2

solar cells with typical ZnO/CdS/Cu(In,Ga)Se2/Mo stacks on glass substrates (Fig. 5.1)
and more than 19% efficiency have been achieved with rather small (< 1 µm [11,105,
106]) and also with large average grain sizes (> 1 µm [107]). An overview of corre-
sponding scanning electron micrographs and a electron backscatter diffraction (EBSD)
map is given in Fig. 5.2.

Apparently, at least for 19-20% efficiencies, the average grain size may vary within
a considerably large range of about 0.5 to 1.5 µm, with the grain-boundary (GB)
density differing correspondingly. This fact can be explained by the presence of various
extended structural defects, which may impact to the solar-cell performance. Layers
with larger grains exhibit a smaller density of GBs but probably a larger density of
structural defects as dislocations and stacking faults within individual grains. Before
an overview of these various defects in Cu(In,Ga)Se2 thin films will be given, the
material system Cu(In,Ga)Se2 will be introduced in the following section.
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Figure 5.1: Scanning electron micrograph of a ZnO/CdS/Cu(In,Ga)Se2/Mo solar-cell
stack. The cell is illuminated through the ZnO/CdS window layer. Impinging photons
generate electron-hole pairs throughout the ZnO/CdS/Cu(In,Ga)Se2 stack, which are
separated by the space-charge region and collected at the ZnO and Mo contacts. The
corresponding photocurrent may be used via an external load.

Figure 5.2: Cross-sectional, scanning electron micrographs of a) a 20.3% Cu(In,Ga)Se2

cell produced at the Center for Solar Energy and Hydrogen Research (ZSW), Stuttgart,
Germany (courtesy Dr. T. Magorian Friedlmayer), and of b) a 20.0% Cu(In,Ga)Se2 cell
from the National Renewable Energy Laboratory (NREL), Golden, CO, U.S.A. (repro-
duced from Ref. [11]), as well as c) a cross-sectional, electron backscatter diffraction
map of a 19.4% Cu(In,Ga)Se2 solar cell from Helmholtz-Zentrum Berlin, Germany
(sample courtesy of Dr. T. Rissom).
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5.1.1 Growth of Cu(In,Ga)Se2 thin films

All Cu(In,Ga)Se2 thin films for high solar-conversion efficiencies of more than 19%
have been grown by so-called three-stage processes [108–110], which involve diffusion
of elements in the growing thin films with phase formations at elevated temperatures
(typically 300-600◦C). In the present work, only solar cells with Cu(In,Ga)Se2 layers
from such processes will be discussed. Basically, a three-stage process consists of a first
stage, during which an In-Ga-Se layer is deposited at lower substrate temperatures of
about 300-330◦C, a second stage, during which the substrate temperature is increased
to about 520-600◦C, as well as Cu and Se are coevaporated until a film composition
with [Cu]/([Ga]+[In]) > 1 is reached, and a third stage, during which In, Ga, and
Se are coevaporated until [Cu]/([Ga]+[In]) < 1 (see also Fig. 5.3). For achieving the
goal of conversion efficiencies of 21% and beyond, it would be essential to have decent
knowledge about formation mechanisms of structural defects during the growth of
Cu(In,Ga)Se2 thin films. Unfortunately, the current status is still far away from such
a situation.

Figure 5.3: The three stages of a typical three-stage process, in dependence of the
Cu, In, Ga, and Se evaporation rates as well as of the substrate temperatures. At
the point of time during the process indicated by stoichiometry and a dashed line, the
[Cu]/([In]+[Ga]) ratio becomes 1. Adapted from Ref. [88].

Equally little knowledge is available about the impact of extended structural defects
on the photovoltaic performances of Cu(In,Ga)Se2 thin-film solar cells. As will be
detailed further below, extended structural defects reduce only slightly the short-circuit
current density of the solar cells. Indeed, Cu(In,Ga)Se2 thin-film solar cells are limited
in their open-circuit voltage [29, 111, 112], to which probably enhanced nonradiative
recombination at extended structural defects contribute substantially.

5.1.2 Crystallography, elemental distributions and optical band
gap

Cu(In,Ga)Se2 is a solid solution of CuInSe2 and CuGaSe2. These compounds are sub-
stoichiometric with a considerable concentration of Cu vacancies of few at.% [113]. The
crystal structure of Cu(In,Ga)Se2 is of chalcopyrite-type, i.e., tetragonal (Fig. 5.4),
while the ratio of the lattice constants c/a exhibits a linear relationship to the in-
tegral Ga concentration (Vegard’s law of solid solutions [114]). Note that In and
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Ga are generally distributed homogeneously parallel to the substrate but not per-
pendicular to it, i.e., these elements exhibit gradients along the growth direction of
the Cu(In,Ga)Se2 thin film. In contrast, Cu and Se are homogeneously distributed
throughout the Cu(In,Ga)Se2 thin film. The integral Ga concentration may be ex-
pressed by the compositional ratio x=[Ga]/([Ga]+[In]) [115].

Since CuInSe2 and CuGaSe2 exhibit different band-gap energies at room temper-
ature of 1.04 and 1.68 eV [116], the local [Ga]/([Ga]+[In]) ratio also determines the
local band-gap energy via [117]

Egap(x) = (1− x)Egap(CuInSe2) + xEgap(CuGaSe2)− bx(1− x), (5.1)

where 0.15 ≥ b ≥ 0.24 is an optical bowing factor.
For highest power-conversion efficiencies of more than 19%, Cu(In,Ga)Se2 thin films

with 0.22 < x < 0.38 are used [118]. Within this compositional range, the c/a ratios
are very close to 2. It is an interesting fact that for Cu(In,Ga)Se2 thin films with x
values for which c/a = 2 (pseudocubic crystal structure), i.e., x about 0.23, also largest
average grain sizes have been reported [119]. Hence, the c/a ratio of the tetragonal
crystal structure has a substantial influence on the microstructure of a Cu(In,Ga)Se2

layer. It should be mentioned that the larger average grain sizes for CuInSe2 than
for CuGaSe2 (when grown using identical recipes) can also be attributed to the larger
formation enthalpy for CuGaSe2 than for CuInSe2 [120], leaving less energy for the
crystal growth during the three-stage process.

Moreover, for Cu(In,Ga)Se2 crystals with x values of around 0.23, symmetrically
nonequivalent crystal orientations in the tetragonal structure (e.g., <110> and <201>,
corresponding to the lattice planes {110} and {102}) may not be distinguished in
diffraction experiments [121]. In this case, the crystal structure is generally considered
quasi-cubic.

Figure 5.4: Representations of the sphalerite (ZnSe) and the chalcopyrite-type
(Cu(In,Ga)Se2) structures.

5.1.3 Impurities in Cu(In,Ga)Se2 thin films

An important issue in the research and development of Cu(In,Ga)Se2 solar cells is the
diffusion of impurities from the substrates into the active layers. When using for the
first time soda-lime glass instead of borosilicate glass substrates in 1993, Hedström
et al. [122] obtained substantially higher power-conversion efficiencies of 16.9%. This
meant an increase of several absolute percentages at that time, which was attributed
mainly to the indiffusion of Na from the soda-lime glass substrate through the Mo
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back contact into the Cu(In,Ga)Se2 layer (this glass type contains a substantially
higher concentration of Na2O than borosilicate glass). The diffusion through Mo is
facilitated by oxides present at the grain boundaries in the polycrystalline Mo thin
film, where the crystal structure of these oxides is a layered, planar one (similar to
that of graphite).

The influences of Na on Cu(In,Ga)Se2 growth as well as on structural and electrical
properties of these thin films and solar cells are summarized in the comprehensive work
of Rudmann [123]. In short terms, Na tends to occupy Cu vacancies and also In and
Ga sites in Cu(In,Ga)Se2 layers, impeding In and Ga interdiffusion during film growth.
Moreover, Na has a substantial effect on the net doping by forming NaCu point defects.
Indeed, the net doping has been shown to increase substantially when using soda-lime
glass substrates (containing Na), as compared with Na-free substrates. As we will see
further below, Na also tends to segregate to extended structural defects. Apart from
Na2O, also other oxides (CaO, and also Al2O3, MgO, K2O to a smaller concentration,
apart from SiO2) are present in soda-lime glass substrates. The effects of the cations
of these oxides on the electrical properties of the Cu(In,Ga)Se2 thin films have not yet
been studied in detail. Whenever substrates are used for Cu(In,Ga)Se2 solar cells that
do not contain any Na, this element has to introduced, generally by means of NaF, in
order to achieve highest power-conversion efficiencies.

5.1.4 Limitations of Cu(In,Ga)Se2 solar cells

As pointed out in the introduction of the present chapter, Section 5.1, Cu(In,Ga)Se2

solar cells have reached the highest power-conversion efficiencies of all thin-film photo-
voltaic devices, of up to more than 20%. For research and development of these solar
cells, it is indispensable to determine which the limitations of the Cu(In,Ga)Se2 solar
cells are. As starting point, the SQ limit introduced in Section 2.2 may be considered.
The maximum power-conversion efficiency at the radiative limit (Fig. 2.2a) exhibits
two local maxima at band-gap energies of 1.15 and 1.35 eV. Using a band-gap energy
Egap of 1.15 eV and a bowing factor b = 0.2 in Eq. 5.1, the corresponding integral
compositional ratio x=[Ga]/([Ga]+[In]) in the Cu(In,Ga)Se2 thin film can be calcu-
lated to about 0.23 (it would be about 0.56 for Egap = 1.35 eV).
The maximum power-conversion efficiency, the short-circuit current density, the fill fac-
tor, the open-circuit voltage and the saturation current at the radiative limit for Egap

= 1.15 eV and T=300 K are given in Table 5.1. Also listed are the best corresponding
values of various Cu(In,Ga)Se2 record cells available in the literature [11, 105, 124] (it
should be noted that these record cells exhibit [Ga]/([Ga]+[In]) ratios deviated from
the value of 0.23). It is apparent that the Cu(In,Ga)Se2 solar cells are limited mainly
by their open-circuit voltage, while also fill factor and short-circuit current density are
decreased with respect to the SQ limit.

In the following, limitations of Cu(In,Ga)Se2 solar cells will be discussed with re-
spect to the publication by Siebentritt [29] and according to the loss mechanisms
depicted in Section 2.2:

The following issues affect mainly the short-circuit current density.

- Shading of collecting grids and reflection of illumination at the surface. These
losses may be reduced by an enhanced grid design and also by improved anti-
reflection coating of the Cu(In,Ga)Se2 solar-cell stack.

- Absorption in window layers, through which the incident illumination has to
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Table 5.1: Maximum power-conversion efficiency η, the short-circuit current density
jsc, the fill factor FF , the open-circuit voltage Voc, and the saturation current j0 at
the radiative limit for Egap = 1.15 eV and T=300 K, as well as the corresponding best
values for various Cu(In,Ga)Se2 record cells [11, 105, 124, 125]. Also given is the ratio
of the photovoltaic parameters for Cu(In,Ga)Se2 record cells, divided by the values at
the SQ limit.

Photovoltaic
parameter

SQ limit Cu(In,Ga)Se2

solar cell
Cu(In,Ga)Se2/SQ

ratio

η (%) 33.3 20.9 [14] 0.63

jsc (mA/cm−2) 42.4 39.9 [14] 0.94

FF (%) 87 81 [11] 0.93

Voc (mV) 904 757 [13] 0.84

j0 (mA/cm2) 2.7×10−14 2.1×10−12 78

travel to reach the absorbing semiconductor thin film. This loss can be improved
by choosing window and buffer layers with larger band-gap energies. For exam-
ple, Zn(O,S) buffer layers exhibit larger band-gap energies (up to 3.8 eV) than
the usually employed CdS (2.4-2.5 eV).

- The effective absorption length of photons in the absorbing semiconductor is not
sufficient to absorb all incident photons. This issue is negligible for absorbers
with thicknesses of 2-3 µm, also in view of that Cu(In,Ga)Se2 exhibits high
absorption coefficients of about 105 cm−1. In addition, also a shorter collection
length, i.e., the width of the space charge region plus the diffusion length of
the minority charge carriers, contributes to a further reduction of the short-
circuit current density. This loss can be reduced by adjusting the width of the
space-charge region via the net doping density of the Cu(In,Ga)Se2 absorber,
and by a reduced degree of doping compensation (as present in the compound
semiconductor Cu(In,Ga)Se2 with a large number of point defects) [29].

- Photons with energies Eph close to the absorption edge are weakly absorbed and
thus are likely to be transmitted by the absorber. The corresponding reduction
in short-circuit current density were estimated to about 3 rel.% by device simu-
lations using the absorption spectrum published by Malmström et al. [126] and
the software SCAPS [127].

- For high-efficiency Cu(In,Ga)Se2 solar cells, the collected current density at the
contacts is reduced mainly by recombination in the quasi-neutral region of the
Cu(In,Ga)Se2 absorber layer [15].

The next items are related mainly to losses in fill factor.

- In recent Cu(In,Ga)Se2 record cells, series resistances of as low as 0.4 Ω cm−2

and shunt resistances of as high as 5000 Ω cm−2 have been reported [11,105]. Ac-
cording to Siebentritt [29], the corresponding reductions of the power-conversion
efficiency with respect to a Cu(In,Ga)Se2 solar cell exhibiting zero series and
infinite shunt resistances are only 0.5 and less than 0.01% absolute. Thus, they
are negligible.
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- Voltage-dependent photocurrent density jph(V ), which is normally evaluated by
comparing current density / voltage characteristics acquired in the dark and
under illumination. According to Scheer and Schock [128], jph(V ) is linked to
the short-circuit current density jsc via the external collection efficiency η(V ) by
jph(V ) = jscη(V ). Moreover, the external collection efficiency is related to the
fill factor FF via [129]

FF = η(VMPP) [1− nid ln (qVoc/kBT ) / (qVoc/kBT )] . (5.2)

Using the photovoltaic parameters for Cu(In,Ga)Se2 solar cells with power-
conversion efficiencies above 20% [11, 105], the external collection efficiency at
the maximum power point, η(VMPP), is calculated to about 93-94%. This is, the
fill factor FF would be reduced by about 6-7 rel.%, which agrees well with the
limitation given in Table 5.1.
It should be noted that according to Eq. 5.2, the fill factor also depends on the
diode ideality factor nid, which again is related to recombination paths of charge
carriers [15].

Another issue is inhomogeneities in Cu(In,Ga)Se2 thin films, reducing mainly
the open-circuit voltage (see Eq. 2.12).

- These inhomogeneities can be divided into band-gap and electrostatic fluctu-
ations. Band-gap fluctuations are mainly due to variations of the local [Ga]/
([Ga]+[In]) ratio. In order to result in a substantial reduction of the open-
circuit voltage (Eq. 2.12), the standard deviation σEgap should be in the range
of 50 meV, i.e., the variation of the Ga concentration [Ga] in the Cu(In,Ga)Se2

layer has to be about 2 at.%. Such large compositional variations within few
tens of nanometers have, to date, never been reported (except for In/Ga gra-
dients, which are extended over much larger distances and only perpendicular
and not parallel to the substrate). Indeed, the band-gap fluctuations measured
by means of spatially-resolved photoluminescence [130] and cathodoluminescence
spectrometry [131, 132] on Cu(In,Ga)Se2 layers for high-efficiency devices have
been reported to be in the range of 8-10 meV. Thus, this kind of inhomogeneities
can be neglected as source for reduction of the open-circuit voltage.
Electrostatic fluctuations at grain boundaries on surfaces in Cu(In,Ga)Se2 thin
films have been characterized by means of various scanning probe microscopy
measurements [133–141]. Overall, the reported values for variations in electro-
static potentials at grain boundaries are in the range of several 100 meV. Such
strong electrostatic fluctuations have been proposed as causes for enhanced re-
combination and thus for limitations of open-circuit voltages and power-conversion
efficiencies of Cu(In,Ga)Se2 thin-film solar cells [29, 142]. However, it should
be noted that all scanning probe microscopy measurements probe the grain
boundaries and their surrounding materials only at the first monolayers of the
Cu(In,Ga)Se2 thin films. This is, scanning probe microscopy techniques are
highly surface sensitive, also when applied on fractured cross-sections of
Cu(In,Ga)Se2 solar-cell stacks [143]. This issue will be treated again further
below in the present chapter, when discussing the electrical properties of various
extended structural defects in Cu(In,Ga)Se2 thin films.

The remaining issue is nonradiative recombination, reducing the open-circuit volt-
age but also influencing the short-circuit current and the fill factor (see the corre-
sponding items above). In the compound semiconductor Cu(In,Ga)Se2, with rather
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low net doping of 1015 − 1016 cm−3 and thus rather small contribution of Auger re-
combination, the SRH recombination has been identified as dominant nonradiative
recombination process [15], which occurs via defect states in the band gap. Regard-
ing the energy-band diagram, the closer the defect state is to the midgap position,
the higher is the recombination rate RSRH. According to Siebentritt [29], up to 7%
absolute in power-conversion efficiency may be gained when shifting the nonradiative
recombination further to radiative recombination in the quasi-neutral region of the
solar cell, with a diode-ideality factor nid=1 and a saturation current density closer
to j0,rad (Eq. 2.4). Thus, reducing nonradiative recombination in Cu(In,Ga)Se2 solar
cells represents a great potential of improving the power-conversion efficiencies towards
25% and beyond.

Nonradiative (SRH) recombination is generally connected to corresponding pro-
cesses at interfaces within or between individual layers, especially at the interface
between the p and the n layer forming the junction of the solar cell (since there, n
equals p, thus, the recombination rate is maximum), as well as at extended structural
defects. While nonradiative recombination at interfaces between individual layers can
be reduced by designing chemically these interfaces (i.e., by adjusting the growth
parameters of the corresponding thin films), the structural quality of the solar ab-
sorber and corresponding contributions to nonradiative recombination is often taken
for granted. Therefore, there is a substantial necessity of enhanced understanding
of not only which properties extended structural defects in Cu(In,Ga)Se2 thin films
exhibit and how they (possibly) influence the device performance, but also how these
structural defects form during growth and how the microstructure can be controlled by
choosing an appropriate set of growth parameters during the Cu(In,Ga)Se2 thin-film
growth.

5.2 Point defects

Since the present work focuses on linear, planar, and three-dimensional defects, the
section on point defects in Cu(In,Ga)Se2 will be kept rather short. Overviews on this
topic were provided by Cahen [144], Burgelman et al. [145], Zunger [146], Rau and
Schock [147], Rockett [148], and Siebentritt et al. [149].

Doping of Cu(In,Ga)Se2 is due to intrinsic defects, while it is a highly compensated
compound semiconductor. Cu(In,Ga)Se2 with p-type conductivity is obtained if grown
with [Cu]/([In]+[Ga])<1 and under high Se vapour pressure [150, 151]. In p-type
Cu(In,Ga)Se2 applied for high-efficient solar cells, the Cu vacancy V−Cu is considered
the dominant acceptor, and the Se vacancy V2+

Se the main, compensating donor [152].
Antisite In2+

Cu and Ga2+
Cu as well as Cu2−

In and Cu2−
Ga are further native donors and

acceptors in Cu(In,Ga)Se2. Impurity diffusion from diffusion across the heterojunction
interface between Cu(In,Ga)Se2 and various buffer layers such as CdS and Zn(O,S) may
lead to the formation of further donors Cd+

Cu and Zn+
Cu. The point defects NaCu, KCu,

SSe, and OSe, induced by impurity diffusion from the buffer layers given above or also
from the soda-lime glass substrate, are quasi-neutral but result in the formation of
weak donors and weak acceptors because of the different electronegativities of S, O,
and Se as well as of Na, K, and Cu [153].

40



5.3. Line defects: dislocations

5.3 Line defects: dislocations

The present section gives an overview about the microstructural, compositional, and
electrical properties of dislocations in Cu(In,Ga)Se2 thin films for solar cells. At the
end of this section, a structural model for these dislocation is proposed. The results
given below are based on the following publications:
- J. Dietrich, D. Abou-Ras, T. Rissom, T. Unold, H.-W. Schock, C. Boit, ”Composi-
tional gradients in Cu(In,Ga)Se2 thin films for solar cells and their effects on structural
defects”, J. Photovolt. 2 (2012) 364-370, doi: 10.1109/JPHOTOV.2012.2190584.
- J. Dietrich, D. Abou-Ras, S.S. Schmidt, T. Rissom, T. Unold, O. Cojocaru-Mirédin,
T. Niermann, M. Lehmann, C.T. Koch, C. Boit, ”Origins of electrostatic potential
wells at dislocations in polycrystalline Cu(In,Ga)Se2 thin films” J. Appl. Phys. 115
(2014) 103507-1-12; doi: 10.1063/1.4867398.

5.3.1 Structural properties

While dislocations are recognized in transmission electron microscopy images acquired
on Cu(In,Ga)Se2 thin films, only very few systematic reports are available on the
properties of these line defects formed in Cu(In,Ga)Se2 (bulk) crystals. Various re-
ports on dislocations in strained chalcopyrite-type single crystals [154–159] and in
Xe-ion-implanted CuInSe2 thin films [160] do not give a clear picture on Burgers and
dislocation line vectors in chalcopyrite-type crystal lattices. Overall, various values
have been published.

The currently only available detailed dislocation analysis on polycrystalline Cu(In,Ga)Se2

thin films in high-efficient solar cells [161] reports 60◦ configurations for dislocations
in Cu(In,Ga)Se2 thin films, as evidenced by high-resolution transmission electron mi-

crographs (Fig. 5.5), with Burgers vectors of
−→
b 60◦ = 1

4 [201] and [110] dislocation lines
(the notation is due to a (nearly) 60◦ angle between [201] and [110] vectors in tetrag-
onal Cu(In,Ga)Se2 crystal structures. This is, the dislocations in Cu(In,Ga)Se2 thin
films exhibit both, edge and screw contributions, with an introduced {112} half-plane,
similar to dislocations found in deformed Si crystals [162].

For the dislocation core in a Cu(In,Ga)Se2 crystal, two different configurations are
expected (see Fig. 5.6). Either the dislocation core consists of an atomic column of
Cu, In, and Ga, or one containing only Se. Since the cations (Fig. 5.6a) and anions
(Fig. 5.6b) in the dislocation core are not compensated, a residual charge resides at the
atomic lattice sites. This situation is not stable, and we will see further below which
mechanisms are available in the CuInSe2 crystal to lower the total energy and thus to
achieve a stable equilibrium condition.

As in Si crystals, it may be energetically favorable for a dislocation in a Cu(In,Ga)Se2

thin film to dissociate (see Section 3.2), resulting in a 30◦ and in a 90◦ partial dis-
location, with a corresponding stacking fault bound between them (see Fig. 5.7 for a
corresponding transmission electron micrograph):

−→
b 60◦ =

−→
b 30◦ +

−→
b 90◦

1

4
[201] =

1

12
[421] +

1

6
[111]

Again, the notation is due to 30◦ and 90◦ angles between [421] / [111] and the
[110] dislocation core. An overview of possible partial dislocations in chalcopyrite-type
crystals is given in Ref. [158]. The enthalpy of the dissociation of dislocations, also
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Figure 5.5: (a) High-resolution transmission electron micrograph of a Cu(In,Ga)Se2

crystal oriented in [110] orientation, exhibiting a dislocation. The corresponding {112}
lattice planes are highlighted by yellow lines. (b) Improved visibility of the dislocation
is provided by allowing only electrons diffracted at (112) and at (112) lattice planes to
contribute to the micrograph (by masking of corresponding reflections in the Fourier
transform (FT) of the micrograph). (c) Model for 60◦ dislocation, with inserted {112}
half-plane. From Ref. [161], TEM image acquired by Dr. Tore Niermann, TU Berlin.

Figure 5.6: Structural representations for dislocation cores in a CuInSe2 crystal. Either
the dislocation core consists of an atomic column of Cu and In (a), or one containing
only Se (b). The residual charges at the sites of the various atomic columns in the
lattice are indicated. From Ref. [161].
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identified with that of the formation of a stacking fault, is larger for Cu(In,Ga)Se2

(about 0.8-3 J/m2 [163]) than for Si crystals (about 50 mJ/m2 [162]). To our expe-
rience, the frequency of dissociated dislocations in Cu(In,Ga)Se2 thin films and also
that of stacking faults is therefore rather low, in contrast to Si crystals, in which such
dissociations are found more frequently.

Figure 5.7: Bright-field transmission electron micrograph of a Cu(In,Ga)Se2 crystal
containing two dissociated dislocations (not visible), which are bound to stacking
faults.

5.3.2 Spatial distributions of dislocations and correlation with
compositional gradients

Generally, no homogeneous distributions of dislocation densities in Cu(In,Ga)Se2 thin
films have been found. While in some grains, not any dislocations can be identified in
transmission electron micrographs, in other grains, these line defects exhibit densities
of as high as 1010 − 1011cm−2 [164].

High densities of dislocations within individual grains in a Cu(In,Ga)Se2 thin film
has recently been correlated directly to large spatial changes of the [Ga]/([Ga]+[In])
compositional ratio [164]. Fig. 5.8 shows a bright-field transmission electron mi-
croscopy (BF-TEM) image with a highlighted single large grain and energy-dispersive
X-ray spectrometry (EDX) elemental distribution maps of Cu, Ga and In of the identi-
cal area. By means of dark-field TEM images (not shown here), it was evidenced that
the highlighted area is one contiguous grain. The highlighted grain in Fig. 5.8a shows
a dislocation distribution that consists of a part with a high dislocation density close
to the Mo back contact (visible by dark lines) and a part with a significantly lower
dislocation density in the middle part of the Cu(In,Ga)Se2 layer. In the part close to
the Mo back contact, the dislocation density was estimated to about 1010cm−2, by a
method introduced by Steeds [165]. Within the accuracy of the EDX measurement
(approximately 1 at.%), the Cu(In,Ga)Se2 thin films do not show any compositional
inhomogeneities parallel to the substrate, neither inside the grains nor in the vicinity
of the grain boundaries. In contrast, the Ga and In distribution maps in Fig. 5.8b-d
indicate that the Ga and In concentrations vary perpendicular to the glass substrate,
also within this individual grain. Such a scenario was found equally for various other
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large grains (with diameters of more than 1 µm). In smaller grains, the presence of
dislocations is less likely due to the high densities of grain boundaries, which may
compensate for strain.

Figure 5.8: Cross-sectional, bright-field TEM image of a
ZnO/Cd/Cu(In,Ga)Se2/Mo/glass stack (a). A single, large grain is highlighted
by a solid white line, and the area of the EDX mapping by a dashed white line. EDX
elemental distribution maps are composed of Cu-K (b), Ga-K (c), In-L signals (d).
From Ref. [164]

Figure 5.9: Bright-field TEM image of the large grain displayed in Fig. 5.8a. The
yellow arrow with the red dashes represents the extracted linescan of a TEM-EDX
mapping with 20 data points. The lattice parameter c with the first derivative dc/dx
are plotted (b) over the distance x. Reproduced from Ref. [164]

A linescan (yellow arrow in Fig. 5.9a) perpendicular to the substrate inside the
grain displayed in Fig. 5.8a was extracted from the EDX elemental-distribution maps
(Figs. 5.8b-d). Assuming that the microstrain is negligible, the Ga concentrations
from this linescan and the lattice parameters for polycrystalline Cu(In,Ga)Se2 thin
films with various integral Ga concentrations, given in the literature [166], were used
to calculate the spatial distributions of the lattice parameters c and a. In order to
obtain a value for the gradient of the change in lattice parameters, the first derivative
dc/dx was calculated. The lattice parameter c and dc/dx were plotted over the distance
x of the linescan in Fig. 5.9b. The area where dislocations are identified in the TEM
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image is highlighted by grey dashed lines in Fig. 5.9b. It is apparent that the large
dislocation densities are present in the region around the maximum of dc/dx.

Based also on results from similar analyses on various Cu(In,Ga)Se2 thin films, a
threshold value of dc/dx of 3x10−5 was estimated for the presence of high densities of
dislocations (1010 − 1011cm−2), which separates corresponding regions in large grains
from those areas free of apparent lattice defects. This value can also be considered as
threshold between the elastic and the plastic deformation regime for the Cu(In,Ga)Se2

crystal structure. The value of dc/dx=3x10−5 can be transformed into changes of 12-
13 at.%/µm in Ga concentration or into a strain of about 1.4 %/µm as corresponding
threshold values.

5.3.3 Origin of electrostatic potential wells at dislocations

Distributions of average electrostatic potential around dislocations

Potential wells were obtained at various dislocations located within the studied
Cu(In,Ga)Se2 layer. The minimum values of the average electrical potential within
the well, ∆V min

av , did not exhibit dependencies on the positions of the dislocations in
the Cu(In,Ga)Se2 layer (close to the interface with the CdS buffer layer or close to the
Mo back contact). Examples are given in Fig. 5.10. It is apparent that the values for
the local minima of the potential wells ∆V min

av in Figs. 5.10b and d are different.
In order to evaluate the potential distributions around the line of a dislocation

correctly, few issues need to be considered. Other than a grain boundary, which is
still visible when oriented edge-on for inline electron holography, the dislocation line
is not detectable easily any more in a focused, medium-resolution TEM image when
tilted to end-on orientation, i.e., parallel to the electron beam. For such an orientation,
identification of dislocations is difficult. Therefore, various dislocations with different
orientations of dislocation cores relative to the surface normal of the TEM lamella
were investigated.

In order to compare various analyzed dislocations, the changes of the potential
∆Vav are modeled to stem from a cylinder of radius R with a constant potential V
(Fig. 5.11). This is a simplified model (concept adepted from Ref. [167]), which we only
use to compare the dislocations independent from their individual orientation. The
dislocation cylinder depends on the orientation of the dislocation core in the TEM
lamella. The total thickness of this lamella is given by t(x, y). The diameter 2R of
the dislocation cylinder can be determined from the width of the measured potential
wells.

The measured phase shift ∆φ(x, y) is then composed of the difference in average
electrostatic potential ∆V 0

av(x, y) within the defect-free layer with thickness t − 2R
(where t is here an average thickness of t(x, y) over all x and y values) and of the
difference in electrostatic potential at the dislocation core, ∆Vdisloc with extension 2R:

∆φ(x, y) = σt(x, y)∆Vav(x, y)

= σ
[
(t(x, y)− 2R) ∆V 0

av(x, y)
]

+ 2R∆Vdisloc(x, y).
(5.3)

Since the difference in average electrostatic potential ∆V 0
av(x, y) within the defect-

free layer can be considered zero, Eq. 5.3 simplifies to, when solved for ∆Vdisloc(x, y):

∆Vdisloc(x, y) =
1

σ

∆φ(x, y)

2R
. (5.4)
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Figure 5.10: a) Spatial variations of the phase of the reconstructed exit-plane electron
wave function around a dislocation in Cu(In,Ga)Se2 oriented parallel to the incident
electron beam. The yellow arrow indicates the extracted profile of variations in phase
and average electrostatic potential given in (b). c) Spatial variations of the phase of
the reconstructed exit-plane electron wave function around a dissociated dislocation
orientated perpendicular with respect to the electron beam and d) the corresponding
extracted line scan with the plotted phase and electrostatic potential. The value
∆Vav = 0 V was set within the volume of the grain.

Figure 5.11: Schematics of dislocations oriented a) parallel and b) perpendicular with
respect to the incident electron beam. The phase of exit-plane electron wave, ∆φ(x, y),
varies around the dislocation. The diameter 2R of the dislocation cylinder is deter-
mined by the width of the well in the phase profile ∆φ(x, y) across the dislocation.
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In the following, we will consider only undissociated dislocations. Out of 18 inves-
tigated dislocations in the Cu(In,Ga)Se2 layer, 10 exhibited potential wells, which are
summarized in Table 5.2. Interestingly, at the other 8 dislocations, no considerable
change above noise level was detected in the phase distributions. This results will be
discussed further below in section 5.3.3.
The average value and the standard deviation for the local minimum ∆V min

disloc results
to (-1.4±0.2) V. It is remarkable that the variations of ∆V min

disloc between the individ-
ual dislocations are quite small. This fact indicates similar origins for the potential
wells measured at the different dislocations. The full widths at half maximum of the
potential wells are between 2-8 nm.

Table 5.2: The minimum values of the variations in the phase, ∆φmin, and in the
average electrostatic potential ∆V min

av , the full width at half maximum (FWHM), the
diameter 2R of the dislocation cylinder, the thickness t of the TEM lamella, and the
spatial variations in averaged electrostatic potential at the dislocation core, ∆V min

disloc,
for 10 undissociated dislocations. Also given are the orientations of the dislocations
with respect to the lamella surface (|: perpendicular, -: parallel, /: intermediate
inclination between parallel/perpendicular.

Dislocation ∆φmin ∆V min
av FWHM 2R t ∆V min

disloc Orien-

number (rad) (V) (nm) (nm) (nm) (V) tation

1 -0.64 -1.3 5.8 10 70 -1.3 |
2 -0.10 -0.29 3.3 8 48 -1.7 /

3 -0.11 -0.21 4.0 11.5 76 -1.3 /

4 -0.13 -0.24 6.0 11.5 76 -1.6 /

5 -0.10 -0.18 7.8 11.5 76 -1.2 /

6 -0.08 -0.14 4.5 8.5 76 -1.3 /

7 -0.08 -0.15 7.5 10 76 -1.1 /

8 -0.08 -0.11 4.3 8 108 -1.4 /

9 -0.11 -0.21 2.8 12 72 -1.3 /

10 -0.15 -0.26 4.1 11 80 -1.9 -

In the following, various possible origins for the potential wells obtained by inline
electron holography will be discussed.

Possible origins of potential wells at dislocations

Strain field around dislocation Strain fields may influence the average electro-
static potential according to Eqs. 4.5 and 4.4 since the MIP depends on the local
volume of the unit cell, Ω. In order to investigate the influence of strain fields around
dislocations, the displacement field of atomic positions in a CuInSe2 lattice around
a dislocation was determined using the anisotropic, elastic description provided by
Steeds [61]. Details on the exact procedure can be found in Ref. [88]. The resulting
CuInSe2 lattice in [110] orientation with a 60 ◦ dislocation and the dislocation core
perpendicular to the image plane is given in Fig. 5.12a.
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Figure 5.12: (a) Calculated CuInSe2 lattice in [110] orientation around a 60 ◦ disloca-
tion with inserted (112) half plane, determined using the anisotropic, elastic description
provided by Steeds [61]. The total lattice exhibits a volume of 17.7 x 12.5 x 13.8 nm3

and about 120’000 atoms. (b) The average electrostatic potential Vav is simulated by
the software QSTEM [168] for a crystal tilt of 1◦. The yellow arrow gives the position
of the extracted linescan shown in c). At the borders of the potential distribution,
boundary effects are visible. d) Profile of the variations in phase ∆φ and ∆Vav across
the dislocation, obtained by a through-focus series (inline electron holography) of the
CuInSe2 lattice in (a), performed by use of the software QSTEM.
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Using this CuInSe2 lattice, the spatial distributions of phase and amplitude around
the dislocation for an electron wave travelling through this lattice was calculated using
the software QSTEM [168], which applies a multislice algorithm. In order to reduce
dynamical effects, the crystal was tilted to 1 ◦ for the simulation. From the phase
distribution, the distribution of the average electrostatic potential was determined us-
ing Eq. 4.1. The corresponding spatial distribution is given in Fig. 5.12b, and an
extracted linescan (along the arrow in b) in Fig. 5.12c.
Moreover, a through-focus series of TEM images was simulated using the QSTEM
software and the lattice in Fig. 5.12a. This series contains 15 individual images with
varying defocus between ± 490 nm (step size 70 nm). This maximum defocus is limited
by the size of the CuInSe2 lattice used. For larger defocus values, boundary effects of
the crystal model dominate the simulated TEM image. Experimentally, a much larger
defocus step of about 800 nm was used.
From this through-focus series, the spatial variations in phase and amplitude around
the dislocation were calculated, as performed in inline electron holography with exper-
imentally obtained focus series. A corresponding distribution of spatial variations in
the average electrostatic potential were determined using Eq. 4.1. A linescan across
the dislocation extracted from this distribution is given in Fig. 5.12d. Apparently,
this linescan is similar to the one of the average electrostatic potential in Fig. 5.12c.
These linescans reflect the strain field around the dislocation core due to the change
in atomic density. Due to locally larger/smaller atomic densities in the lattice, local
maxima/minima in the potential distributions at the dislocation core are visible in the
simulations. Both distributions in Figs. 5.12c and d exhibit rather small full widths
at half maxima/minima of only about 0.6 nm, which is substantially smaller than the
corresponding values of about 2-8 nm for the potential wells obtained experimentally.
It should be noted that these local maxima/minima are present only in the simulated
linescans and not in the experimental results since in general, the dislocation core may
be oriented with respect to the incident electron beam in such a way that the local
maxima and minima cancel each other (at least in part). In conclusion, the results
given in Figs. 5.12c and d show that strain fields may contribute to a small extent to
the measured potential wells but are not sufficient to explain fully their presence.
We note that in contrast to the dislocations analyzed in the present work, the lower
atomic density at a twin boundary containing a dislocation core, owing to correspond-
ing ”gaps” in the atomic structure, has indeed been shown to explain (in part) a local
minimum in the average electrostatic potential [169].

Charge density at dislocations Since the dislocation core in a Cu(In,Ga)Se2

crystal contains either only Se2− ions (also Se atoms) or cations (Cu+, In3+, and
Ga3+, also Cu, In, and Ga atoms), see Fig. 5.6, it can be expected to exhibit a
negative or a positive charge density. This charge density and possible compensating
charges contribute to the average electrostatic potential via ∆Vcharge(x, y) in Eq. 4.4,
which is connected to the spatial distribution of charges ρ(x, y) via Poisson’s equation
−→
∇2Vcharge(x, y) = −ρ(x, y)/ε0εr, where ε0 and εr are the vacuum and relative permit-
tivity. In the following, the cases of positive and negative excess charge at dislocation
cores will be treated separately.

1. Negative line-charge density screened by free holes in p-type Cu(In,Ga)Se2:
This case would lead indeed to potential wells as measured by means of inline
electron holography in the present work. Poisson’s equation can be solved, using
cylinder coordinates and assuming charge compensation only by the majority
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charge carriers in the p-type Cu(In,Ga)Se2 layer, to [88]

Vcharge(x, y) =
qL

2πε0εr
K0

(
|−→r |

LDebye

)
. (5.5)

Here, qL is the line charge along the dislocation core, K0(ξ) the modified Bessel
function of second kind and of zero order of the argument ξ, and −→r = (x, y). It
is assumed that ∆Vcharge(x, y) < kBT . The Debye screening length LDebye can
be written as

LDebye =

√
kBTε0εr
e2NA

,

whereNA is the acceptor density and also the effective net doping in Cu(In,Ga)Se2,
assuming that all acceptor states are ionized at room temperature. For Cu(In,Ga)Se2,
typically values of about 1015 − 1016 cm−3 have been reported [170,171].

For the calculation of Vcharge in Eq. 5.5, NA was set to 1 × 1016 cm−3, and
εr to 11.3 for CuInSe2 [172], resulting in LDebye = 40 nm. The contribution
of a negative charge density at the dislocation core to the average electrostatic
potential, Vcharge, was plotted in Fig. 5.13 for qL = −1 and -5 e/nm. In order
to get comparable results for the experimental data and the simulated potential
distribution, a band-pass filter was applied to both curves. The upper cut-off
frequency is the size of the objective aperture (1.2 1/nm). The lower cut-off
frequency is related to various sources, as, e.g., the noise in the acquired image,
or to the accuracy of the focal spacings within the through-focus series [173]. This
lower value of the band filter can not be determined precisely but was estimated
from the measured phase information to 0.01 1/nm. As lower detection limit,
a value of qL = 0.1 e/nm can be estimated, assuming the noise level for the
measured potential distributions of about 0.1 V and NA = 1× 1016 cm−3.

There is a good agreement of the calculated, filtered potential distribution and
the potential well obtained experimentally only for qL = -5 e/nm. Considering
a p-type Cu(In,Ga)Se2 layer with a band-gap energy Eg = 1.2 eV, for which the
Fermi level is below the midgap position, a line charge density of qL = -5 e/nm
would result in a band bending of −e Vcharge = 1.4 eV, which is in the order
of the band-gap energy. The valence band would be bent to more than Eg/2 =
0.6 eV above the Fermi level, charging the semiconductor way up into the band,
leading to very large density of states. Therefore, similar to a strain field, excess
charge may contribute to a small extent to the measured potential wells but is
not sufficient to explain fully their presence.

2. Positive line-charge density: In a p-type semiconductor, positive excess charge at
the dislocation core would lead to increased average electrostatic potential, and
not to potential wells. However, it is still important to estimate a possible in-
fluence of positive charge densities to the background noise of the measurement.
According to Read [174], a positively charged dislocation line in a p-type mate-
rial is screened by a depletion zone around the dislocation. The corresponding
screening radius R results from the balance of the line charge density qL and the
ionized acceptor density NA in the volume around the dislocation core:

R =

√
qL

πNA
.
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Figure 5.13: A negative, linear charge density in a p-type semiconductor leads to a
negative screening potential (by free holes), see Eq. 5.5. This potential distribution
is plotted for an acceptor density of 1 × 1016 cm−3 and for line charge densities of
qL = −1 and -5 e/nm. For comparison, the measured change in potential Fig. 5.10b
is given (blue graph). The position of dislocation core is set to the distance of r = 0.
A band-pass filter with 0.01 nm−1 lower and 1.2 nm−1 upper cut-off frequency was
used in the simulation to comply with the size of the objective aperture and with the
information limit in the experimental setup.

The potential distribution can then be written as (with |−→r |2 = x2 + y2)

Vcharge(x, y) =
qL

4πε0εr

[
ln

(
|−→r |2

R2

)
− |
−→r |2

R2
+ 1

]
. (5.6)

If we set again NA = 1× 1016 cm−3 in Eq. 5.6, the noise level for the potential
measurements of 0.1 V would lead (as also given above for the negatively charged
dislocations) to a maximum line charge density qL of about 0.1 e/nm. Therefore,
the corresponding potential distribution Vcharge(x, y) has a negligible influence
on the measured potential wells.
However, a value of qL < 0.1 e/nm can be translated into an average distance
between free holes at the dislocation core of about 10 nm. From the net doping
density of NA = 1 × 1016 cm−3, an average distance between free holes within
the bulk of the Cu(In,Ga)Se2 crystal of about 46 nm can be calculated. This
means, the possible charge densities at the dislocation core below the detection
limit of the inline electron holography would be about 4 times larger than that
in the volume of the Cu(In,Ga)Se2 thin film. Therefore, this fact has to be taken
into account when discussing electrical properties of dislocations in Cu(In,Ga)Se2

further below.

Compositional changes at dislocations Finally, also changes in composition at
or around the dislocation can influence average electrostatic potentials via the differ-
ences in MIP, i.e., Ω and f el

j (0), in Eqs. 4.5 and 4.4. We have performed compo-
sitional measurements across dislocations in Cu(In,Ga)Se2 thin films by (scanning)
TEM, but have not yet succeeded in determining unambiguously the composition of
dislocation cores. To date, the only results giving corresponding information have
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been obtained by means of atom-probe tomography (APT), which is a mass spec-
troscopy providing three-dimensional insight into a specimen with high spatial reso-
lutions of down to about 1-2 nm. In Fig. 5.14, a reconstructed, three-dimensional
APT data cube is depicted, which gives the Na distribution within a section of a
polycrystalline Cu(In,Ga)Se2 thin film. Na typically segregates to extended structural
defects, when diffusing from the soda-lime glass substrate into the Cu(In,Ga)Se2 thin
film (see, e.g., [175–177]). The Na signal is enhanced at various positions: within a
planar feature, which is identified as a grain boundary, and within two lines, which
can be related to dislocation cores.

Figure 5.14: Reconstructed, three-dimensional APT data cube of a Cu(In,Ga)Se2 crys-
tal exhibiting the Na distribution across the crystal. The Na signal is enhanced within
a plane, which is identified as a grain boundary, as well as within two linear features,
which can be related to dislocation cores.

Fig. 5.15 shows linescans extracted from the APT data around one of the linear
features (D1 in Fig. 5.14). Local maxima are visible in the Na and K signals, while the
Cu signal is reduced considerably. Moreover, the Na and Cu signals exhibit different
full widths at half maximum/minimum of 1.5 and 3 nm. In contrast, the In, Ga, and
Se signals do not change substantially within the errors of measurement, and the O
signal remains below the noise level throughout the measured specimen volume. We
note that the elemental distributions around the linear feature D2 in Fig. 5.14 are
similar.

It should be mentioned that up to date, only very few APT data cubes actually ex-
hibit linear features with compositional changes. Therefore, the statistics on elemental
distributions across dislocations is very poor. Nonetheless, these linear features can
be distinguished well from stacking faults, microtwins, and grain boundaries, which
are planar defects and hence exhibit changes in composition along a plane in the APT
data cube.

The elemental concentrations for Cu, In, Ga, and Se in the volume of the Cu(In,Ga)Se2

crystal were determined to 25, 20, 8, and 47 at.% by means of APT. We note here
that these values differ slightly from the values measured by means of X-ray flurores-
cence analysis on the Cu(In,Ga)Se2 thin film, which are 23, 18, 8, and 51 at.% (the
differences between the compositional measurements show that corresponding errors
can be estimated to 1-2 at.%, depending on the element). At the dislocation core, the
Cu concentration is decreased to about 18 at.%. The corresponding change in MIP
was calculated from the change in the Cu concentration across the dislocation core
using Eq. 4.5, neglecting changes in the unit-cell volume Ω. Atomic scattering factors
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5.3. Line defects: dislocations

Figure 5.15: Elemental distribution across the linear Na segregation in a Cu(In,Ga)Se2

thin film, marked as D1 in Fig. 5.14. Local maxima are visible in the Na and K
signals, where also the Cu signal is reduced considerably. The local minimum in the
Cu distribution exhibits a larger width than the maximum in the Na distribution. The
In, Ga, and Se signals do not change substantially across the dislocation. The O signal
remains below the noise level throughout the measured specimen volume.

reported by Refs. [178–180] were used. A band-pass filter with 0.01 nm−1 lower and
1.2 nm−1 upper cut-off frequency was applied in the simulation to comply with the size
of the objective aperture and with the information limit in the experimental setup.

It should be noted at this point that no values for the scattering factor f el
j (0) of

Se2− are available in the literature. Therefore, only atomic and not ionic scattering
was considered in the present work. However, one may still regard the influence on
the MIP of the ionicity of Cu. A neutral Cu atom exhibits a scattering factor of 0.629
nm, while Cu+ and Cu2+ ions of 0.312 and 0.265 nm [178–180]. This is, the calculated
reduction in the MIP would be smaller the higher the ionicity of the Cu.

Assuming only scattering at neutral atoms, the resulting distribution of MIP agrees
very well concerning the width and the depth with the measured variation in average
electrostatic potential from Fig. 5.10b, see Fig. 5.16. In the calculation of the change
in MIP, the variations in Na and K are neglected since these compositional changes
are only about 1 at.% and lower.

Changes in composition, represented mainly by a depletion in Cu, give the best
agreement with the measured local minima in the distributions in the average elec-
trostatic potential. It is assumed that this depletion in Cu is related entirely to the
presence of VCu. Presence of InCu and GaCu can be neglected owing to not any con-
siderable change in the In and Ga signals at what has been identified as the dislocation
core. It should be mentioned that compositional properties of dislocations have also
been analyzed by means of high-resolution STEM imaging and EELS mapping. How-
ever, unambiguous results have not been obtained by these techniques up to now.

In the following section, we will see how the results presented above are translated
into a structural model for dislocations in Cu(In,Ga)Se2 thin films.
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Figure 5.16: The MIP is calculated by use of Eq. 4.5 and of the elemental distributions
obtained by means of APT (Fig. 5.15). The dislocation core is assumed to be at the
minimum of the MIP (at r=0). For comparison, the measured change in potential
(Fig. 5.10b) is given by open squares. A band-pass filter with 0.01 nm−1 lower and 1.2
nm−1 upper cut-off frequency was used in the simulation to comply with the size of
the objective aperture and with the information limit in the experimental setup. The
concentration of VCu is calculated by (1 − [Cu]/25 at.%) × 100 at.%, assuming that
the depletion in Cu is related entirely to the presence of VCu (and not, e.g., of InCu).

Proposed structural dislocation model and possible impact on photovoltaic
device performance

As starting point, we take the structural representations of the inserted half planes
given in Figs. 5.6a and b (termed cases a and b in the following). As outlined already
above in Section 5.3.1, the dislocation cores in Cu(In,Ga)Se2 thin films containing
either cations (Cu+, In3+, and Ga3+) or Se2− ions exhibit positive or negative excess-
charge densities. For cation-terminated and Se-terminated {112} surfaces of CuInSe2

and CuGaSe2 crystals, Persson and Zunger [181, 182] calculated by means of density-
functional theory (DFT) that these excess-charge densities can be reduced by the
formation of either Cu vacancies V−Cu (for cation termination) or by In2+

Cu/Ga2+
Cu (for

Se termination).

Such atomic reconstruction may also be assumed for the dislocation cores in Cu(In,Ga)Se2

films, regarding them as ”linear surfaces”. The reconstruction only occurs either within
the dislocation core (for cation termination), or in the line of cations neighboring the
dislocation core (for Se termination), in analogy to Refs. [181, 182]. Apparently, that
can not explain a Cu depletion with a width of a few nanometers and the measured
potential wells.

Instead, the following mechanism is proposed (see Figs. 5.17a and b). As indicated
by the APT results, the atomic reconstruction may be influenced by the presence of Na
and K. We neglect the small concentration of K detected at the dislocation core for the
following discussion. It is furthermore assumed that the reconstructions of the inserted
half planes (Figs. 5.6a and b) are attended by Na segregation to the dislocation cores.
We note that in Cu(In,Ga)Se2 crystal, Na occupies preferably V−Cu and In2+

Cu [183].

If we consider case (a) with a dislocation core containing only cations and V−Cu

compensating the excess positive charge, Na is likely to occupy the Cu vacancies (be-
cause of similar ionic radii of Na and Cu), forming NaCu [183–185]. This process affects
considerably the atomic reconstruction at the cation-containing dislocation core (case
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Figure 5.17: Structural models for the inserted half planes with dislocation cores in
a CuInSe2 lattice taking account atomic reconstruction, i.e., formation of either Cu
vacancies VCu (for cation-containing) or by InCu (for Se-containing dislocation cores).
In addition, Na (and K to minor extent) segregates to the dislocation core. (a) The re-
construction of the cation-containing dislocation core by formation of VCu is influenced
by Na occupying Cu sites. This leads to excess positive charge and a field-induced Cu
diffusion away from the dislocation. (b) The reconstruction of the Se-containing dis-
location core by formation of InCu may be affected by Na occupying InCu. A similar
scenario can be drawn for a CuGaSe2 crystal.

(a)) and leads to a remaining positive line charge due to the dangling bonds (taking
into account the concentrations of about 7 at.% of VCu and of about 1 at.% of Na
measured by means of APT).

The positive excess charge is compensated by a field-driven Cu diffusion away
from the dislocation core, resulting in a region of about 3 nm in width around the
dislocation, within which Cu is depleted (see Fig. 5.17a). This proposed mechanism
is probable because of the high mobility of Cu in the substoichiometric Cu(In,Ga)Se2

compound [186], containing intrinsically a large concentration of VCu of up to few
percentages.

The positive line charge density introduced by the presence of Na+ ions (in addi-
tion to VCu compensating positive excess charge at the dislocation cores containing
cations) should be sufficiently small to result in a negligible contribution to the aver-
age electrostatic potential. In Sec. 5.3.3, the corresponding value was estimated to
qL < 0.1 e/nm.

Regarding case (b) with a Se-containing dislocation core in Fig. 5.6b, the Cu sites in
the cation line neighboring the dislocation are already occupied by In atoms. Although
calculations by density-functional theory [183] suggest that Na is likely to reduce the
density of In2+

Cu/Ga2+
Cu defects by forming NaCu in the bulk of a Cu(In,Ga)Se2 crystal,

this is scenario would not explain a substantial decrease in the average electrostatic
potential Vav.

If Na reduced all In2+
Cu/Ga2+

Cu defects in the line of cations neighboring the Se-
containing dislocation core, this would lead to a field-driven diffusion of In2+

Cu defects
away from the dislocation core. Regarding the resultant influences on the electrostatic
potential of such an action, first, the ionic scattering factor of In2+

Cu do not differ
considerably from that of Cu (i.e., scattering factors of In3+ and of Cu are quite
similar [178,180]). Secondly, the change in the atomic density by the substitution of Cu
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by In would be negligible. Therefore, the measured potential wells do not correspond
well to a scenario according to case (b) in Figs. 5.17b. Instead, the potential wells are
explained best by the presence of a Cu depletion within a region of about 3 nm width
around the dislocation core, which is related to the formation of NaCu, introducing a
positive excess charge density, according to case (a).

We like to address again the result that out of 18 (not dissociated) dislocations,
10 exhibit electrostatic potential wells, all with depths of about -1.4 V and widths
of 2-8 nm. Naturally, there may be various reasons why not any potential well is
measured at the position of a dislocation. Based on the considerations in the previous
paragraph, we propose the following scenario for dislocation cores in Cu(In,Ga)Se2

thin films containing Na. The 10 dislocation cores with potential wells summarized
in Table 5.3.3 contain only cations, according to case (a). For those 8 dislocations
at which not any substantial change in average electrostatic potential was measured
(within the resolution of about 0.8 nm), the cores contain only Se, see case (b).

Considering the two proposed structural dislocation models for Cu(In,Ga)Se2 thin
films, cases (a) and (b) depicted in Fig. 5.17, we briefly discuss possible influences on
the power-conversion efficiency in the corresponding Cu(In,Ga)Se2 solar cells. Regard-
ing case (a), a Cu depletion as measured around the dislocation core by means of APT
(possibly the origin of the measured potential wells) can be associated with a lowering
of the valence-band maximum (VBM) in Cu(In,Ga)Se2, as calculated by Persson and
Zunger [181] by means of DFT. For this, we assume that the surface of a Cu(In,Ga)Se2

crystal and the dislocation core, being the terminating atomic line of the inserted half
plane, exhibit the same electronic properties and only differ in their dimensions (note
that a grain boundary can be considered two surfaces connected one with the other,
in a simplified model). The VBM of CuInSe2 (and also of CuGaSe2) consists of anti-
bonding Se-p and Cu-d hybrid orbitals. The removal of Cu from the surface results in
a lowering of the antibonding state and thus in a lowering of the VBM. For CuInSe2,
the VBM offset is calculated to be 0.22 eV, for CuGaSe2 even 0.55 eV [182]. The
lower VBM at the dislocation core with respect to the surrounding bulk Cu(In,Ga)Se2

crystal acts as a barrier for holes, thus reducing recombination, which was confirmed
for grain boundaries by two-dimensional device modelling [35,187].

Indeed, electron-beam-induced current measurements (not shown here) conducted
on a solar cell with a Cu(In,Ga)Se2 layer containing dislocation densities of about 1010

to 1011 cm−2 [164] did not exhibit any substantial changes of the local short-circuit
current. Also, two-dimensional device simulations of Cu(In,Ga)Se2 solar cells with
Cu(In,Ga)Se2 layers containing such hole barriers at grain boundaries in the space-
charge region [35, 38] indicate that power-conversion efficiencies of these solar cells
are close to devices free of grain boundaries for VB offsets of larger than 0.2-0.3 eV.
Taretto et al. [38] also raise the issue of tunnelling of charge carriers through the hole
barriers to the grain boundaries, leading to tunnelling-enhanced recombination. These
authors calculated the width of this barrier below which effective tunnelling-assisted
recombination occurs to about 3 nm. This value is in good agreement with the full
widths at half minima of the measured potential wells and of the Cu depletion detected
by means of APT.

For Se-terminated {112} surfaces corresponding to case (b) in Fig. 5.17 with Se-
containing dislocation core (i.e., Se-terminated {112} Cu(In,Ga)Se2 surface in the DFT
calculations), Persson and Zunger [182] report only a very small energy-band offset of
about 40 meV for CuInSe2 (for CuGaSe2, there is even not any offset). However, the
electronic band diagram at the dislocation core would not be similar to that of the grain
interiors. Due to the increased density of point defects at this type of dislocation core,
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it is expected that also the density of defect states within the band gap is larger, which
should enhance recombination of charge carriers. To date, it remains unclear what the
effect of the Se-containing dislocation core on the device performance of Cu(In,Ga)Se2

solar cells is. The structural models for dislocation cores in Cu(In,Ga)Se2 thin films
in Fig. 5.17 would need also confirmation by means of ab-initio modelling.

Conclusions

Here, comprehensive insight was provided into the structural, compositional, and elec-
trical properties of dislocations in Cu(In,Ga)Se2 thin films. The 60◦ dislocations in
Cu(In,Ga)Se2 exhibit either a cation-containing or Se-containing core. Only at a part
of the dislocations studied, the distributions of the average electrostatic potential, ob-
tained by means of inline electron holography, show local minima with depths of about
-1.4 V. Cu depletion within an about 3 nm wide region around dislocation cores, as
indicated by APT, explains best the measured potential wells. The influences on these
potential wells of the strain fields around the dislocations and of charge accumulations
at the cores are rather small.
The structural model for dislocation core containing only cations comprises Na oc-
cupying partly Cu vacancies, leading to positive excess charge and field-induced Cu
migration away from the dislocation. This Cu depletion is attended by the measured
potential wells. The corresponding VB offsets at these type of dislocation may be one
reason why still decent photovoltaic performance in spite of the presence of large dis-
location densities in Cu(In,Ga)Se2 thin-film solar cells. In contrast, for Se-containing
dislocation cores, no Cu depletion and thus also no changes in the average electrostatic
potential are predicted.

5.4 Planar defects: stacking faults and twin bound-
aries

5.4.1 Stacking faults

As stated in Section 5.3, the frequency of stacking faults bound to dissociated dislo-
cations is rather low in Cu(In,Ga)Se2 thin films. Also, these structural defects are
not found frequently in corresponding transmission electron micrographs. This fact
can be attributed to the rather high formation enthalpies (about 0.8-3 J/m2 [163]), as
compared with that in Si (about 50 mJ/m2 [162]).

Yan et al. [137] reported that no deep-level defects generated by lamellar twins and
stacking faults in Si, CdTe, and CuInSe2, based on ab-initio density-functional theory
calculations. Therefore, it is expected that, owing to the coherent nature of stacking
faults, which does not involve the presence of dangling bonds, this planar lattice defect
does not affect the electrical properties of the corresponding solar cells considerably.

5.4.2 Twin boundaries

The content of the present section is based on the following publications:
- D. Abou-Ras, B. Schaffer, M. Schaffer, S.S. Schmidt, R. Caballero, T. Unold, ”Di-
rect insight into grain boundary reconstruction in polycrystalline Cu(In,Ga)Se2 with
atomic resolution”, Phys. Rev. Lett. 108 (2012) 075502-1-5, doi: 10.1103/Phys-
RevLett.108.075502.
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- S.S. Schmidt, D. Abou-Ras, S. Sadewasser, W. Yin, C. Feng, Y. Yan, ”Electrostatic
potentials at Cu(In,Ga)Se2 grain boundaries - experiment and simulations”, Phys.
Rev. Lett. 109 (2012) 095506-1-5, doi: 10.1103/PhysRevLett.109.095506.

Many analyses and simulations reported in the literature which refer to grain
boundaries in Cu(In,Ga)Se2 thin films actually only consider highly symmetric twin
boundaries, which serve as model boundaries. All implications on structure-property
relationships drawn at twin boundaries can, however, not be translated easily into
those at general grain boundaries of low symmetry.

A good overview of possible twin constellations in Cu(In,Ga)Se2 crystals is given by
Krejci et al. [188]. It should be noted that the twin boundaries in this work (Krejci et
al.) all exhibit a Σ value [52] of 3. Generally, the larger this quantity is, the lower is the
symmetry of a grain boundary. Furthermore, a Σ3 grain boundary is not necessarily
a twin, and also grain boundaries with Σ values of higher than 3 may exhibit twin
constellations.

It should be mentioned that the fraction of Σ3 (twin) boundaries (with respect to
the total density of grain boundaries) is generally high in Cu(In,Ga)Se2 thin films,
about 50-80% [189,190] (see Fig. 5.18 for examples). Their frequencies were found to
be dependent on the growth process of the thin film, particularly, on the stress imposed
on the thin film during this process. For very fast Cu(In,Ga)(S,Se)2 growth processes
(e.g., rapid thermal processes) with holding durations at maximum temperature of few
minutes, the relative frequencies of Σ3 grain boundaries can reach values of up to about
80% [189]. This result gives rise to the assumption that the formation enthalpies of
twin boundaries in Cu(In,Ga)Se2 is rather low and that these planar defects are means
of reducing strain in the thin films.

Figure 5.18: Pattern-quality maps from Cu(In,Ga)Se2 thin films in various completed
solar cells, with Σ3 grain boundaries highlighted by red lines.

It is generally not possible by means of EBSD to determine the Σ values of grain
boundaries in polycrystalline thin films for Σ > 3 unambiguously. This is owing to the
fact that for a given Σ value (> 3), the misorientation between two neighboring grains
in a polycrystalline thin film may deviate substantially from the expected orientation
relationship corresponding to this misorientation.

Considering preferential orientations of twin boundaries with respect to the sub-
strate, it was found [191] that they are not related to the integral textures in Cu(In,Ga)Se2

thin films. For those grain boundaries which exhibit a twin configuration, it is possible
to trace back how twinning occurred by evaluating the local orientations of adja-
cent grains. This is due to the fact that the rotation transformation of the twinning
can be described by a unique rotation matrix (considering also corresponding sym-
metrically equivalent matrices). Starting from distinct crystal orientations such as
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<100>/<001>, <110>/<201>, and <221>, it may be calculated using this matrix
how these original orientations change after twinning. All grains which exhibit these
resulting orientations can be highlighted in EBSD maps, and should be adjacent to
grains with the original orientations for Σ3 grain boundaries. More detailed reports
on this approach can be found in Refs. [192,193].

Σ3 twin boundaries

Persson and Zunger [181, 182] proposed a lowering of the valence-band maximum
(VBM) at grain boundaries (with twin constellations), acting as barrier for holes in
the grain interiors, thus reducing recombination through defects at the GB. In their
calculations by first principles density functional theory (DFT), these authors modeled
twin boundaries in CuInSe2 and CuGaSe2 as being formed by two polar {112} surfaces,
which are considered more stable than non-polar surfaces in CuInSe2 and CuGaSe2

because of the low formation energies for surface reconstruction. This reconstruction
involves generation of either Cu vacancies at cation-cation terminated surfaces or InCu

antisites at the subsurfaces of the Se-{112} planes (Se-Se termination). In case of a
surface reconstructed by Cu vacancies, a lowering of the VBM is found. The VBM of
CuInSe2 consists of antibonding Se-p and Cu-d hybdrid orbitals. The removal of Cu
from the surface results in a lowering of the antibonding state and thus in a lowering
of the VBM. In contrast, the VBM is not changed substantially at Se-Se-terminated
GBs [182].

Σ3 twin boundaries in Cu(In,Ga)Se2 thin films in ZnO/CdS/ Cu(In,Ga)Se2/Mo/glass
solar-cell stacks were identified [194] in high-resolution scanning transmission elec-
tron microscopy (HR-STEM) images. By means of spatially resolved electron energy-
loss spectrometry (EELS) measurements, the elemental occupations of the individ-
ual atomic columns were determined. The authors of Ref. [194] show that the twin
boundaries can be divided into three categories: two with Se-Se terminated {112}
lattice planes (type I and II), and one with a cation-containing {112} plane facing a
Se {112} plane (type III), see Fig. 5.19 for an overview. Cation-cation terminated
twin boundaries were not identified in the sample studied. It is apparent from the
HR-STEM images in Fig. 5.19 that the distances between the atomic planes adjacent
to the twin-boundary planes are larger for the type I and II twins (0.28±0.01 and
0.29±0.01 nm, while 0.20±0.01 nm at the type III twin boundary; the errors were
estimated as systematic from various measurements). This difference in distance can
be attributed to different Se-Se and Se-cation bonding lengths across the type I/II and
III twin boundaries.

Elemental distribution maps composed of Cu, In, and Se signals extracted from
individual EEL spectra acquired on an area containing a twin boundary of type I (Fig.
5.19) are given in Fig. 5.20. It was not possible to evaluate the Ga-L2,3 edge since it
was superimposed by the Cu-L2,3 edge in the EEL spectrum. Na and oxygen signals
do not exhibit intensities above the noise level. Also APT measurements have so far
not given rise to accumulations of impurities at twin boundaries in Cu(In,Ga)Se2 thin
films [195].

While the Se signal distribution (Fig. 5.20b) corresponds well to the atomic lattice
image given in Fig. 5.20a, the In and Cu distributions appear smeared out, suggesting
interdiffusion of these atoms. Nevertheless, substantial Cu depletion and slight In
enrichment is found at the position of the twin boundary (Figs. 5.20c and d), compared
with the grain interiors, as illustrated by the linescan given in Fig. 5.20e.

Corresponding HR-STEM and EELS measurements at the type II twin boundary
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Figure 5.19: Structural representations of the twin boundaries (TBs) analyzed for the
present work and the corresponding high-resolution STEM images (type I, II, and III).
The positions of the Se and cation columns were determined from EELS measurements
(by Figs. 5.20, 5.21, and 5.22.

(5.21) confirmed the results from the type I twin boundary. In contrast, no considerable
In enrichment (as compared with the Se signal) but indeed also Cu depletion was
detected at the type III twin boundary (Fig. 5.22). As found for the type I and II
twin boundaries, Na and oxygen signals exceeding the noise level were not measured.

This result of Cu depletion and In enrichment at type I and II twin boundaries is
a direct, experimental evidence for the model given by Persson and Zunger [181,182],
which assumes reconstruction of such twin boundaries by the formation of Cu vacancies
and InCu antisite defects. Since {112} planes contain both, Cu and In (and Ga) atoms,
the finding of reduced Cu and enhanced In signals can not be explained by geometrical
aspects at the twin boundary but only by atomic reconstruction. As suggested by the
reduced Cu signal at the type III twin boundary, reconstruction of internal surfaces via
formation of Cu vacancies takes also place in case of oppositely charged polar surfaces
(type III twin boundary).

It should be noted that the region of compositional changes at the twin boundaries
is very narrow, only of approximately 0.7-0.8 nm in width, corresponding well to about
twice the interplanar distances of {112} planes in Cu(In,Ga)Se2 crystals (about 0.33
nm; for type I and II twin boundaries, taking into account also the gap between the
Se-containing {112} planes, about 0.08-0.09 nm, see Fig. 5.19). In previous studies,
Siebentritt et al. [196] as well as Hafemeister et al. [197] reported about the transport
properties and local surface potentials across a Σ3 twin boundary in CuGaSe2. These
authors found this twin boundary to be charge neutral. Furthermore, they were able
to simulate conductivity and Hall measurements by taking into account tunneling of
holes across a 2 nm wide and 170 meV deep barrier at the twin boundary, formed
by a lowered VBM. The width of this suggested barrier is larger than the extensions
of the regions at twin boundaries with compositional changes, as given in Figs. 5.20,
5.21, and 5.22. Nevertheless, tunneling of charge carriers to the twin boundary is very
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Figure 5.20: High-resolution STEM image (a) of the Se-Se-terminated twin boundary
(TB) given in Fig. 5.19a, as well as Se, In, and Cu distribution maps (b, c, and d)
extracted from EELS spectra acquired on the identical area as the STEM image. An
EELS line scan acquired across this TB at yet a different position (e) exhibits sub-
stantial Cu depletion and slight In enrichment at the position of the TB. Dotted lines
in a-e indicate the limits of the region around the TB where changes in composition
were detected. Dashed horizontal lines in (e) give the level of the Se signal, which was
taken as reference. The error bars were estimated from the systematic errors at 10%
of the measured values.

probable for widths below 3 nm, as calculated by Taretto et al. [38].
Analyses of Σ3 twin boundaries by means of electron-beam-induced current (EBIC)

[138, 198, 199], cathodoluminescence (CL) [77, 132], scanning Kelvin probe force mi-
croscopy (KPFM) [139], as well as scanning capacitance microscopy (SCM) [140], all
combined with EBSD on the identical sample positions, showed no sign of considerably
reduced short-circuit currents, radiative recombination, charge accumulations, or local
doping level at most twins boundaries. These highly symmetric, planar defects exhibit
small depths of electrostatic potential wells (obtained by electron holography) of not
more than 200 mV, with widths of about 1-2 nm [191]. Although such extensions give
rise to tunneling-enhanced recombination, (most) twin boundaries are considered not
to affect substantially the device performance of the Cu(In,Ga)Se2 thin-film solar cell.
This result is not very astonishing since similar results have already been obtained on
twins in Ge [46] and Si [47] more than 50 years ago.

The overall low electrical activity at Σ3 twin boundaries may be related to the
small densities of dangling bonds at twin boundaries and the correspondingly similar
density of states as within the grains. Also, Yan et al. [137], who performed ab-initio
calculations for Σ3 twin boundaries with {114} twin boundary planes (exhibiting a
dislocation core) compared density of states before and after lattice relaxation and
show that after lattice relaxation, the density of deep defect levels in the band gap at
these twin boundaries is very low.

It should be mentioned that for a small fraction of Σ3 twin boundaries, indeed,
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Figure 5.21: High-resolution STEM image of the Se-Se-terminated twin boundary
(TB) given in Fig. 5.19b, as well as Se, In, and Cu distribution maps extracted from
EELS spectra acquired on the identical area as the STEM image. An EELS line scan
acquired across this TB at yet a different position exhibits substantial Cu depletion and
slight In enrichment at the position of the TB. Dotted lines in a-e indicate the limits
of the region around the TB where changes in composition were detected. Dashed
horizontal lines in (e) give the level of the Se signal, which was taken as reference. The
error bars were estimated from the systematic errors at 10% of the measured values.

changes in EBIC [77], CL [132], KPFM [139], and SCM measurement signals [140]
were detected. For these rare cases, the twin constellation may be assumed incoherent
(twin-boundary plane not identical with {112} symmetry plane).

Σ9 twin boundaries

Scientific reports about twin boundaries in Cu(In,Ga)Se2 thin films with Σ values of
larger than 3 are very rare. Hafemeister et al. [197] performed electrical transport stud-
ies combined with local charge measurements on a Σ9 twin boundary in a CuGaSe2

bicrystal (see Fig. 5.23), which exhibits a lower symmetry compared with highly sym-
metric Σ3 twin boundaries treated in various recent reports [181,182,196,200,201].The
results indicate the presence of a thin (few nm) and high (up to about 500 meV) trans-
port barrier for majority carriers at the Σ9 twin boundary, which is considerably larger
than the value given for a Σ3 twin boundary (170 meV [197], see above). Concerning
possible effects of Σ9 twin boundaries on the device performance, it can be assumed
that a barrier of 500 meV would reduce the hole transport substantially, which has an
impact on the overall device performance.

Schmidt et al. [169] report on a combined ab-initio DFT calculation, multislice
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Figure 5.22: High-resolution STEM (HAADF) image of the Se-cation-terminated twin
boundary (TB) given in Fig. 5.19c, as well as In, Se, and Cu distribution maps ex-
tracted from EELS spectra acquired on the identical area as the STEM image. The
elemental distribution profiles were extracted from across the maps. Dotted lines in
the STEM image, the maps, and the profiles indicate the limits of the region around
the TB where changes in composition were detected. Dashed horizontal lines give the
level of the Se signal, which was taken as reference. The error bars were estimated
from the systematic errors at 10% of the measured values.

simulation, and electron holography study, conducted on the same CuGaSe2 bicrystal
sample with Σ9 twin boundary as studied by Hafemeister et al. [197]. The electrostatic
potential obtained by means of electron holography is about 0.8 V lower at the Σ9 twin
boundary core than in the grain interiors (Fig. 5.24). This value is larger than depths
of potential well measured at Σ3 twin boundaries (about 0.2 V) [191]. The full width
at half minimum of this potential well is about 1.5 nm (similar to the values found
at Σ3 twin boundaries). By DFT calculations and multislice simulations, Schmidt et
al. found that one major contribution to the potential well measured is the reduced
density of atoms at the cation and anion GB cores, rather than the differences in
charge density of individual atoms. Unfortunately, changes of composition have not
yet been confirmed at Σ9 twin boundaries, although they would be quite probable,

Figure 5.23: Crystal model of the CuGaSe2 Σ9 twin boundary cores after ab-initio
DFT calculations.
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regarding corresponding results obtained at Σ3 twin boundaries and also random grain
boundaries (see below).

Figure 5.24: The measured potential profile, as well as multislice-simulated, electro-
static potential profiles across the anion and cation grain-boundary cores.

5.5 Grain boundaries
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After having treated highly symmetrical twin boundaries, the present section deals
with randomly oriented grain boundaries (GBs) of low symmetry. Note that in general,
a GB does not resemble a straight plane but exhibits a certain curvature, in contrast
to twin boundaries. As a consequence, there are not any specific crystal planes found
at GBs for the neighboring grains, again in contrast to the atomic constellations of
(coherent) twins. Therefore, it can be expected that the density of dangling bonds is
high, which may result in an excess charge density, and also that the mass density is
reduced only because of the spacings in between the atomic lattices of the neighboring
grains.
As stated above (section 5.4.2), the relative frequency of Σ3 (twin) boundaries in
polycrystalline thin films is rather high (50-80%). This is, fewer than 50% of all GBs
are random ones of low symmetry (for Cu(In,Ga)Se2 thin films in solar cells with power-
conversion efficiencies of more than 15%). Since Σ3 (twin) boundaries do not affect
the solar-cell performance substantially (section 5.4.2), influences on the photovoltaic
device are expected mainly from the low-symmetrical (random) GBs, and to a small
extent also from twin boundaries with Σ values of larger than 3.

In the following, an overview will be given on the various analyses which have been
performed on GBs in polycrystalline thin films, and on the few efforts of combining the
corresponding techniques with EBSD measurements on identical specimen positions,
in order not only to determine positions of GBs unambiguously but also to distinguish
between Σ3 (twin) and random GBs. Only in case this information from EBSD maps
is available, conclusions on electrical or optoelectronic properties of GBs can be drawn
(else, one can not be sure whether a specific signal was really measured at the position
of a GB).

In the following, correlative EBSD analyses on random GBs combined with other
techniques applied in scanning electron (SEM) and scanning probe microscopy (SPM)
are presented. Moreover, details are given also on the characterization of random
GBs by means of atom-probe tomography (APT) as well as by high-resolution scan-
ning transmission electron microscopy (HRSTEM), electron energy-loss spectrometry
(EELS), and inline electron holography. An important issue are the different informa-
tion depths of the techniques applied, as already outline in Chapter 4.5. This is to be
considered when comparing the corresponding results and concluding on a consistent
picture of GBs in Cu(In,Ga)Se2 thin films.

5.5.1 Cathodoluminescence analyses at grain boundaries

All cathodoluminescence measurements on Cu(In,Ga)Se2 GBs that are reported in the
literature [131,202–206] were conducted at low temperatures of nominally 5-100 K. This
is because the signal-to-noise ratio at ambient temperatures is very small. However,
the optoelectronic properties of Cu(In,Ga)Se2 GBs at low temperatures may not be
the same as the ones for ambient temperatures (at which the solar cell is operated).

A further correlative EBSD/CL work was performed by Müller et al. [132]. Fig.
5.25 shows the EBSD pattern-quality images [207] of CuInSe2, CuGaSe2 , and Cu(In,Ga)Se2
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thin films in complete solar cell stacks (Mo/glass substrates and ZnO/CdS window
layers), together with spatial distributions of the CL intensity and the CL peak wave-
length. The CuInSe2 layer displays by far the largest grains compared to the other two
samples. A detailed analysis of the spatial distribution of the grains and average grain
sizes of the CuInSe2, CuGaSe2, and Cu(In,Ga)Se2 thin films studied in the present
work is discussed by Dietrich et al. [164].

In Fig. 5.25, Σ3 (introduced in section 3.4.1) GBs are highlighted by solid lines
and non-Σ3 GBs by dashed lines in the EBSD pattern-quality maps. This information
was transferred to CL intensity and CL peak wavelength maps acquired at identical
positions. The CL images are compiled of three individual maps, with the intensity
images showing the spectrally integrated intensity at a specific point, and the peak
wavelength images displaying the corresponding wavelength of the local maximum in
the CL spectrum.

Fig. 5.26 shows CL spectral linescans extracted across representative Σ3 and non-
Σ3 GBs on the CuGaSe2 sample. The corresponding positions are marked in Fig 1b
by arrows. The spectral position of the luminescence is not influenced by the Σ3 GB
(Fig. 5.26a), whereas at the non-Σ3 GB (Fig. 5.26b), a spectral shift of 4.2 meV to
lower energies was detected.

The CL spectral images from a large number of GBs in CuInSe2 and CuGaSe2

thin films were evaluated, and their spectral shifts are summarized in Fig. 5.27. All
analyzed Σ3 GBs in CuInSe2 (Fig. 5.27a) and CuGaSe2 (Fig. 5.27b) do not exhibit a
spectral shift. In contrast, 10 out of 13 non-Σ3 GBs in CuInSe2 layers and 11 out of
14 non-Σ3 GBs in CuGaSe2 layers show a red shift of up to 9 meV, which agrees well
with values published by Romero et al. [131,206].

This result indicates that the generation of charge carriers and also the radiative
recombination behavior does not change substantially across high-symmetry Σ3 GBs.
Even though a spectral shift at non-Σ3 GBs was detected, the corresponding values
are much smaller than the thermal energy kBT . Thus, this effect may not have a
considerable impact on the device performance of the solar cell operated at ambient
temperature.

In addition, it should be noted that although the position of the impinging electron
beam during the CL spectral imaging is known, it is unclear where the luminescence
signal is emitted from in the sample. Diffusion of charge carriers generated by the
electron has to be considered, as well as preferential CL emission depending on the
band-gap energy in the specimen. For example, one possible scenario may be that the
band-energy at GBs is larger, and that all charge carriers generated at the GBs first
would diffuse to the grain interiors before recombining. However, within the scope of
the present work, we were not able to verify a corresponding energy-band diagram at
and around GBs.

In contrast to the CuInSe2 and CuGaSe2 layers, the results from CL spectral im-
ages obtained on the Cu(In,Ga)Se2 thin film (containing In and Ga) are by far more
difficult to interpret. This is mainly because of the fact that this layer does not exhibit
homogeneous elemental distributions but In/Ga gradients perpendicular to the sub-
strate. As a consequence, the assignment of the positions of the GBs to the CL signals
was not as precise as for the CuInSe2 and CuGaSe2 layers, which is particularly severe
because of the rather small average grain sizes in the Cu(In,Ga)Se2 layer (about 0.5
µm, which substantially smaller than those if the CuInSe2 and CuGaSe2 thin films).
The signals from neighboring GBs superimpose each other considerably. Therefore,
we decided not to discuss the spectral shifts and intensity distributions across GBs in
the Cu(In,Ga)Se2 thin film studied in the present work. This issue will be subject to
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Figure 5.25: EBSD pattern-quality maps, CL intensity images and CL peak wavelength
images of polished (a) CuInSe2, (b) CuGaSe2, and (c) Cu(In,Ga)Se2 cross sections.
The positions GBs, determined by the EBSD maps, are highlighted by solid lines for
Σ3 GBs and by dashed lines for non-Σ3 GBs.
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Figure 5.26: Exemplary spectral linescans across Σ3 GBs (a) and a non-Σ3 GB (b)
acquired on a cross-section sample of a CuGaSe2 solar cell.

Figure 5.27: Spectral red shift of the luminescence at the GB separately for Σ3 GBs
and non- Σ3 GBs for CuInSe2 (a) and CuGaSe2 (b). The black numbers display the
count of GBs with no spectral shift.
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future studies.
Another question is the behavior of the intensity at the GBs and its symmetry

dependence. A reduction of the luminescence intensity at GBs has been reported in
former CL studies [131,202,205,206]. Fig. 5.28 shows examples of spectrally integrated
intensity profiles extracted from linescans across different GBs on the CuInSe2 sample,
which are representative also for the CuGaSe2 and Cu(In,Ga)Se2 thin films. As already
visible in Fig. 5.25, there are Σ3 and non-Σ3 GBs which demonstrate a dip of the
intensity (Figs. 5.28a and b). On the other hand, there are GBs which exhibit a step
(Fig. 5.28c), representing the intensity difference between neighboring grains, and (Σ3)
GBs with no substantial change in intensity (Fig. 5.28d).

Figure 5.28: CL intensity profiles, extracted from linescans perpendicular to different
Σ3 and non- Σ3 GBs on the CuInSe2 sample.

Fig. 5.29 gives a summary of the intensity changes at GBs in the ternary layers.
Here, again a symmetry dependence is clearly visible. Most of the Σ3 GBs in CuInSe2

(Fig. 5.29a) and in CuGaSe2 thin films (Fig. 5.29b) do not reveal a substantial change
above the noise level in the CL intensity profiles across the GB. In contrast, most of
the non-Σ3 GBs in CuInSe2 and CuGaSe2 layers exhibit steps or local minima in the
CL signals. For the CuInSe2 layer, the decreases of intensity were found to be down to
about 55%, while at CuGaSe2 GBs, these values were even down to 90%. We will see
further below that these strongly varying CL signals at different GBs can be explained
in terms of different changes in composition and the correspondingly different electronic
band diagrams, leading to different radiative recombination behaviors.

Apart from the symmetry issue, it is apparent from the present work that CL signals
change differently at different (non-Σ3) GBs. In addition, the CL intensities vary also
between adjacent (Figs. 5.28c and 5.29) and inside individual grains substantially.
Within 10 individual grains, the distributions CL intensity profiles were investigated.
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Figure 5.29: Relative intensity reduction at GBs separately for Σ3 GBs and non- Σ3
GBs for CuInSe2 (a) and CuGaSe2 thin films (b). The decreased intensity is divided
into step-like features (steps) and local minima (dips). See Fig. 5.28 for examples.

The resulting maximum relative variations in CL intensity are summarized in Fig.
5.30. We find that the CuInSe2 (CuGaSe2) thin film exhibits variations in the range
of 26 to 85% (8 to 50%). The Cu(In,Ga)Se2 sample comprises either grains showing
small fluctuations of around 10% or those with high variations of around 90%.

Figure 5.30: Relative intensity decreases (variations, normalized to the maximum CL
intensity) extracted from intensity profiles acquired inside of 10 different grains within
the CuInSe2, CuGaSe2, and Cu(In,Ga)Se2 thin films.

In an effort to extract effective diffusion lengths for minority charge carriers and also
recombination velocities at GBs, we have applied the approach suggested by Mendis
et al. [208] for GBs in CdTe thin films. However both, the resulting diffusion lengths
and the recombination velocities of about 100-300 nm and 1-10 cm/s, were smaller
than values reported in the literature, which are typically in order of about 0.5-1.6 µm
[198,209] and 103-104 cm/s [198,210]. A limiting issueis that constant CL signals over
several micrometers within grains adjacent to a given GB are required for successful
application of this approach, which is not provided for the Cu(In,Ga)Se2 thin films
studied in the present work. Thus, the approach suggested by Mendis et al. [208] is
not applicable here.
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5.5.2 Electron-beam-induced current analyses at grain bound-
aries

For these measurements, the electron-beam induced (short-circuit) current (EBIC) is
detected as a function of the position of irradiation a [55]. A current line-profile per-
pendicular to the p-n junction I(a) can be described by a convolution of the generation
profile g(x, a) and the collection function φ(x) [211]:

IEBIC(a) =

∫
g(x, a)φ(x)dx (5.7)

where x is the spatial coordinate perpendicular to the p-n junction and a is the x
coordinate of the position of irradiation. For this one dimensional expression, transla-
tion invariance parallel to the p-n junction is assumed, which means that, e.g., effects
of GBs on charge carrier collection are not considered. Furthermore, low injection
conditions are assumed (i.e., the charge-carrier density generated by the impinging
electron beam is smaller than the net doping), and the collection function must not
depend on the position of generation. The collection function of a solar cell with single
p-n junction is maximum in the space charge region because of field assisted charge
carrier collection and decreases in direction of the back contact in the quasi neutral
region. The decrease is determined by the absorber layer minority charge-carrier dif-
fusion length [209].
In a previous EBIC study, however, it was shown that in Cu(In,Ga)Se2 solar cells,
charge carrier collection is generation dependent [212]. Therefore, EBIC profiles can-
not be described by Eq. 5.7 assuming a constant collection function. This behaviour
was explained by assuming that the width of the space charge region depends on the
position of generation due to charge carrier trapping in deep acceptor-type defect states
close to the Cu(In,Ga)Se2/CdS interface (p+ layer). The space charge region is larger
for generation close to the Cu(In,Ga)Se2/CdS interface and smaller for generation in
the Cu(In,Ga)Se2 bulk [209, 213]. It was also shown that ”intensive” electron beam
irradiation of the interface region of the cross section of a Cu(In,Ga)Se2 solar cell
changes the shape of EBIC profiles: the maximum gets broader and it shifts to higher
current values [55], which might be caused by a reduction of the space charge density
due to the irradiation [55].
In the high injection regime, i.e., if the density of generated charge carriers is in the
same range or larger than the equilibrium charge carrier density, charge-carrier col-
lection is qualitatively different. This difference can have a significant impact on the
shape of EBIC profiles.
Empirical descriptions of g(x, a) can be found in Refs. [214, 215]. A solution for the
collection function φ(x) obtained from the charge-carrier continuity equation for the
neutral region of a semiconductor with a back contact under low injection conditions
is:

φ(x) =
1/L cosh ((x− xMo)/L)− SMo/D sinh ((x− xMo)/L)

SMo/D cosh ((x− xSCR)/L)− 1/L sinh ((xMo − xSCR)/L)
(5.8)

where L is the diffusion length of the electrons generated in the Cu(In,Ga)Se2 layer,
SMo is the recombination velocity at the Mo back contact, D is the electron diffusion
constant, xMo is the position of the back contact and xSCR is the position of the edge
of the space-charge region (SCR).
If charge carriers are generated in the proximity of a surface or interface where en-
hanced recombination takes place, they can be attributed a reduced effective lifetime.
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The modified collection function in case of the presence of such a surface can be
desribed by replacing L in Eq.5.8 by a reduced effective diffusion length Leff [4]

Leff =

√
1− [SSFL/SSF(L+ 1)]

∫
g(z) exp(−z/L)dz (5.9)

where z is the coordinate perpendicular to the surface, SSF is the charge-carrier recom-
bination velocity at the surface and g(z) is the generation profile. By deconvolution
of the measured EBIC line profiles I(a) and extraction of Leff in dependence of EB by
fitting, the charge-carrier diffusion length L, the recombination velocity at the back
contact SMo and the recombination velocity at the Cu(In,Ga)Se2/vacuum-interface
SSF can be determined.
In a similar manner, GBs can be considered surfaces with recombination velocities
SGB, neglecting substantial accumulation of charges and also changes in composition,
both affecting the energy-band diagram at the surface. An effective diffusion length
LGB

eff can be determined depending on the distance y to the GB, instead of on the
coordinate z, in analogy to Eq. 5.9:

LGB
eff (y) =

√
1− [SGBLeff/SGB(Leff + 1)]

∫
g(y) exp(−y/Leff)dy (5.10)

Due to the lateral generation function g(y), the diffusion length LGB
eff depends on the

acceleration energy EB. In the case of GBs, the collection function φ(y, z) depends
also on the distance y to the GB.

Correlative EBIC/EBSD results from cross-sections of Cu(In,Ga)Se2 solar-
cell stacks

Fig. 5.31 shows a SEM image, an EBSD pattern-quality map and EBIC maps at
different beam-energies EB of a polished cross section of a Cu(In,Ga)Se2 solar-cell at
the same position. The brighter a pixel of an EBIC map is displayed the larger is the
corresponding current. The EBIC maps were recorded after intensive irradiation of the
ZnO layer close to the p-n junction. This is necessary in order to avoid the formation
of a barrier impeding the electron flow at the Cu(In,Ga)Se2/CdS interface as explained
in Ref. [78] in terms of a persistent reduction of the negative charge density in a p+

layer at the Cu(In,Ga)Se2/CdS interface.
In Fig. 5.32, EBIC profiles across the GB indicated in Fig. 5.31 are shown together

with simulated EBIC profiles parallel to the p-n junction for different recombination
velocities SGB. The position of the minimum was set to y=0. The model is based on
the assumption of a reduced effective diffusion length Leff in the proximity of a GB due
to recombination at the Cu(In,Ga)Se2/vacuum interface and at the GB as described
by Eq. 5.10. It can only give a rough estimate for SGB since for the description of
the lateral generation profile, one-dimensional, empiric expressions [214,215] are used,
which only describe charge-carrier generation at the position of irradiation correctly.
For the simulation the following values were used: D = 1 cm2/s, L = 0.8 µm, SSF =
8×104 cm/s and SSF = 8×104 cm/s. A comparison indicates that the EBIC contrast
given in Fig. 5.31 may be caused by GB recombination with a velocity of about
SGB ≈ 103 − 104 cm/s.

It should be noted that by far not all EBIC profiles across random GBs in poly-
crystalline Cu(In,Ga)Se2 thin films (acquired on cross-sections of high-efficiency solar
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5.5. Grain boundaries

Figure 5.31: Cross-sectional SE image, EBSD map and EBIC images at different beam
energies EB at the same identical sample position of a Cu(In,Ga)Se2 solar-cell. From
Ref. [198].

Figure 5.32: Measured EBIC line profiles parallel to the p-n junction extracted from the
EBIC images in Fig. 5.31, as well as simulated curves for different GB recombination
velocities SGB. The GB is located at y=0. From Ref. [198].
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cells) exhibit a local minimum at the position of the GB. Kawamura et al. [199] as well
as Nichterwitz [216] found EBIC signals also to be enhanced at some (random) GBs.
These results will be corroborated by combined EBSD/EBIC measurements at back
surfaces of Cu(In,Ga)Se2/CdS/ZnO stacks in the following section.

Different EBIC profiles across various GBs from the backsides of
Cu(In,Ga)Se2/CdS/ZnO stacks

The acquisition of correlative EBSD and EBIC data from backsurfaces of Cu(In,Ga)Se2/
CdS/ZnO stacks provides the advantage of analyzing large specimen areas with a high
number of grains and GBs. However, owing to the different measurement geometry,
the model by Donolato [4] used for the cross-section EBIC profiles can not be applied.
Instead, EBIC images need to be acquired at various electron-beam energies EB. Then,
by use of empiric generation profiles [214,215], the collection function in the direction
of the depth coordinate z, φ(z), is calculated via ξIEBIC(EB) =

∫∞
0
φ(z)g(EB, z)dz.

Here, ξ is a quantity containing the electron-beam current IB, the electron-beam en-
ergy EB, as well as the band-gap energy of the solar-cell absorber Eg (see also the
collection efficiency further below in this subsection).
The following results are described more in detail in Ref. [77]. EBIC images were
acquired on the backsurfaces of Cu(In,Ga)Se2/CdS/ZnO stacks (see section 4.1.6 for
details on the specimen preparation). In Fig. 5.33, various profiles extracted from
EBIC images across GBs in Cu(In,Ga)Se2 (Fig. 5 in Ref. [77]) and CuInSe2 (Fig.
5.34b) thin films without irradiation by the electron beam are shown. There is no
general behavior of the EBIC signal found for all the GBs investigated. At most GBs,
the current exhibits a local minimum, with different minimum values. At some GBs,
the EBIC is increased substantially with respect to the grain interiors. Asymmetric as
well as symmetric EBIC distributions were found.
For GBs with enhanced EBIC signals with respect to the grain interiors (found at
several GBs on both, CuInSe2 and Cu(In,Ga)Se2 backsurfaces), the current increases
from both sides towards the GB, where the increase of the EBIC value starts in a
distance of about 1000 nm from the GB. In addition, a local minimum in the EBIC
signal is visible at the position of the GB, which exhibits a full width at half maximum
of 50 to 100 nm. These shapes of the EBIC signals around GBs may be attributed
to two effects on charge carriers with two different length scales (about 1 µm and
50-100 nm). While EBIC profiles across GBs with local minima at the position of the
GB can be simulated by use of the theory introduced in Ref. [77], see also subsection
”Quantification of EBIC signals at GBs” further below, it is currently not possible to
provide an physical explanation for the increased EBIC at GBs.

EBIC, CL and EBSD data from identical positions SEM, EBIC, EBSD and
CL data acquired on an identical position on the back surface of a CuInSe2 thin film
are shown in Fig. 5.34. The current values given by the EBIC images depend on
the distance of the impinging electron beam to the contact wire and on whether the
contact wire touches the back contact directly on the CuInSe2 (also Cu(In,Ga)Se2)
surface or whether graphite is deposited on the absorber back contact. The EBIC
signals acquired at 5 keV, 125 pA, and room temperature are higher with a graphite
layer on the CuInSe2 (Cu(In,Ga)Se2) surface, likely because of the better conductivity
and reduced surface recombination than for a CuInSe2 (Cu(In,Ga)Se2) thin film only.
The monochromatic CL image (Fig. 5.34c) acquired at about 8 K, 8 keV, 1 nA, and at
a wavelength of 1260 nm (band-gap energy of CuInSe2) shows the spatial distribution
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5.5. Grain boundaries

Figure 5.33: Profiles extracted from EBIC images recorded with an electron-
beam energy of 8 keV at a) Cu(In,Ga)Se2 and b) CuInSe2 GBs on backsides of
Cu(In,Ga)Se2/CdS/ZnO stacks. All EBIC intensities were normalized by the beam
current IB.

of radiative recombination from the CuInSe2 absorber. We note that up to date, we
have not been able to acquire CL images from CuInSe2 (also Cu(In,Ga)Se2) thin films
at room temperature with decent signal-to-noise ratios, which would be necessary for
correlation of EBIC and CL images obtained at temperatures similar to working solar
cells under sunlight.

The EBSD maps represent the diffraction pattern quality (Fig. 5.34d) and the
orientation distribution (Fig. 5.34e) of the grains at the CuInSe2 back surface. At the
position of the grain boundaries, the pattern quality is very low (dark pixels) since
EBSD patterns from neighboring grains superimpose. As a result, the added EBSD
pattern cannot be indexed by the evaluation software. GBs can be classified by means
of EBSD measurements, which provide the misorientations between all neighboring
grains. The misorientation again is related to the symmetry of the GB. A highly
symmetric type of GBs are those with a Σ value of 3 (the Σ value is explained in detail
in Ref. [52] and in chapter 3.4.1). These Σ3 GBs are highlighted in the pattern-quality
map by white lines. Identifying unambiguously the Σ values of larger than 3 is not
possible for GBs in polycrystalline Cu(In,Ga)Se2 (or CuInSe2) thin films. Thus, in the
following, GBs are divided into Σ3 (twin) and non-Σ3 (random) GBs.
The EBIC and CL signals are not homogenous within the CuInSe2 (also Cu(In,Ga)Se2)
thin films (disregarding effects at GBs). They are different for neighboring grains and
also vary inside individual grains. The different orientations of the grains may influence
the rates of backscattered electrons via channeling effects, i.e., the EBIC signal is
reduced in case more electrons are backscattered. However, the EBSD data indicates
that even for grains which exhibit similar orientations, the EBIC and the CL signals
are different. We attribute the considerable variations of the EBIC and CL signals
therefore rather to slight differences in net doping of the CuInSe2 (also Cu(In,Ga)Se2)
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Figure 5.34: SE image (a), EBIC image at 5 keV, 125 pA, and room temperature (b),
CL image at 8 keV, 1 nA, 8 K and at 1260 nm (c), EBSD pattern quality map (d)
and EBSD orientation distribution map (e), all acquired at the identical position of
backsurface of a CuInSe2/CdS/ZnO stack as well as profiles across a non-Σ3 and a Σ3
GB (g). The white lines in the pattern-quality map (d) indicate the Σ3 GBs.
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grain interiors.
From EBIC as well as from CL images obtained on the CuInSe2 thin film, profiles (Fig.
5.34f) were extracted across a random and a Σ3 GB. While EBIC signals were found
to be reduced in some grains but enhanced in others (see Fig. 5.33), CL intensities
were always found to be lower at random GBs (down to about 50 rel.%). Σ3 GBs
do not exhibit any significant influence on both the EBIC and CL signals. The EBIC
and CL signals across Σ3 and non-Σ3 GBs in CuInSe2 were found to be similar for
other Cu(In,Ga)Se2 thin films with different [Ga]/([Ga]+[In]) and [Cu]/([Ga]+[In])
ratios [217].

Quantification of EBIC signals at GBs In order to determine the diffusion length
L and the recombination velocity SBC at the back contact of a solar cell, EBIC measure-
ments at different electron-beam energies EB and thus different information depths are
necessary. The procedure is described in Ref. [218]. In order to take losses via shunting
paths and series resistances into account, a collection efficiency Σ can be defined as
Σ = c(EehIEBIC)/(EBIB). The losses in the cell are described by a factor c, while Eeh

is the energy to generate an electron-hole pair [1, 219], and IEBIC is the measured or
calculated current. Thus, together four variables influence the value of the current in
dependence of the electron-beam energy EB.
Measured and calculated collection efficiencies are shown in Fig. 5.35 for a CuInSe2/
CdS/ZnO stack, where EBIC images were acquired on the back surface of the CuInSe2

layer. The width wSCR of the SCR was estimated by a complementary capacitance
measurement and using wSCR = (ε0εrA)/C (with ε0 and εr = 11.1 [220] being the
dielectrical permeabilities of vacuum and CuInSe2, A the solar-cell area, and C the
capacitance value) to about (570 ± 90) nm. The diffusion length L determined from
the EBIC measurements is about 300 nm, the recombination velocity SBC at the back
contact about 8 ×104 cm/s, and the factor for cell losses is c = 0.26 ± 0.04. To show
the influence of these parameters, each one of these is varied in Figs. 5.35a-d. The
solid line in all graphs shows the best fit, which is not congruent with the measured
data for all EB. The higher slope of the measured data for EB > 16 keV, and the
following bend of the curve can not be approximated well by the simulations. The
higher slope is the result of the irradiation effect, as described in section 5.5.2.

Nevertheless, the extracted diffusion length L can be used as an approximation to
estimate the effective diffusion length Leff [4, 77] and finally to simulate the current
distribution across a GB. The collection efficiency is calculated for both the simulation
and the measured data. In Fig. 5.36, measured and simulated collection efficiencies
are shown for one CuInSe2 GB at EB = 4 and 6 keV. The estimated recombination
velocity SGB is in the range of about 103 cm/s, but the width of the simulated collection
efficiencies is wider than the measured. Thus, with this simple model applied, it is not
possible to provide a decent fit of simulation and experiment.

One approach for a better fit of the simulated and measured current distributions
across CuInSe2 GBs may be to assume a lower generation at the GB, as already sug-
gested in the discussions given in the subsection ”Discussion of EBIC and CL results”
above. A corresponding width has to be assumed for the GB region as further pa-
rameter. For recombination velocities of larger than 0 cm/s, the decrease in EBIC
at the GB would be higher assuming a band-gap energy of Eg = 1.3 eV at the GB
than assuming Eg =1.04 eV (band-gap energy of CuInSe2 [116]). Thus, the simulation
corresponds better to the measured data in Fig. 5.36. The estimated recombination
velocity at this GB, assuming its width to be 20 nm, is in the range of SGB = 2.5 ×103
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Figure 5.35: Measured (marked with cross) and calculated collection efficiencies for a
CuInSe2 solar cell investigated from the back contact with varied (a) diffusion length
L, (b) recombination velocity at the back contact SBC, (c) width of the SCR and (d)
cell losses (c). The solid line in all diagrams represents the best fit to the measured
data.

Figure 5.36: Measured (marked by crosses) and simulated collection efficiency Σ for
various sGB at a CuInSe2 GB for EB = 4 keV (a) and 6 keV (b).
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cm/s, which agrees well with results from EBIC studies on cross-sectional solar-cell
specimens (see subsection above). The comparison between the widths of measured
and the simulated EBIC profiles around the GB in Fig. 5.37 suggests that the spatial
resolution in the EBIC experiment is not better than about 50 nm.

Figure 5.37: Measured (marked by crosses) and simulated collection efficiency Σ for
various SGB at one CuInSe2 GB for EB = 4 keV (a) and 6 keV (b).

However, with the additional parameters band-gap energy at the GB (and thus
change in the generation rate of electron-hole pairs) as well as the width of the GB,
a total number of six simulation parameters have to be varied to fit the simulated
curves to the ones given in Fig. 5.36. Even taking these additional parameters into
account, it was not possible to reproduce the experimental data satisfactorily in the
present work. Also, the model presented above is not able to simulate decently all
EBIC profiles across non-Σ3 GBs obtained in the present work (see, e.g., those in Fig.
5.34). Especially for the EBIC profiles with local maxima at the GBs, no physically
reasonable model can be provided by the authors. Thus, the one-dimensional model
applied in the present work seems not to be appropriate entirely for simulating the
EBIC profiles across non-Σ3 GBs in Cu(In,Ga)Se2 thin films. Two-dimensional or
even three-dimensional device simulations need to be conducted in future work.

5.5.3 Kelvin-probe force microscopy at grain boundaries

Kelvin-probe force microscopy (KPFM) is a technique applied in atomic force mi-
croscopy (AFM). The electrostatic force between the AFM tip and the sample is
compensated by applying a dc bias to the sample, which corresponds to the contact
potential difference (CPD). The CPD is given by the work function difference between
the tip and sample material. To detect the CPD, an additional ac bias is applied. This
bias induces an oscillation of the cantilever, which results from the electrostatic force
between tip and sample. The induced oscillation of the cantilever at the frequency
of the ac bias is reduced to zero, when the dc bias is controlled to match the CPD.
The work function of the tip can be calibrated on a reference sample with a known
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work function (e.g., highly oriented pyrolytic graphite). Thus, the work function of
the sample can be determined [221].
A more detailed description of the following results is given in Ref. [139]. Fig. 5.38
shows an identical surface location on the CuInSe2 film studied, obtained by the dif-
ferent techniques applied. The size of all images is 9.0 µm×11.3 µm. EBSD maps and
KPFM images were re-calibrated based on the SEM micrograph, since the original im-
ages were distorted due to non-normal incidence of the electron beam on the surface,
a non-linear expansion of the KPFM-piezos, and thermal drift.

Figure 5.38: 9.0 µm×11.3 µm images from an identical location on a CuInSe2 thin film.
(a) SEM image, (b) KPFM topography image, (c) KPFM work function image, (d)
EBSD orientation distribution map, and (e) EBSD pattern quality map. In (b) and (c)
the position of GBs is indicated by dashed lines, as deduced from the EBSD orientation
distribution map. In (e), Σ3 GBs are highlighted by red lines. The positions of Σ3
GBs analyzed in Fig. 3 are indicated by red crosses with yellow dots. The positions of
the non-Σ3 GBs analyzed in Fig. 5.39 are marked by blue triangles. From Ref. [139].

Ultimately, it was possible to evaluate 10 different Σ3 GBs and analyze their charge
states by extracting profiles from the work function image. The positions of these GBs
are indicated in Fig. 5.38(e) by red crosses. In addition, the charge states of 10
non-Σ3 GBs were evaluated as well. In both cases, the symmetry information was
obtained from the EBSD measurement. Fig. 5.39 shows a summary of this evaluation,
displaying the electronic properties of Σ3 GBs and non-Σ3 GBs. 9 out of 10 Σ3 GBs
are charge-neutral; only one Σ3 GB exhibits a negative potential barrier of -45 mV (the
measurement errors are about ± 5 mV). For non-Σ3 GBs, in contrast, only 4 out of 10
GBs do not show any evidence for charges. The remaining 6 GBs exhibit both positive
and negative potential barriers, in a range from -90 to +37 mV. Note that the finding
of both positive and negative potential barriers is typical for Cu(In,Ga)Se2 GBs [141].
In this respect, one has to consider that nanoscale potential variations measured by
KPFM are subject to an averaging effect through the tip and the cantilever. At a
tip-sample distance of d≈10 nm, as used for the given experiments, only about 25%
of the full potential barrier is detected [222].

5.5.4 Scanning capacitance microscopy at grain boundaries

EBSD was also combined with scanning capacitance microscopy (SCM) on same iden-
tical positions [140]. The authors showed that most Σ3 (twin) boundaries did not
exhibit substantial signal changes, whereas the spatial variations in dC/dV suggested
p-to-n type inversion at all non-Σ3 grain boundaries.

80



5.5. Grain boundaries

Figure 5.39: Electronic properties of GBs in CuInSe2, shown separately for Σ3 GBs
and for non-Σ3 GBs. The symmetry information was obtained from the EBSD mea-
surement. The black numbers indicate the number of electronically inactive GBs.
From Ref. [139].

5.5.5 Atom-probe tomography at grain boundaries

Atom-probe tomography (APT) offers analysts the opportunity to examine inorganic
and organic materials with a three-dimensional image made up of detected atoms
or small molecules (up to 60% detection efficiency) with high spatial resolution (in
principle, better than 0.3 nm achievable in all directions) and high analytical sensitivity
(as good as 1 ppm) over volumes of greater than 106 nm3 (100 nm × 100 nm × 100
nm). The reader is referred to Refs. [223, 224] for overviews on this technique. It
should be noted that for semiconductors as Cu(In,Ga)Se2 thin films, laser-enhanced
APT is not able to resolve elemental distributions at the subnanometer scale. To our
experience, lateral resolutions are in the range of about 1-2 nm for Cu(In,Ga)Se2 (1
nm has been reported for Si heterostructures [225]).
The following results were taken from Ref. [93]. Fig. 5.40 gives elemental distribution
profiles acquired by APT across a GB in a Cu(In,Ga)Se2 thin film. Being a mass
spectrometry technique, APT allows for the detection of also trace elements apart
from the matrix elements in Cu(In,Ga)Se2. The Cu signal is enhanced at this GB,
whereas that of In is reduced. The Ga and Se concentrations exhibit minima, and Na,
K, H as well as O are apparently enriched at the GB. While Na enrichments at GBs in
Cu(In,Ga)Se2 have already been published by several other authors [175,176,226] only
one previous work [177] as shown so far additionally also enhanced O and K signals.
Na, O and K are present as Na2O and K2O in the soda-lime glass used as substrate for
the solar-cell stack, probably diffusing into Cu(In,Ga)Se2 during the growth process,
whereas H and again O may also stem from the residual gas in the APT instrument.

Further APT analyses at GBs in Cu(In,Ga)Se2 thin films with various compositions
and growth conditions (data not given in the present work) were performed. It was
found that the Se concentration is sometimes increased, sometimes decreased or does
not change significantly. The Ga signal does not always show the same behavior
as the In signal, and for some GBs, it does not change significantly. At most GBs
analyzed, Na and O are enriched. Based on numerous measurements by APT (see also
Ref. [227]), we can exclude that the variety of compositional changes at GBs is due to
measurement artefacts.
Although there is no clear trend for the compositional changes at different GBs, APT
results have one detail in common. If the Cu signal is increased at the GB, the In signal
is reduced, and vice versa (see also Ref. [228]). This anticorrelation of the Cu and the
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Figure 5.40: Results from atom-probe tomography performed on Cu(In,Ga)Se2 thin-
film. a) Bright-field TEM image of the tip containing a GB (identified by diffraction
contrast), as well as corresponding reconstructed, three-dimensional data cube giving
the elemental distributions by false colors. Extracted elemental distribution profiles
from this data cube are given in b) for Cu (blue up triangles), In (red circles), Ga
(green down triangles), Se (black full squares), and Na (pink open squares), as well as
in c) for O (yellow open circles), H (blue open triangles), and K (green open triangles).
All lines are guides for the eyes. The errors of the concentrations in b) were estimated
to about 2 at.% (Cu, In, Ga, Se) and to about 0.5 at.% (Na). In c), no error bars are
given to provide better visibility of the data. However, the scattering of the raw data
in this viewgraph is apparent. From Ref. [93].
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In concentrations gives strong indication for atomic redistribution at the GBs; this is
because almost all atomic planes in the tetragonal Cu(In,Ga)Se2 crystal structure are
occupied by Cu and In (and Ga) (only the {101} planes contain either only Cu or only
In (and Ga) atoms).
It should be noted that for so far the only APT analysis at GBs in Cu(In,Ga)(S,Se)2

thin films, the mentioned anticorrelation was not confirmed for all GBs. Probably, this
result may be due to the presence of sulfur in the crystal structure.

5.5.6 Electron energy-loss spectrometry and electron hologra-
phy at grain boundaries

As already lined out in section 4.4, correlative analysis of compositional and electrical
properties of extended structural defects can be conducted by means of electron energy-
loss spectrometry (EELS) and inline electron holography in a transmission electron
microscope. First of all, high-resolution scanning TEM imaging and EELS analysis
can be combined to determine structural and compositional properties of (random)
GBs at the subnanometer scale. Details on this study can be found in Ref. [194]. In
contrast to the Σ3 TBs, the EELS result obtained at the random GB shown in Fig.
5.41a shows Cu and O enrichments as well as In depletion at the position of the GB
(Fig. 5.41b). The Se signal does not change significantly. The region around the GB
where compositional changes are detected (about 0.7 nm full width at half maximum)
is very narrow. By comparison with the HR-STEM image in Fig. 5.41a, this region
corresponds well to the two atomic planes closest to the GB (dashed lines).
At yet another (random) GB in the identical Cu(In,Ga)Se2 thin film (see Supplemental
Results of Ref. [194]), copious Se depletion was found, while the Cu, In, and oxygen
signals behave similarly as in Fig. 5.41b. Especially in these elemental distribution
profiles, the anticorrelations of Cu and In signals as well as of Se and oxygen signals
are apparent.

Figure 5.41: High-resolution STEM image (a) of a random (non-twin) GB (indicated
by small arrow). EEL spectra were acquired along the large arrow given in (a), and
elemental distribution profiles were extracted from these spectra (b). The region where
compositional changes are detected are highlighted by dashed lines. Cu and O enrich-
ments as well as In depletion are found at the position of the GB, while the Se signal
does not change significantly. The, Cu, In, and Se signals were quantified by relating
the average net counts in the grain interiors to the integral concentrations determined
by X-ray fluorescence analysis. The error bars were estimated from the systematic
errors at 10% of the measured values.
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EELS measurements at random GBs in several further Cu(In,Ga)Se2 thin films
with various [Cu]/([In]+[Ga]) ratios confirmed these results, also showing changed
compositions at these GBs, with Cu and In signals always being anticorrelated, while
Se depletion and O enrichment have been measured only in some cases. Except for
these anticorrelations of Cu/In and of Se/O signals, there is not any general trend in
compositional changes found at Cu(In,Ga)Se2 GBs. We have found them to be in part
enriched (depleted), and in part also depleted (enriched) in Cu (In). The anticorrela-
tion of Cu and In signals always present at Cu(In,Ga)Se2 GBs indicates a preferential
site exchange of Cu and In atoms, leading to the formation of In2+

Cu and Cu2−
In antisites.

However, also the formation of V−Cu (Cu vacancies) and neutral defect complexes as
(2V−Cu + In2+

Cu) and (Cu2−
In + In2+

Cu) have to be considered [229].
From the EELS data acquired, we did not detect enhanced Na and O signals at TBs
down to the detection limit of about 1 at.%. Enhanced O signals were, in contrast,
detected at random GBs by means of EELS. EELS analyses of GBs can be corre-
lated with electron holography data in order to obtain information on the electrical
properties of GBs. Details on this study can be found in Ref. [93]. It is possible to
correlate the electrostatic potential wells at Cu(In,Ga)Se2 GBs directly to changes in
composition. Profiles of ∆Vav(V ) and profiles evaluated from EELS measurements in
a scanning TEM, both obtained across the identical GB in a Cu(In,Ga)Se2 thin-film,
are given in Fig. 5.42. It can be seen that the In and O signals are enhanced, whereas
the Cu and Se signals exhibit minima at the position of the GB (note that O may also
be introduced in part during the TEM specimen preparation). The Ga-L edge in the
EEL spectrum was superimposed by the Cu-L edge, and was therefore not evaluated.
The widths of the minima and maxima in the EELS signals match the width of the
electrostatic potential wells (1-2 nm). Using the concentrations of Cu, In, and Se (Fig.
5.42) as well as the resulting concentration of Ga (assuming [Cu]+[In]+[Ga]+[Se]=1
integrally in the Cu(In,Ga)Se2 layer, which is not given at the GB in view of the
O signal and other impurities possibly being present), their corresponding scattering
factors [179], as well as the lattice constants for the tetragonal crystal structures of
CuInSe2 [230] and of CuGaSe2 [231], the resulting change in MIP was calculated by
use of Eq. 4.5. With the compositional changes given in Figure 5.42, we are able to
estimate a lowering of the MIP of about 3.3 V, which is in good agreement with the
depths of the measured potential wells of about 1.6-1.8 V. The discrepancy can be
explained by assuming that additional O, which was not considered in the estimation,
and other impurities increase the MIP such that the depth of the potential wells be-
comes about 1.6-1.8 V.
By combined EELS and electron holography measurements on the same identical po-
sition of a Cu(In,Ga)Se2 GB (Fig. 5.42), it was shown that the averaged electrostatic
potential wells can be explained best by a change in composition. The regions of
the GBs in Cu(In,Ga)Se2 thin films where changes in composition occur are strongly
confined to only about 1 nm in width, i.e., to the atomic planes nearest to the GB
core.

5.5.7 Further investigations at grain boundaries

In the following, further results from investigations of various GB properties are de-
tailed. In most of these investigations, the positions of the GBs were determined by
means of contrasts in scanning electron or atomic force micrographs, which may be
misleading owing to imaging artifacts by surface roughnesses or impurities.
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Figure 5.42: a) High-angle annular dark-field image of a position containing a random
(non-twin) GB (the dark spots are related to carbon contaminations). Across this GB,
distributions of the electrostatic potentials (b) were obtained (where these two profiles
were acquired at two different positions on this GB), as well as elemental distribution
profiles by means of EELS (c). The region of change in electrostatic potential and in
composition is confined to 1-2 nm. The measured potential wells can be attributed
directly to a change in composition. Enrichment of In and O as well as depletion of
Cu and Se were detected. The errors of measurement for the electrostatic potential
were assumed to be about 0.2 V, those of the Cu, In, and Se concentrations, quantified
by integral X-ray fluorescence analysis of the Cu(In,Ga)Se2 thin-film, to about 2 at.%,
and the errors for the oxygen net counts about 10 rel.% of the corresponding values.
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Surface composition by scanning Auger-electron microscopy

Hetzer et al. [203, 204] analyzed GBs in Cu(In,Ga)Se2 thin films by means of scan-
ning Auger-electron microscopy (SAEM) in a scanning electron microscope. Linescans
by SAEM showed Cu depletion and In enrichment at GBs with reductions of the
[Cu]/([In]+[Ga]) compositional ratio in the order of up to 50%. It should be noted
that SAEM detects these compositional variations only at the very surface (about 1 nm
depth) of the analyzed Cu(In,Ga)Se2 thin film. No information of bulk compositions
at or around GBs is provided.

Work function by Kelvin-probe force microscopy and scanning electron
threshold measurements

The following analyses probe also only the surface of the polycrystalline Cu(In,Ga)Se2

thin film. Until today, numerous studies have been conducted using Kelvin-probe force
microscopy [133–135,139,140,143,201,232–234]. A difference in contact potential can
be translated into a difference in work function, which again may be equivalent to
the bending of the valence band, if due to a redistribution of free charges (according
to Poisson’s equation). It should be mentioned that until about 2010, consistently,
only down-bending of the bands at Cu(In,Ga)Se2 GBs has been detected. Then, the
influence of surface oxidation on the KPFM signal has been identified, and a KCN
treatment of Cu(In,Ga)Se2 surfaces prior to KPFM measurements was proposed, in
order to reduce the surface oxidation [235]. From 2011 on, down- and up-bending as
well as no band bending has been reported [138–140, 143, 234], with values of up to
about ± 400 meV, which is in good agreement with values obtained by scanning elec-
tron threshold measurements [203,204]. On Na-free Cu(In,Ga)Se2 layers, the changes
in work function measured by KPFM are substantially reduced [134,201,236].

Transport by Hall measurements, conductive atomic force and electron-
beam-assisted scanning tunneling microscopy

Temperature-dependent transport measurements have given indications of
grain-boundary barriers for electron diffusion of about 30-100 meV in height [237–241].
It should be mentioned that these barrier heights reach values of up to 350 meV for
Na-free Cu(In,Ga)Se2 thin film [238]. By means of electron-beam-assisted scanning
tunneling microscopy, Romero et al. [242] found substantial electron barriers present
at GBs in polycrystalline CuGaSe2 but not in CuInSe2. Results from conductive
atomic force microscopy [243, 244] have shown higher dark current at GBs, which is
interpreted in terms of p-to-n type inversion. It should be noted that for transport
measurements in general, it is not always clear which path the current takes (surface
versus bulk). Also, when contacting a surface by a tip (in scanning probe microscopy),
the transport is influenced by the surface condition, which is mostly not considered
nor discussed (see also the issue of surface oxidation mentioned above).

Local doping concentrations by scanning capacitance microscopy

Changes of dC/dV signals obtained by scanning capacitance microscopy at GBs [140,
244], as compared with the grain interiors in Cu(In,Ga)Se2 thin films, indicate p-type
to n-type inversion at GBs. Again, a possible influence of the surface condition is not
discussed by the authors, although the measurement is influenced substantially by the
contact of the tip with the surface.
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Density of states by scanning tunneling spectroscopy

Moenig et al. [245] calculated dI/dU characteristics from scanning tunneling spectra,
giving direct evidence for a reduced density of deep level defects at Cu(In,Ga)Se2 GBs.
These authors show also simulations of this data which point to a high density of defect
levels in resonance with the bottom end of the conduction band, which do not extend
into the band gap. Reduced densities of states at GBs as compared with the grain
interiors was confirmed by Azulay et al. [246], who also demonstrated p-type to n-type
inversion and band bending only at GBs in Cu(In,Ga)Se2 layers with [Ga]/([Ga]+[In])
≤ 0.33 but not for thin films with [Ga]/([Ga]+[In]) ≥ 0.75. As for other scanning
probe techniques, the measurement is influenced substantially by the contact of the
tip with the surface.

Different doping levels in neighboring grains

When discussing the properties of GBs in Cu(In,Ga)Se2 thin films, it should be men-
tioned that the doping distribution within these thin films is not at all uniform. Mea-
surements by scanning spreading resistance microscopy [199], EBIC [77] and CL [132]
give indications for different doping levels in neighboring grains. This fact is equiva-
lent to the presence of electrical fields across GBs and therefore needs to be taken into
account when concluding on their electrical properties.

5.5.8 Two-dimensional device modeling of the roles of grain
boundaries

Influences of GBs on the device performance of Cu(In,Ga)Se2 solar cells were treated
in terms of two-dimensional device modeling by various publications [35–38, 187]. It
should be noted that such device simulations have so far not accounted for the com-
plex nature of GBs in Cu(In,Ga)Se2 thin films, which was outlined in the preced-
ing subsections in terms of, e.g., always different changes in composition and electri-
cal/optoelectronic properties.
Consistently, these simulations can not identify any possible scenario of enhanced solar-
cell performance in devices with polycrystalline Cu(In,Ga)Se2 thin films than in case
of layers without GBs. It was found that the band bending around a GB confines
the short-circuit current density jsc towards the GB [36, 38], a situation also found in
experiments [243]. However, this fact does by no means imply that the average jsc
is increased by the GB. In most situations, the recombination losses that occur if the
minority carriers travel along the GB lead to an overall decrease of jsc [247].
Down-bending of the bands, leading to a hole barrier of larger than 0.4 eV indeed
increases the short-circuit current density jsc, however, at the expense of photovoltage
and the overall power-conversion efficiency [35,36]. A reduced valence-band maximum
∆VBM at the GB [181,182], representing to a hole barrier, would lead to similar device
performances as in GB-free solar cells for values of ∆VBM ≥ 0.4 eV. A comparable
result is obtained when assuming a combination of a large valence-band offset (≥ 0.3
eV) and modest hole-repulsive band bending (0.1 eV) [35]. It was pointed out by
Taretto et al. [38] that the width of the hole barrier needs a thickness of at least 3
nm in order to prevent holes from effective tunneling to the GB, which would increase
again the probability of recombination.
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5.5.9 Summary on grain-boundary properties in Cu(In,Ga)Se2

This subsection may be divided into considerations concerning charge densities and
changes in atomic (mass) density at GBs in Cu(In,Ga)Se2 thin films, and correspond-
ing consequences on the optoelectronic properties of GBs. Evidence on charged GBs
have only been given by techniques sensitive to the surface of a Cu(In,Ga)Se2 thin film.
Electron holography has not shown any dominant contributions of charge densities at
GBs in the bulk of the Cu(In,Ga)Se2 layer. Moreover, the published band bending
of up to 400 meV needs to be regarded in connection with different doping levels in
neighboring grains. We may conclude that charged GBs are features present mainly at
the surfaces of Cu(In,Ga)Se2 thin films (which may be understood in terms of higher
densities of dangling bonds at surfaces). Especially in view of that in order to complete
solar cells, buffer/window layers as CdS/ZnO are deposited on top of these surfaces,
the question is to which extent charge densities remain at GBs after these depositions.
On the other hand side, compositional changes have been detected by various tech-
niques at GBs. The result of different changes in composition with anticorrelated Cu
and In signals at various GBs in Cu(In,Ga)Se2 thin films gives rise to a structural
GB model, which is outlined in the following. It is important at this point to note
that for high-efficient, thin-film solar cells, non-stoichiometric Cu(In,Ga)Se2 layers are
used, with typical concentration ratios of [Cu]/([In]+[Ga])=0.8-0.9. A certain fraction
of the Cu sites in the chalcopyrite-type lattice (depending on the deposition recipe of
the Cu(In,Ga)Se2 thin film under investigation) are vacancies (see Fig. 5.43). This is
one reason why Cu exhibits a high mobility in Cu(In,Ga)Se2 thin-films [186], which
also promotes the formation of In2+

Cu and Ga2+
Cu point defects.

As listed in Fig. 5.43, the number of intrinsic and impurity-induced defects is rather
large. V−Cu, Cu2−

In , and Cu2−
Ga may lead to acceptor states in the electronic band gap,

whereas V2+
Se , In2+

Cu, and Ga2+
Cu give rise to donors. Moreover, it was shown [229]

that the defect pairs (2V−Cu + In2+
Cu) and (Cu2−

In + In2+
Cu) have particularly low forma-

tion enthalpies. Considering the striking anticorrelation of all Cu and In signals at
Cu(In,Ga)Se2 GBs found in numerous measurements, it may be that the concentra-
tions of these neutral defect complexes are particularly high at Cu(In,Ga)Se2 GBs.
Segregation of the impurities Na, K, and O at GBs implies the formation of the
impurity-induced point defects NaCu, KCu, and OSe, which are quasi-neutral but re-
sult in the formation of weak donors and weak acceptors because of the different elec-
tronegativities of O and Se as well as of Na, K, and Cu. The overall GB energy can
be lowered by atomic or ionic redistribution in atomic planes adjacent to the GB core.
Since different growth conditions and different densities of segregated impurities (due
to different glass substrates used or due to different growth recipes applied) can result
in various situations at GBs in Cu(In,Ga)Se2 layers, the atomic/ionic redistribution is
not equal for all GBs. Therefore, the GBs differ in general in their compositions, i.e.,
for differently grown and also within identical Cu(In,Ga)Se2 thin films.

Consequences for an electronic band diagram in the vicinity of a Cu(In,Ga)Se2 GB
are difficult to be detailed. The point defects V−Cu, Cu2−

In and Cu2−
Ga as well as V2+

Se , In2+
Cu,

and Ga2+
Cu are also present in the grain interiors [248,249] forming acceptor and donor

states in the band gap, making Cu(In,Ga)Se2 a highly compensated semiconductor.
According to the considerations given above, their densities are increased at the GBs.
Assuming varying compositional changes at different GBs, the band diagrams are
expected to exhibit various ”band offsets” in conduction and valence bands at the
positions of the GBs.
The structural model of confined and chemically flexible GBs in the present work can
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5.6. Macrostrain/macrostress and microstrain in polycrystalline Cu(In,Ga)Se2 thin
films

Figure 5.43: Unit cell of the tetragonal, chalcopyrite-type crystal structure of
Cu(In,Ga)Se2, comprising vacancies on the Cu sites. Intrinsic point defects and those
induced by impurities are listed, indicating whether they are expected to form donor
or acceptor states.

not exclude any of the various other GB models for Cu(In,Ga)Se2 thin films reported
in the literature. Charge accumulation at Cu(In,Ga)Se2 GBs [59,133,135,232,233,240]
has to be considered, however, a dominant role can be excluded.
Atomic reconstruction at Cu(In,Ga)Se2 GBs has already been suggested by Persson
and Zunger [181,182] based on density functional theory (DFT) calculations on highly
symmetric Σ3 twin GBs. However, these authors predict the formation of Cu vacancies
or In2+

Cu antisite defects, while we found various changes in Cu and In concentrations,
and also further compositional variations. The confinement of the GB to only about 1
nm in width is closely related to the neutral (tunnelling) barrier proposed by Azulay
et al. [243] as well as by Hafemeister et al. [197], only that the negative valence-band
offset proposed by these authors is again most probably not found at all GBs. A
(quasi) charge-neutral GB without (or with hardly) any band bending or band offset
was suggested by Yan et al. [137]. From DFT calculations, these authors suggest very
low densities of deep defects in the band gap (for which experimental evidence has
been provided by Moenig et al. and Azulay et al. [245,246]) due to lattice relaxations,
which can be related to the atomic/ionic redistributions found by the present work.
This would be a good explanation for the low recombination velocities of about 103 −
104 cm/s measured at Cu(In,Ga)Se2 GBs [198]. Although atomic redistibution may
compensate for charge at the GBs, it can not be concluded from the results given in
the present work that charge neutrality is a general feature of a Cu(In,Ga)Se2 GB.

5.6 Macrostrain/macrostress and microstrain in poly-
crystalline Cu(In,Ga)Se2 thin films

Up to now, only very few reports are available concerning investigations of strain/stress
contained in the microstructure of Cu(In,Ga)Se2 thin films, although, apparently,
all other extended structural defects are connected with this three-dimensional fea-
ture. We may divide the present section into results from measurements of residual
macrostress/macrostrain obtained on large areas (over large number of grains) within
Cu(In,Ga)Se2 thin films, and microstrain contained within individual grains.
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5.6.1 Residual macrostress and macrostrain

First values for strain/stress in Cu(In,Ga)Se2 thin films were determined by Chakrabarti
et al. [239,250] by evaluation of subgap absorption. Macrostresses were determined to
be in the order of 1 GPa, with corresponding macrostrain of about 10−3. For CuInS2

thin films, Thomas [251] determined macrostress values of about 50 MPa. Recently,
X-ray diffraction analyses were performed on CuInSe2 layers (M. Klaus, C. Genzel,
Helmholtz-Zentrum Berlin, Germany, unpublished data) using the sin2ψ method [252].
Values of about 100 MPa for the macrostress and about 10−4 for the macrostrain were
found.

5.6.2 Microstrain

First microstrain measurements within individual grains of CuInSe2 and CuGaSe2 thin
films were performed [253] by evaluating the EBSD patterns obtained on these layers,
using the software CrossCourt (BLG Productions, Bristol, UK,
http://www.blgproductions.co.uk), which is based on the work by Wilkinson et al. [66].
See Figs. 5.44 and 5.45 for examples. As visible in the distributions of the strain
components ε11, ε22, and ε33 in these images, strain values are in the order of 10−4.
Especially in the data shown in Fig. 5.45, the strain distributions seem to be related
to the presence of certain linear and/or planar structural defects.

Since the CuInSe2 thin film was the same as analyzed by means of the sin2ψ method
(see above), the result means a good agreement of the macrostrain and the microstrain
by the X-ray diffraction and electron microscopy methods. In addition, also on this
CuInSe2 thin film, X-ray microdiffraction was performed on individual grains showed
similar microstrain values, again in the order of 10−4 (Thomas Schülli, ESRF Grenoble,
unpublished data).

In contrast to microstrain in CuInSe2 and CuGaSe2 thin films (in the order of
10−4), the strain values associated with Ga gradients within individual Cu(In,Ga)Se2

grains (see section 5.3.2) are in the order of 10−2 (few %). The threshold between
the regimes for elastic and plastic deformation was determined to a change of the Ga
concentration of 12-13 at.%/µm or a corresponding strain value of about 1%. This
means, the microstrain determined within individual grains in CuInSe2 and CuGaSe2

thin films is far below this threshold and entirely elastic deformation of the atomic
lattice.

To date, there have been no investigations on the influences of strain distributions
on the photovoltaic performances. However, strain fields are in connection with other
extended structural defects, i.e., dislocations, stacking faults, twins, and grain bound-
aries, whose impact on the solar-cell operation has been discussed in the previous
sections above. Also, especially when the strain values are in the order of few %, the
mobility of charge carriers may be affected substantially, as reported for microelec-
tronic devices (see, e.g, Ref. [254]). The effect can be attributed to larger interatomic
distances for compressive or tensile stress applied, allowing for faster switching of the
corresponding semiconductor devices. In general terms, a strained atomic lattice im-
plies changes in the electronic band diagram. Systematic analyses of this matter are
needed in order to determine possible consequences for the collection or recombination
of charge carriers.
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films

Figure 5.44: EBSD pattern-quality (a) and orientation-distribution maps (b), acquired
on a cross-section of a ZnO/CdS/CuInSe2/Mo/glass stack, with the local orientations
given as false colors, see legend. Spatial distributions of the train components ε11 (c),
ε22 (d), and ε33, across the grain highlighted by dashed line in (b). Data by courtesy
of N. Schäfer, HZB, Berlin.

Figure 5.45: EBSD pattern-quality (a) and orientation-distribution maps (b), acquired
on a cross-section of a ZnO/CdS/CuGaSe2/Mo/glass stack, with the local orientations
given as false colors, see legend. Spatial distributions of the train components ε11 (c),
ε22 (d), and ε33, across the grain highlighted by dashed line in (b). Data by courtesy
of N. Schäfer, HZB, Berlin.
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5.7 Conclusions of the present chapter

The application of microscopy techniques to extended structural defects in semicon-
ductor devices and their possible impact on the device performance was discussed using
the example of polycrystalline Cu(In,Ga)Se2 thin-film solar cells. It was demonstrated
that especially the combination of various techniques on same identical specimen areas
provides insight into various properties of extended structural defects. This correlative
microscopy approach is particularly important for complex material systems such as
polycrystalline Cu(In,Ga)Se2 thin-film solar cells, with a microstructure on the submi-
crometer level, a large number of matrix and impurity elements (and correspondingly
a large number of point defects in a highly compensated semiconductor), as well as
various extended structural defects possibly influencing the device performance. It was
shown that it is of advantage to probe the various properties on different scales, for
appropriate (subnanometer) resolutions at interfaces and extended structural defects,
as well as, for good statistics, on areas in the order of hundreds of micrometers to
millimeters.

For dislocations in Cu(In,Ga)Se2 thin films, a structural model was proposed, which
is based on atomic reconstruction of the dislocation core and the neighboring atomic
lines of the inserted half plane, in order to (at least partly) compensate for excess charge
densities. Similar reconstruction was also found when studying twin boundaries. Since
these planar defects are special cases of stacking faults, reconstructed atomic lines
and planes at and around extended structural defects can be expected at all linear
and highly symmetric, planar defects in polycrystalline Cu(In,Ga)Se2 layers. As for
most twin boundaries, various electrical and optoelectronic analyses showed not any
substantial changes of the measurement signals, as compared with those in the grain
interiors. The assessment of electrical properties of (partial) dislocations and stacking
faults as well as the calculation of the corresponding electronic band diagrams around
linear and highly symmetric, planar defects is still work in progress.

The issue of low-symmetrical, random GBs is more complicated. It was demon-
strated that in contrast to multicrystalline Si, the GBs in Cu(In,Ga)Se2 thin films do
not reduce the short-circuit current substantially (only 5-10%). At several random
GBs, the EBIC signals even were found to be enhanced. This result agrees well with
the fact that highest short-circuit current densities of Cu(In,Ga)Se2 solar cells are very
close (94%) to the radiative Shockley-Queisser limit (see Table 5.1). On the other hand,
the signals measurement by means of CL at random GBs are substantially reduced,
which can be explained by enhanced nonradiative (SRH) recombination, but also by
reduced generation (e.g., for a smaller band-gap energy at the position of the GB). In
the scope of the present work, it was not yet possible to identify unambiguously the
reason for the reduced CL signals. Thus, a direct link between (possibly) enhanced
nonradiative (SRH) recombination at GBs (and generally at extended structural de-
fects) and the limited open-circuit voltage of Cu(In,Ga)Se2 solar cells (Table 5.1) was
not assessed.

First microstrain distribution measurements within individual CuInSe2 and CuGaSe2

grains show values in the order of 10−4, i.e., well in the elastic deformation regime.
Plastic deformation associated with high densities of dislocations in the order of
1010−1011 cm−2 is expected for Cu(In,Ga)Se2 grains containing substantial Ga gradi-
ents larger than about 12-13 at.%/µm (about 1% strain). Possible impacts of micros-
train (or macrostrain) on the photovoltaic performances of Cu(In,Ga)Se2 solar cells
are still under investigation.

Overall, it remains challenging to relate the local electrical and optoelectronic prop-
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erties of all extended structural defects to the performance of Cu(In,Ga)Se2 thin-film
solar cells. For highly symmetrical, coherent twin boundaries, the present work is able
to show that their impact on the solar-cell efficiency is negligible. However, for the
other types of extended structural defects, it is still not clear whether and how the
electronic band diagram changes across them. While stacking faults and dislocations
exhibit distinct atomic structures, which imply specific electrical properties, at differ-
ent random GBs, also different structural, compositional, electrical and optoelectronic
properties were measured. This means, it is not possible to identify a specific structural
GB model Cu(In,Ga)Se2 thin films and relate this directly to the device performance
of corresponding solar cells. Thus, direct relationships between the microscopic struc-
ture and macroscopic properties can not be obtained for this quite complex material
system. Nevertheless, by application of correlative microscopy on extended structural
defects, it was possible to get access to structure-property relationships on the mi-
croscopic level, highlighting the electrical and optoelectronic properties of extended
structural defects in Cu(In,Ga)Se2 thin films.
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Chapter 6

General conclusions and
outlook

In the scope of the present work, it has been shown at the example of Cu(In,Ga)Se2

solar cells that extended structural defects influence the microscopic electrical and
optoelectronic properties of functional thin films, which may impact substantially the
performance of corresponding semiconductor devices. It is essential to analyze the
properties of these defects on various spatial extensions ranging from several hundreds
of micrometers down to subnanometer scales. It was also shown how this analysis
can be performed by correlative microscopy, employing various electron microscopy
and scanning probe techniques all on the identical region of interest of a specimen,
in order to maximize the information output. In view of small average grain sizes
in polycrystalline, active layers, which are often at the submicrometer level, available
characterization techniques need to be adapted to reach appropriately high spatial
resolutions.

In comparison with multicrystalline Si solar cells, for which enhanced recombina-
tion at extended structural defects can be related directly to a deterioration of the
photovoltaic performance, this direct structure-property relationship, including both,
photocurrent and photovoltage, has turned out to be challenging for Cu(In,Ga)Se2

solar cells. Only in case of the short-circuit current density jsc, a correlation with mi-
croscopic properties was highlighted. On the other hand, nonradiative recombination
at extended structural defects has not yet been identified as main reason for the limited
open-circuit voltage Voc. Therefore, the present work focuses on ”microscopic” rather
than ”macroscopic” stucture-property relationships, discussing the structral, composi-
tional, electrical, and optoelectrical properties of structural defects in Cu(In,Ga)Se2

thin films in detail.

While (highly) symmetric, structural defects such as stacking faults, twins, and in
some respect also (partial) dislocations exhibit clearly defined, crystallographic con-
stellations, the case of (random) GBs is much more complicated. The various measure-
ments performed at these low-symmetric, structural defects revealed different signal
changes for different GBs, even within the same identical Cu(In,Ga)Se2 thin film. Such
a situation makes it very difficult to determine a representative energy-band diagram
for a (random) GB in Cu(In,Ga)Se2. Even if possible energy-band diagrams can be
provided for highly symmetrical twins (and in near future probably also for stacking
faults and dislocations), the number of possible point defects present at these struc-
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tural defects is large, including also those based on the impurities mainly from the
used substrates. And the relative frequencies of these point defects is always different,
leading probably to different signal changes for the various techniques (particularly at
GBs). Thus, an entirely consistent device model describing the influence of the various
extended structural defects with different changes in composition and correspondingly
different electronic properties on the solar-cell performance can not be expected.

The complex material system of Cu(In,Ga)Se2 solar cells also demonstrates that
even in order to correlate the microstructural and compositional with electrical and
optoelectronic properties of extended structural defects on the micro- or nanoscale,
extensive studies applying various techniques are mandatory, if possible on the same
identical specimen positions. Moreover, it is always required that a sufficient number
of extended structural defects are analyzed, in order to provide good statistics of the
result.

Such a complex scenario is also found when dealing with other state-of-the-art
semiconductor devices, such as solar cells based on CdTe, Cu2ZnSn(S,Se)4 (kesterites),
or CH3NH3PbI3−xClx (perovskites). For all these materials, highest power-conversion
efficiencies have been achieved when using polycrystalline, not monocrystalline, thin
films or bulk materials. This means, extended structural defects are an inherent part
of the devices, and for their research and development, it is indispensible to study
the microstructural, compositional, electrical, and optoelectronic properties of these
defects on the microscopic level. This systematic work is often neglected, therefore,
for many material systems, only poor knowledge has been gathered so far. Since for
the complex material systems mentioned above also complex scenarios at extended
structural defects can be expected, similar to what has been found for Cu(In,Ga)Se2,
it is recommended to restrict, as first approach, also to the analysis of ”microscopic”
structure-property relationships in these cases.

While up to now, we have considered only microstructures in completed devices,
the ultimate goal would be to find means in order to control the microstructure during
the growth process of a functional thin film, and to relate changes in microstructure
to influences on the device performance. Using again the example of Cu(In,Ga)Se2

solar cells, growth processes can be monitored by means of energy-dispersive X-ray
diffraction (EDXRD) and fluorescence analysis (EDXRF) when connecting growth
chambers to a synchrotron source, allowing the polychromatic X-ray beam interacting
with the growing layer [255–257]. From these analyses, structural and compositional
information during the growth of thin films can be recorded, and the distribution of
chemical phases can be determined as a function of the growth-process duration. In
order to study the layers at various stages of the growth in-depth, the processes can be
broken off, and the layers can be studied by various microscopy techniques. Especially
those based on electron microscopy are useful for this purpose.

Once the development of extended structural defects has been highlighted by the
various experimental techniques, a solid basis is provided for corresponding simula-
tions, which may be conducted by molecular dynamics (atomistic approach) and by
phase-field simulations (continuum approach). Thus, growth processes may be simu-
lated, given that a specific growth recipe and corresponding process parameters (e.g.,
elemental partial pressures, substrate temperature) are applied. This step is essential
for a feedback loop leading back to the growth processing, with the goal of predicting
the formation of a specific microstructure for a given set of growth parameters.

For example, this described strategy for controlled microstructure is currently be-
ing applied within the Helmholtz Virtual Institute ”Microstructure Control for Thin
Film Solar Cells” [258], which is coordinated by the author of the present work and
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dealing with the development of thin-film solar cells based on polycrystalline Si and
Cu(In,Ga)Se2 solar cells. In a similar way, the described approach may be applied
also to other semiconductor devices with polycrystalline functional layers. It should
be noted eventually that correlative microscopy provides the means to direct ”micro-
scopic” structure-property relationships in semiconductor devices on multiple scales,
playing a major role in the corresponding research and development.
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fluss auf die Röntgeninterferenzen. I. Berechnung des Fehlordnungsgrades aus
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