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Zusammenfassung

Die vorliegende Arbeit behandelt die Möglichkeit von Dehnungsmessungen innerhalb einzel-
ner Körner der CuInSe2-Absorberschicht einer Dünnschichtsolarzelle. Ausgedehnte struk-
turelle Defekte und deren möglicher Ein�uss auf optoelektronische Eigenschaften der Ab-
sorberschicht, und damit auch auf die E�zienz der kompletten Solarzelle, sind verbunden mit
Änderungen in der periodischen Kristallstruktur. Diese wiederum sind immer verknüpft mit
lokalen Mikrodehnungen, welche sich durch Beugungs- wie auch Lichtstreuungsexperimente
nachweisen lassen. Motivation der vorliegenden Arbeit war, diese lokalen Dehnungsfelder mit
einer entsprechenden Messmethode zu charakterisieren und quantisieren.
Cu(In,Ga)Se2-Dünnschichten, welche für hoche�ziente Dünnschichtsolarzelle verwendet wer-
den, unterliegen Indium- und Galliumgradienten senkrecht zum Substrat. Aufgrund der
unterschiedlichen Atomradien von Indium und Gallium werden schon nur durch diese Gra-
dienten Dehnungen in das gesamte Absorbermaterial und natürlich auch innerhalb einzelnen
Körner eingebracht. Um eine grundsätzliche Untersuchung der verfügbaren Messmethoden
zur Eignung von Mikrodehnungsmessungen und deren Verteilung zu gewährleisten, wurde
anstatt Cu(In,Ga)2 CuInSe2 mit [Ga]=0 at.% gewählt. Die untersuchten CuInSe2-Schichten,
welche durch denselben Verdampfungsprozess fabriziert wurden wie hoche�ziente Absorber-
schichten, weisen eine homogene Verteilung der Matrixelemente Cu, In, und Se auf.
Die angewandten Methoden zur Erfassung von Mikrodehnungsverteilungen unterscheiden
sich sowohl in ihrer Auflösung als auch in ihrer Emp�ndlichkeit. Gemein ist die Möglich-
keit, auf Probengeometrien durchgeführt zu werden, welche sich auch für Messungen opto-
elektronischer Eigenschaften eignen. Sowohl elektronen- wie auch röntgenbeugungsbasierende
Messmethoden wurden angewandt. Ebenso wurden Mikrodehnungen mittels Ramanstreuung
bestimmt.
Für die untersuchten CuInSe2-Schichten wurden kleine Mikrodehnungen im Bereich von 10−4

ermittelt. In Verbindung mit der lokalen Mikrostruktur, welche eine groÿe Anzahl an Zwill-
ingen und kleine Versetzungsdichte aufweist, ist dieser Wertebereich zu erwarten. Alle ange-
wandten Messmethoden ermittelten Mikrodehnungswerte in der gleichen Gröÿenordnung.
Neben den Dehnungsmessungen werden neue Aspekte der bildgebenden Ramanmikroskopie
vorgestellt. Die möglichen Anwendungen der Mikrodehnungsmessmethoden werden in Bezug
auf korrelative Analytik diskutiert.
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Summary

The present work dicusses the probability of strain measurements within grains in a CuInSe2

thin �lm used as absorber layer for solar cells. Extended structural defects may possibly
in�uence optoelectronic properties of the absorber and of the complete functional device.
These line and planar defects can be regarded as variations of the periodic crystal structure
and are connected with localized microstrain. Motivation of the present thesis is the char-
acterization of these mircostrain distributions by means of X-ray and electron di�raction as
well as light scattering based techniques.
Since the quaternary material system Cu(In,Ga)Se2 is a solid solution of both CuInSe2 and
CuGaSe2, which is used for high-e�ciency thin-�lm solar cells, exhibits substantial Ga and In
gradients perpendicular to the substrate, CuInSe2 was chosen as model system for the present
work. Due to di�erent atomic radii of indium and gallium strain is introduced through the
complete absorber as well as within individual grains. The investigated CuInSe2 thin �lms,
which were produced by a similar co-evaporation process used for high-e�cient quaternary
absorber layers, feature a homogeneous distribution of the matrix elements Cu, In and Se.
The applied techniques for microstrain mapping di�er in resolution and sensitivity. However,
the microstrain values were mostly in the order of 10−4 obtained by various techniques from
CuInSe2 thin �lms. This results is compatible with the presence of high twin boundaries
and low dislocation densities. The strain maps acquired by various techniques con�rm the
range of values and lead to the assumption of characterizing a material property rather than
measurement artifacts.
Apart from microstrain measurements, new aspects of Raman microscopy as orientation map-
ping tool are presented. Furthermore, the possible application of the conducted microstrain
mapping techniques for correlative analysis for enhanced understanding of structure-property
relationships is discussed.
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Chapter 1

Introduction

Energy generated by photovoltaic conversion is an important contribution to replace energy
production based on fossil fuels or nuclear power. The further improvement of the pho-
tovoltaic devices are crucial to reduce costs per KWh and to replace energy sources with
high enviromental pollutions and risks. Today, multicrystalline silicon based solar cells are
still dominating in the solar-cell market with module power-conversion e�ciencies of up to
20%. In spite of large e�orts invested into the development of thin-�lm solar cells, the
material systems capable of competing the market might be CdTe-based cells with module
e�cenies of more than 18% [1]. Cu(In,Ga)Se2 based absorber layers, also belonging to the
material systems commonly used for the fabrication of thin-�lm solars cells, have recently
shown e�ciencies of 22.6% [2] on the laboratory scale. The emerging methylammonium lead
tribromide/iodide (MAPb(Br,I)3) "perovskite" solar cells [3] lately showed the possibility of
power-conversion e�ciencies similar to those of CdTe and Cu(In,Ga)Se2 on labratory scale
although their longterm stability has to be questioned [4]. Since the use of lead and cadmium
is highly restricted in the European Union, high e�ciency chalcopryite thin-�lm solar cells
are still in the focus of interest.
The investigation of the microstructural properties of Cu(In,Ga)Se2 absorber layers is an
important contribution to the understanding of structure-property relationships and thus for
the enhancement of the complete device. Apart from the impact of grain boundaries [5�10]
on electrical and optoelectronic properties of the Cu(In,Ga)Se2 absorber, which has not been
understood completely, other structural defects such as dislocations or stacking faults have
been less in the focus of research. Extended structural defects within individual grains may
a�ect the photovoltaic performance of the device, just as grain boundaries. Defects in general
can be associated with irregularities within the atomic lattice at various scales, leading to
strain. Semiconductors as silicon grown on silicon germanium substrates, have shown strain-
induced changes of the electrical properties such as an higher electron mobility [11].
Cu(In,Ga)Se2 thin �lms for high-e�ciency solar cells exhibit substantial In and Ga gradi-
ents perpendicular to the substrate [12], even within individual grains. The varying In/Ga
concentrations change the lattice constants of the tetragonal unit cell and introduce strain
correspondingly.
In the present work, electron backscatter di�raction, as well as X-ray di�raction techniques
and Raman (micro-) spectroscopy are applied for strain measurements of CuInSe2 thin-�lm
solar cells. To avoid such strain contribution and to focus on strain resulting from mi-
crostructural lattice variants, e.g., due to extended structural defects, CuInSe2 instead of
Cu(In,Ga)Se2 was analyzed. The present thesis concentrates on the possibility of strain
mapping by means of various techniques usable on bulk material for the later use for cor-
relative analysis of optoelectronic properties on scales between 0.1-1 µm which cannot be
conducted by techniques such as geometric phase analysis (GPA) [13,14]. The outline of the
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thesis is as follows:

� Chapter 2 provides a general introduction into Cu(In,Ga)Se2 thin-�lm solar cells in-
cluding physical, structural and optoelectronic properties as well as the fabrication of
these thin �lms. The role of microstructure Cu(In,Ga)Se2 absorber layers is introduced
and discussed with respect to structural defects.

� Chapter 3 displays the experimental details along with basics of electron backscatter
di�raction, Raman microscopy and X-ray di�raction. Analytical techniques which have
been used for the characterization of CuInSe2 thin �lms, such as energy dispersive X-ray
spectroscopy and glow discharge optical emission spectroscopy are shortly introduced.
The de�nition of strain is explained brie�y.

� Chapter 4 provides results of the basic structural and compositional characterization of
the investigated CuInSe2 layers by means of energy dispersive X-ray spectroscopy, glow
discharge-optical emission spectroscopy, electron backscatter di�raction, X-ray di�rac-
tion using an asymmetrical and symmetrical geometry. The results of the conducted
microstrain distribution mapping techniques are present. Results of microstrain map-
pings are discussed and the comparability of the various techniques is discoursed as
well as strain sensitivities. First results on ternary CuGaSe2 are shortly introduced..

� Chapter 5 concludes and presents possible bene�t of the strain mapping techniques,
even beyond of ternary CuInSe2 and CuGaSe2 thin �lms. The possibility of correlative
microscopy using microstrain mapping techniques is shortly introduced.
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Chapter 2

Basics of Cu(In,Ga)Se2 thin-�lm solar
cells

2.1 Functional layers and fabrication

Cu(In,Ga)Se2 (CIGSE) based solar cells with high power-conversion e�ciencies are normally
fabricated as a substrate con�guration on labratory scale (Figure 2.1). In this case, mostly
soda lime glass substrates are used on which molybdenum is DC sputtered on top after
cleaning the glass with an alkaline and an acidic soak. After the co-evaporation of the
absorber layer (wich will be explained in more detail), a 50 nm thick CdS bu�er layer is
deposited in a chemical bath. A window layer consisting of 125 nm i-ZnO combined with 250
nm n-ZnO is then placed through a RF sputtering process. As a �nal step of normal substrate
con�gurations, a grid consisting of 100 nm Ni and 2 µm Al is deposited by electron beam
evaporation using a shadow mask. In most cases a MgF anti-re�ection coating is used on top
of the front layer. All di�erent layers have di�erent tasks and requirements as summarized
in Table 2.1 [15].
High-e�cient CIGSE layers are produced via a three stage co-evaporation process [16, 17].
For the quaternary as well as for the ternary absorber layers, the co-evaporation process can
be subdivided into four respectively three stages [17]. At the �rst stage (I) of the process, Ga-
Se and In-Se are alternatively deposited at 330 ◦C substrate temperature. After increasing
the substrate temperature to 530 ◦C (stage IIa), Cu is evaparoted onto the precursor layer.
According to the phase diagram [18], at �rst the Cu-rich phases (CGI�1) Cu(In,Ga)5Se8 and
Cu(In,Ga)3Se5 are formed [19]. With increasing the Cu content, the �nal Cu(In,Ga)Se2 phase
developes. The stochiometric point is reached after the formation of Cu2−xSe on the absorber
surface and the Cu to In/Ga ratio CGI=[Cu]/([In]+[Ga]) accounts for ≥1. Stage IIa is ended
with a nominal CGI of ≈ 1.15 folled by a heating period (IIb). At a �nal stage (III), Ga-Se
and In-Se is evaporated at 530 ◦C to achieve a �nal CGI of around 0.85-0.9. After stage III,
the substrate temperature is reduced under constant Se vapor pressure. The �nished CIGSE
absorber layer is slightly p-type doped by native, intrinsic defects [15,20].
The same stages are also used for the fabrication of ternary CuInSe2 and CuGaSe2 although
the evaporation times are di�erent which can also be related with the miscellaneous formation
enthalpies [21] (see Tables TA1 and TA2).

2.2 Chemical gradients in high-e�cient absorber layer

High-e�ciency solar cells exhibit substantial chemical gradients in the absorber layer [12,16].
Especially the In/Ga gradients are crucial since the electronic properties of the complete

3



Basics of Cu(In,Ga)Se2 thin-�lm solar cells

Figure 2.1: Typical layer-stacking sequence of ZnO/CdS/Cu(In,Ga)Se2 thin-�lm solar cell.

Figure 2.2: a) SEM image of polished cross-sectional Cu(In,Ga)Se2 thin-�lm solar cell stack
superimposed with EDX maps showing the elemantal distribution [22]. b) Line scan extracted
from acquired Ga distribution showing substantial gradients within the absorber layer. c)
Linescan extracted from measured Cd distribution. Secondary electron image and EDX maps
were acquired using a Zeiss Ultraplus SEM equipped with an Oxford Instruments XMax 80
mm2 silicon drift detector at 7 kV and about 90 pA.

Table 2.1: List of tasks and requirements of the individual layers used for CIGSE thin-�lm
solar cells in substrate con�guration [15] (Figure 2.1).

Layer type Tasks and requirements
Substrate Mechanical and thermal stability
Front Contact Light trapping, antire�ection, electrical contact, charge extraction
Absorber Absorb light, charge extraction, low recombination
Back conctact Light trapping, high re�ection, electrical contact, charge extraction

4



Basics of Cu(In,Ga)Se2 thin-�lm solar cells

device are a�ected. The characterisitic In/Ga grading, often having exhibiting an S shape
as shown in Figure 2.2, is in�uenced by the di�erent di�usion behaviours of Ga and In [23],
by the substrate temperature [17], as well as by the Na/Cu and Ga concentrations [24�26].
Lately the role of alkanine elements such as Na and K, i.e. introduced by post-deposition
treatment using NaF or KF [27], has been in the focus of interest [28].
By changes in the Ga grading and therefore the local CGI, the band-gap energy Eg can be
tuned [23,29]. According to Wei and Zunger [30], the bandgap Eg(x) of an A1−xBx alloy can
be described by

Eg(x) = (1− x)Eg(A) + xEg(B)− bx(1− x) (2.1)

where b is the so-called optical bowing coe�cient. In case of Cu(In,Ga)Se2, A is CuInSe2, B
is CuGaSe2 and x describes the Cu to In/Ga ratio. Strong Ga gradings towards the front-
contact might result in a voltage-dependent collection and therefore in a reduction of the
�ll factor [29]. Ga gradients towards the back contact introduce a back-surface �eld, which
reduces recombination and is bene�cial for the e�ciency [31].
As quaternary Cu(In,Ga)Se2 grains are subject to substantial chemical gradients [12], strain
can be introduced even without the presence of defects. Balboul et al. [32] revealed that the
changes of the [In]/[Ga] ratio directly result in strain states. By replacing about 80% of the In
atoms in the CuInSe2 lattice by Ga atoms, corresponding microstrain results to about 2x10−2.
Since most strain measurement techniques are not able to reveal the origin of the detected
strain, the interpretation can be complex and misleading without additional information such
as elemental distribution on macroscopic and microscopic scale. Elemental information should
be in principle assessable from electron backscatter pattern (EBSP) [33], but cannot be done
unambiguously without dynamically simulated patterns [34]. Raman (micro-) spectroscopy
has shown to be able to resolve chemical gradients and strain in chalcopyrite type thin-�lm
solar cells [33,35�38].

2.3 Crystallographic properties

2.3.1 Chalcopyrite-type crystal structure

The chalcopyrite-type crystal structure can be described as a superstructure to the sphalerite
crystal structure along the chemical formula AIBIIICV I

2 with A=Cu, B=Ga,In and C=Se
where AIBIII are ordered on the two di�erent cation sites [39, 40]. By doubling the cubic
sphalerite structure along the c-axis, the tetragonal chalcopyrite structure (space group I42d)
can be easily derived, resulting in monovalent copper situated on the (0,0,0) position (4a site),
the trivalent cation (indium or gallium) on the (0,0,1

2
) position (4b site) and the anions on

the (x,1
4
,1
2
) position [41]. According to the Grimm-Sommerfeld rule [42], each atom has to

provide 4 valence electrons to form a covalent bond. As of the di�erent electronegativities of
Cu, In, Ga and Se, bonds with a not completely covalent character are formed. Ja�e et al.
showed on theoretical calculations of the local charge density, that di�erent bond lengths are
present between group I/III and group VI leading to the tetragonal distortion of η = c/2a−1
of the ternary compounds [40,43�45].

2.3.2 Grain boundaries in chalcopyrite-based absorber layers

A grain boundary describes the surface between neighbouring grains which either can be from
the same or di�erent phases. For the complete despcrition of a grain boundary, 5 parameters
are required. 3 to describe the rotation (or misorientation) between two lattices and 2 for the
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Figure 2.3: Unit cell of the chalcopyrite-type AIBIIICV I
2 crystal structure. Depending on

the ordering of the cations, the crystal structure is distorted [40].

description of the plane between the two grains. The most common way to describe grain
boundaries is done by only regarding the misorientation R

R = N−1

a11 a12 a13

a21 a22 a23

a31 a32 a33

 (2.2)

between the considered grains with N as positive integer. Only in case of grains of the same
phase, GBs can mathematically represent by the coincidence-site lattice (CSL) method [46].
If two grains of di�erent chemical phases are forming a more or less de�ned grain boundary,
the term of orientation relationship would be used. The CSL method de�nes a Σ values for
describing the misorientation between grains and respectively the GB. High symmetry GB,
such as twins [47], result in small values, i.e. Σ=3. Besides CSL, which can be easily over-
interpreted [48], the Rodrigues vectors can be used for misorientation parameterization [49].
In all cases of parameterization, the de�nition of GBs should be done carefully. Consider-
ing chalcopyrite-type crystal structures, only the di�erentiation between high-symmetry GBs
and random GBs should be done when only using 3 parameters.
Abou-Ras et al. showed that only twin boundaries (Σ=3) in chalcopyrite-type absorber layers
are clearly distinguishable by means of electron backscatter di�raction (EBSD) [47]. Twin-
ning in chalcopyrite-type thin-�lm absorber can be frequently observed and maybe result
from temperature changes during the coevaporation process. The reduction of microstrain
can be considered as driving force [40, 50]. Medvedeva et al. support these assumption
based on their electronic and total-energy calculations using density-functional theory [50].
As intrinsic stacking faults have low formation energies, the development of twins are highly
favorable. Krejci et al. suggested based on the formation of twin boundaries by inserting
partial dislocations with Burgers vectors a/6

〈
111
〉
that annealing reduces the twin density

due to annihilation of partial dislocations [51].
The electronic properties of grain boundaries in CIGSE has not been understood com-
pletely [52]. Main focus was laying on the di�erence between highly symmetric twin bound-
aries and random grain boundaries [5�7, 53, 54]. Due to the lack of su�cient statistics and
challenging measurement conditions, no distinct statement could be made througout the
literature. Apart from possible di�erences based on the local crystallography, di�erent be-
haviours of grain boundaries at various working conditions of the device, e.g., when light-bias
is applied, could be expected.
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2.3.3 Extended structural defects in chalcopyrite absorber layer

Structural defects have been investigated in Cu-based chalcogenide layers mostly by trans-
mission electron microscopy techniques [12, 55]. Dietrich et al. showed the occurrence of
linear defects (dislocations) as well as planar defects (stacking faults and microtwins) in
Cu(In,Ga)Se2 absorber layers with di�erent Cu to Ga/In ratios. Kiely et al. also found
in polycrystalline CuInSe2 �lms high densities of planar defects as well as stacking faults
on {112} planes [51, 55, 56]. Although Ga grading leads to smaller average grain sizes, no
correlation between the presence of stacking faults or microtwins and the Ga gradient was
found [12, 47]. Ternary CuInSe2 and CuGaSe2 layers were observed to have smaller disloca-
tion densities in contrast to quaternary layers where the local density can be correlated with
the Ga gradient [12].
Kiely et al. reported that no planar defects were obtained in single crystal CuInSe2. Even
though, dislocations were found to be present with some consisting of two a/2[110] edge-type
dislocations joined by an antiphase boundary which they termed a [110] superdislocation [55].
Krejci reported et al. a/6

〈
111
〉
partial dislocations in polycrystalline CuInSe2 [51].

Individual dislocations and/or networks found in chalcogenide absorber grains can be con-
nected with strain as the periodicity of the lattice is changed. Simple models, already estab-
lished in the middle of the 20th century, can deliver estimations about strain �elds [57�59].
As no external load is present, the appearance of dislocations might be explained by growth
conditions in case of the co-evaporated layers.

2.4 First strain measurements in Cu(In,Ga)Se2

Strain measurements have been conducted throughout the literature using X-ray di�raction
techniques [60,61], photore�ectance and electrore�ectance spectroscopy [62], and re�ectance
and transmittance spectroscopy [63]. Mainz et al. [60] investigated Cu(In,Ga)Se2 layers in-
situ and found macrostrain values of the �nal thin �lm in the order of 10−4. By using the
Williamson-Hall approach, Benabdeslem et al. [61] investigated the microstrain behaviour of
CuInSe2 crystals, depending of the temperature range, between 10−5 and 10−4. By using op-
tical spectroscopy, Chakrabarti et al. [63] investigated CuInSe2 �lms deposited on Mo-coated
glass with di�erent Cu/In ratios. Based on a biaxial thermal stress state, strain values be-
tween 0.89 and 2.71x10−3 were obtained [63]. Theodoropoulou et al. [62] estimated, based
on a planar stress state and di�erent elastic constants, mismatch strain values mostly in the
order of 10−3.
In all cases, wether measuring macrostrain or microstrain, no localized microstrain distribu-
tions have been acquired until this point in the literature. Since di�erent samples have been
investigated, the corresponding strain values are not comparable, even based on the same,
planar-strain state assumption.
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Chapter 3

Experimental details

3.1 Macrostrain and microstrain in thin �lms

In thin-�lm solar cells, the presence of macrostrain within the absorber layer is usually
determined by growth conditions. Strain in general is de�ned with respect to a speci�c
length scale [64�66]. Macrostrain comprises the change of lattice parameters over a large
number of grains or even the entire polycrystalline sample, while microstrain de�nes local
changes between adjacent grains or within individual grains [65]. In case of the Cu(In,Ga)Se2

absorber layers, the state of strain is internally imposed i.e. by mismatches between the
absorber grains and the substrate or by structural changes and not due to external load.
Considering a interplanar distance d, local strain εij at the position r can be de�ned as

ε(r) = (d(r)− d0)/d0 (3.1)

with d0 as unstrained interplanar distance [67]. Following the common de�nition, macrostrain
can be formulated

〈ε(r)〉 = (〈d(r)〉 − d0)/d0 (3.2)

or in combination with microstrain

ε(r) = 〈ε(r)〉+ (d(r)− 〈d(r)〉)/d0 (3.3)

leading to the interpretation of macrostrain 〈ε(r)〉 as a constant for the complete sample
[67,68]. The correlation of macrostrain and microstrain has to be taken under critical account,
as i.e. high symmetry grain boundaries tend to reduce microstrain states in Cu(In,Ga)Se2

[50, 69]. Even considering high textured thin-�lms, the orientation of two adjacent grains
is very unlikely to be exact the same. Therefore microstructural features, i.e. extended
structural defects, causing local changes d(r) in the lattice parameters are unlikely to be
continued in the neighboring grain.
Nevertheless, the in�uence of internal interfaces, for instance twin boundaries, have to be
considered as many consist dislocation arrays which can impose strain �eld into adjoining
grains. One important type of interface is the socalled small − angle homophase interface
[70] which describes the interface (grain boundaries) between two adjacent grains by a slight
misorientation. The elastic strain �elds of the dislocation can be estimated as if they were
imbedded within a single crystal. A more detailed introduction of interface con�gurations
and in�uences is given by Sutton and Ballu� [70]. For instance, by measuring misorientations
between adjacent grains, geometrically necessary dislocations can be derived following Nye
[71] depending on the accuracy of the used technique.
The analysis of the respective typ of strain is mostly depending on the beam size of the used
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radiation if di�raction techniques are applied. X-ray and electron di�raction techniques as
well as Raman (micro-) spectroscopy are commonly applied already since several decades and
will be introduced in detail. Most techniques are model-based and have to be interpreted
carefully with respect to the mostly assumed simpli�cations and their di�erent measurement
geomtries and/or conditions.

3.2 Basics of di�raction

Wether X-rays, neutrons or electrons are used as source, the Bragg equation plays a key role
in explaining the di�erent di�raction methods [72]. The Bragg equation

nλ = 2d sin θ (3.4)

with λ as the wavelength of the used medium, n as a positive integer and θ as the di�raction
angle, describes a di�raction maximum or re�ection, if θ follows a �xed λ and �xed dhkl [68].
The commonly used simpli�ed picture for the derivation of the Bragg equation is misleading
to the assumption of re�ection. As re�ection would occur at any θ value, di�raction is
only allow for speci�c crystal-structure-dependent values. The complete description of the
phenomenom di�raction can only be done together with the Von Laue formulation [73] and

the equivalence of both formulations. For elastic scattering
∣∣∣~k∣∣∣=∣∣∣~k′∣∣∣, the Von Laue condition

of
~Q = ~k′ − ~k (3.5)

has to be ful�lled with ~Q being a reciprocal lattice vector. A reciprocal lattice vector can be
described as ∣∣∣ ~Q0

∣∣∣ =
2π

d
(3.6)

where ~Q0 is the shortest vector in the Bravais lattice and ~Q a multiple.∣∣∣ ~Q∣∣∣ = n
∣∣∣ ~Q0

∣∣∣ =
2nπ

d
(3.7)∣∣∣ ~Q∣∣∣ is perpendicular to the lattice plane where the elastic scattering is assumed, leading to

another formulation of the Bragg equation∣∣∣ ~Q∣∣∣ = nk sin θ (3.8)

with
k =

2π

λ
. (3.9)

3.3 Theory of electron di�raction

Several theories are and have to be used for the explaination of the electron di�raction
phenomena. By just describing the di�raction on a geometrical based model, the observed
position of the detected electrons can be described by the Bragg equation, but not the
measured intensity on a detector [74]. The kinematical approach explains di�raction based
on the assumption of that electrons are only di�racted ones with taking the kinematical
intensity Ihkl of a Bragg re�ection hkl into account. Ihkl is proportional to the absolute value
of the structure factor |F |2hkl with absence of the hkl-dependent absorption e�ects which are
proportional to (Q − Q0) [74�76]. As in most di�raction processes, electrons are more than
likely to be scattered multiple times. Dynamical theories, based on several incoherent and
coherent scattering events, are using the Bloch wave approach [34,77].
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3.4 Introduction to electron backscatter di�raction

Electron backscatter di�raction (EBSD), which is nowadays normally conducted in a scanning
electron microscope (SEM), is based on the observation of Nishikawa and Kikuchi in 1928
[78]. The socalled Kikuchi patterns were �rst recorded in transmission. The �rst electron
backscatter di�raction patterns (EBSPs) were acquired by Alam, Balckman and Pashley
in 1954 [79]. The development was enhanced in the last years by further improvement of
the experimental setup and algorithmns, i.e. high-resolution charge-couple device (CCD)
cameras and �eld-emission gun SEM (FEG-SEM) [80]. As today fully automated EBSD
systems are commercially available, the EBSD technique extended its use to other �elds than
the acadamic research, e.g. forensics [81], and is competing with alternative methods such
X-ray di�raction in some �elds of use [80, 82,83].
To understand the formation of EBSP, the transmission Kikuchi di�raction pattern has to be
introduced as both have the same geometry. Kikuchi patterns are formed in two steps. The
primary electron beam is �rst incoherently and then, in a second step coherently scattered.
The coherent scattering is according to the Bragg equation at a point-like source of the
respective sample. The main reason for the Kikuchi pattern geometry is the wide range
of directions of emitting electrons from the point-like electron source of the second coherent
step [84]. The di�racted electrons at the second step are pairs of cones with opening angles of
180◦-2θ. The intersection of these Kossel cones, which axis are perpendicular to the di�racting
lattice plane, result in the Kikuchi lines. The Kikuchi lines are de�ning the geometry of
the electron di�raction at the lattice planes according to the Bragg equation, but not the
occurence of the Kikuchi bands and the contrast formation which can only be done using
the Bloch wave theory [34,74,85,86]. The main challenge for the calculation of the contrast
in EBSPs with respect to transmission Kikuchi patterns is that multiple scattering events
lead to a blurring of the patterns. The simulation of EBSPs based on dynamical methods is
introduced later.
In most cases, sample are tilted 70◦ with respect to horizontal or α=20◦ away from the electron
column in the SEM chamber as indicated in �gure 3.1. The primary electron beam penetrates
the samples. The maximum interaction depth d of the primary electrons and the last quasi-
elastic scattered electrons is reached at the quasi-point source. The Kikuchi (or Kossel) cones
are formed due to the coherent scattering of the electrons at lattice planes p with opening
angles from 90◦-θ according to the Bragg equation. The maximum intensity of the coherent
scattered electrons can be observed with β = α. r de�nes the spatial resolution between
entering of the electron beam and leaving of the cones from the sample surface [84]. The
spatial resolution is directly depending of the interaction depth d which leads to the better
spatial resolution in transmission Kikuchi di�raction, even in the SEM [87,88]. In general, one
might think of electron forwardscatter di�raction than electron backscatter di�raction. The
patterns are displayed on a Phosphor and are detected by a CCD camera. Every pattern
from every scanning position on the sample can be indexed for the determination of the
local crystallographic orientation as the geometry is unique for each lattice orientation in the
respective crystal structure [80]. For the mathematical determination, the Hough transform
(HT) [89], a special case of the Radon transform [90], is used. Today's softwares apply the
HT with a convolution mask developed by Krieger Lassen at al. [91]. The HT parametrises
the EBSP into the ρ− θ space

ρ = x cos θ + y sin θ, θ ∈ [0; π[, ρ ∈ [−R;R] (3.10)

with R being the distance from the center to the edge of the EBSP [91]. Each pixel will be
mapped by the HT separately on sinusoidal curves of constant intensities and which will be
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Figure 3.1: Schematic draft of formation of electron backscatter di�raction pattern according
to Zae�erer [84]. d de�nes in this case the interaction depth within the tilted sample. r
displays the approximated spatial resolution of conventional EBSD.

overlaid. Pixels on a common Kikuchi line will intersect at one point or cell in the Hough
space (ρl,θl). Kikuchi bands will result in socalled butter�y peaks [80]. To reduce biasing
from the HT, giving all lines an equal probability for detection, i.e. lines away from the
center of the EBSP, a second HT takes the intensities into account. After normalisation, an
arti�cal-independent Hough space concludes [91].
The local crystallographic orientation is commonly given in Euler angles after the notation of
Bunge [92]. The transformation of the crystal coordinate system into the sample coordinate
system is done by three passive rotations along z, x′and z′′ axes by the angles ϕ1, Φ and ϕ2.
Although this notation is mostly applied, the de�nition of the Euler angles can be di�erently
formulated by the manufacturer of EBSD systems.
The determination of crystallographic orientations is still the main area of application of
EBSD, i.e., texture and grain boundary analysis. The analysis of EBSP also o�ers the
access to strain information as Troost et al. and Wilkinson already proposed in the 1990s
[93,94]. The elastic strain analysis based on a pixel-based cross-correlation of EBSPs will be
introduced in more detail in the following.

3.4.1 Strain measurement by means of electron backscatter di�rac-

tion

Over the last years, electron backscatter di�raction has developed rapidly due to the im-
provement of soft- and hardware. EBSD has proven to be a successful tool for the analysis of
local crystal orientation covering di�erent scales from cm to nm [87,88]. Besides the extrac-
tion of texture and grain boundary analysis, dislocation densities and plastic strain due to
misorientation [80], the determination of elastic-strain values from EBSPs has received less
attention.
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Troost et al. 1993 [93] and Wilkinson 1996 [94] introduced the possibility of assessing elastic
strain values from obtained changes in EBSPs. The approach of using the cross-correlation
function for measurement of changes between two patterns was introduced by Wilkinson and
has been further improved throughout in the recent years. With the development of high-
resolution CCD cameras and better calibration routines, new levels of strain sensitivities
are claimed to be reached [95�99]. Altough the term high-resolution EBSD (HR-EBSD) is
misleading as it could also be named ∆-EBSD or cross-correlation EBSD [100], HR-EBSD is
frequently used within the community.
By the cross-correlation approach, changes between two patterns (or relative orientations)
can be determined more precisely [100] than with commonly used software [101] although
di�erent values are stated through literature [95, 97, 102]. Dingley et al. [103] summarized
strain sensitivities for di�erent techniques claiming to close the gap between TEM and X-ray
di�raction based techniques with HR-EBSD. Considering the rapide development of X-ray
di�raction techniques applied at modern synchotron radiation facilities [38, 104�107], the
claimed gap by Dingley et al. [103] has to be questioned, especially if not separating between
macrostrain or microstrain and wether bulk or thin samples have to be used.

3.4.2 Basic principles of high-resolution electron backscatter di�rac-

tion

Changes within the microstructure of one grain, for instance distortion, are not directly
displayed completely in electron backscatter di�raction pattern as indicated in �gure 3.2 [95,
100,103]. Assuming a displacement of an elastically deformed lattice which can be described
by ~Q = ~r′ − ~r in the crystal frame of reference with ~r being an unit vector, only ~q can be
extracted from EBSP. ~Q can be traced by

~q = ~Q− λ~r (3.11)

as ~q is perpendicular to ~r [103]. The measured shifts within the pattern are related to the
displacement gradient tensor a

~q = ~Q− ( ~Q · ~r)~r (3.12)

leading to

~Q = a · ~r =

 δu1
δx1

δu1
δx2

δu1
δx3

δu2
δx1

δu2
δx2

δu2
δx3

δu1
δx3

δu1
δx3

δu3
δx3

~r (3.13)

with u as the in�nitesimal displacement at the position x within the sample frame of reference
[95]. Throughout literature, di�erent symbols are used for the displacement gradient tensor
by Wilkinson et al. [95, 102] and Dingley et al. [100, 103]. Combining of equation 3.11 and
3.13 leads to the elimination of λ

r1r3

[
δu1

δx1

− δu3

δx3

]
+ r2r3

δu1

δx2

+ r2
3

δu1

δx3

− r2
1

δu3

δx1

− r1r2
δu3

δx2

= r3q1 − r1q3 (3.14)

r2r3

[
δu2

δx2

− δu3

δx3

]
+ r1r3

δu2

δx1

+ r2
3

δu2

δx3

− r1r2
δu3

δx1

− r2
2

δu3

δx2

= r3q2 − r2q3 (3.15)

which can be solved by measuring ~q at four di�erent regions of interest (ROI). a represents
strains εij and rotations ωij [95]

εij =
1

2

(
δui
δxj

+
δuj
δxi

)
(3.16)
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ωij =
1

2

(
δui
δxj
− δuj
δxi

)
. (3.17)

As equations 3.16 and 3.17 already indicate, only the deviatoric part of the displacement
gradient tensor are directly assessable. Pure hydrostatic variations εii of a do not cause
pattern shifts but only change the width of the Kikuchi bands [94, 95, 100], the boundary
condition or assumption of in-plane stress (or stress-free surface)

σ33 = 0 = 2Gε33 + λ(ε11 + ε22 + ε33) (3.18)

to be made [103]. G describes the shear modulus and λ is Lamé constant. As interaction
depth for the formation of the electron backscatter di�raction pattern is only tens of nm [84],
the crystal anistropy has to be taken into account by Hooke's law

σij = Cijkl · εkl (3.19)

where Cijkl describes the four dimensional elastic sti�ness tensor [100,103]. Then, ε33 can be
calculated by

ε33 = −C13(ε11 + ε22)

C33

. (3.20)

The accuracy of the pixel-based cross-correlation approach has been in the focus for several
years. As accuracy de�nes the di�erence between a known from a measured strain state,
the term sensitivity is used for the description of precision [97]. Throughout the literature,
the strain sensitivity has been discussed based on the experimental setup as well as the
underlying treatment of the acquired patterns. All di�erent aspects have been subject of
studies. Wilkinson et al. conducted a stage movement experiment which resulted in strain
sensitivity of around ±5x10−5 using an silicon sample [95]. Same experiment conducted on a
GaAs crystal resulted in a increased sensitivity of 1.5x10−4 [102]. Regarding the experimental
setup, most concerns were adressed towards the uncertainties in pattern centre location and
detector sample surface distance. Britton et al. persued the approach of using undistorted
dynamically simulated patterns as reference patterns which failed due to the commonly found
lens aberrations in EBSD systems [108]. Remapping routines were applied to measure elastic
strain in the presence of large lattice rotations resulting in approx. 5x10−4 [97,109,110]. Brit-
ton et al. claimed 2013, that the ulimate theoretical strain resolution with 1000x1000 pixel
(dynamically simulated) patterns could be as low as 4.2x10−7 [97]. As it seems that strain
sensitivity is majorly in�uenced by local e.g. experimental and material conditions, an overall
value cannot be de�ne independently. It is still manifested, that generalized measurement
conditions need to be ful�lled to reduce the probability of measuring phantom strains. First
of all, the best possible pattern quality has to be achieved. This can be done by adjusting
the beam parameters, for instance increasing the probe current. Regarding detector settings,
it has been shown by Wilkinson and Britton et al. [95,97,98] that bining of the detector pix-
els and therefore reducing the actual resolution of the patterns result in unfavorable strain
values [98]. For better signal-to-noise ratios, a larger exposure time is preferred [97].
The cross-correlation approach for elastic strain measurement has to be adjusted for the inves-
tigated material. Even microscope parameters certainly have to be di�erent as the di�raction
conditions are at least element dependent. For a better estimation of the experimentally ac-
quired strain values, rotation experiments on dynamically simulated CuInSe2 patterns were
conducted according to the approach of Britton [96].
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Figure 3.2: In�nitesimal displacements or shifts between the upper reference and lower EBSP
are actually only displayed by ~q = ~Q − λ~r. The actual distortion ~Q = ~r′ − ~r can not be
measured directly. The red squares are indicated schematically the region of interest (ROI)
which are exemplary placed on position of zone axes [111].
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Figure 3.3: Schematic draft of the applied model for dynamically simulated EBSPs [34].
.

3.4.3 Dynamical simulation of electron backscatter di�raction pat-

terns

In Figure 3.3, the applied model for the simulation of CuInSe2 is summarized after the ap-
proach of Winkelmann et al. [34]. At �rst, the electrons are di�racted, undergo an inelastic
or quasi-elastic backscattering from the atomic nucleus and are di�racted again by the sur-
rounding lattice planes. As an inelastic backscattering occurs, the coherence between the
incoming and the outcoming electrons is destroyed. The size of the atoms in the crystal
should in�uence the inelastic scattering just based on statistical probability. Experimental
EBSP are often subject to blurring which can be associated with the contribution of inelas-
tically backscattered electrons with larger energy losses than 0.1 eV. Blurred EBSP can also
be caused by elastic strain gradients within the grain, since severly bent or twisted planes
alter the di�raction conditions inside the di�racting volume [112,113].
In this approach, the energy is �xed for the simulation of the patterns. The Bloch wave
approach is used for the description of the di�raction of electron with ~k0 [75,114]. The wave-
function Ψ(~r) can be described within a crystal (with the periodicity ~r) as superposition of
Bloch waves with wavevectors ~k(j) [34]

Ψ(~r) =
∑
j

cjexp(i~k(j) · ~r)
∑
g

C(j)
g exp(i~g(j) · ~r).

(cj, C
(j)
g = expansion coe�cients [114])

(3.21)

For an incident plane electron wave exp(2πi~k0·~r), corresponding to an energy of h2~k2
0/2m [115]

−h2

8π2m
∆Ψ(~r)− |e|V (~r)Ψ(r) =

h2~k2
0

2m
Ψ(~r)

(h = Planck's constant; m = e�ective mass of the electron;

V (~r) = potential energy; ~g = reciprocal space vector;
~k0 = electron wave vector in the vacuum)

(3.22)

Ψ is a stationary solution of the well-known Schrödinger equation. For the determination of
Ψ, the total (scaled) potential U(~r) is written as Fourier series

U(~r) = U c(~r) + iU ′(~r) =
∑
g

Ug exp(i~g · ~r) (3.23)
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with U ′ including the loss of electrons due to inelastic e�ects [34]. Under satisfying the
dispersion relation, the Schrödinger equation can be formulated as

[ ~K2 − (~k(j) + ~g)2]C
(j)
~g +

∑
h

Ug−hC
(j)
h = 0. (3.24)

~K is the electron wave vector inside the crystal, ~k2
0 = ~K2 −U c

0 . This leads to the proportion
between the wavevector of the Bloch waves and the electron wavevector, which is de�ned as

~k(j) = ~K + λ(j)~n (3.25)

with ~n being a normal vector of the surface and λ(j) eigenvalues [115]. The determination
of the eigenvalues and the boundary conditions are explained in more detail in the liter-
ature [34, 114, 116]. To reduce computational time, weak beam contributions are included
by introducing potential and excitation errors S~h (Bethe perturbation scheme) and their
in�uence on the e�ective potential of the strong beams U eff

~g [117]

U eff
g = Ug −

∑
h

UhUg−h

2 ~KSh
. (3.26)

The probability denisty ΨΨ* of the electrons can now be calculated, but without the inclusion
of the backscattering event. To include the quasi-elastic backscattering, according to Rossouw
et al. [118] the dynamically intensity has to be integrated from the depths of the localized
scattering events. Assuming a cross-section ξ for those events

ξ = NVc([kin] + [dyn]) (3.27)

where N is the number of unit cells with volume Vc, the term [kin] can be neglected in case
of EBSP simulation. The term [dym] is proportional to an interference of two Bloch waves
which also considers thermal di�use scattering (TDS) [118].
Until this point, anistropy e�ects are not considered as well as electron with larger energy
losses normally obtained due to TDS. As already described, due to the geometrical setup
of the acquisition of experimental EBSP, intensity distributions depending on the scattering
angles are present. This can be well understood by the fact that electrons scattered at the
cross section ξ are unlikely to have the same probability for all scattering angles. Therefore,
higher numbers of electrons are expected to be scattered under certain angles and change
the intensity apparently leading to anistropic e�ects in the pattern. Winkelmann introduced
a parameter χ, describing the deviation from isotropic scattering, which re�ned the [dym]
term of the approach of Rossouw et al. [118,119]. Alhtough the model is phenomenologically
and needs a comparison with experimental acquired EBSP, the anistropy can be taken into
account for the dynamically simulated patterns.

3.5 Basics of strain determination by X-ray di�raction

techniques

Strain is de�ned by changes of the interplanar spacings [67]. According to the Bragg equation
[72]

∆θ = −ε tan θ, (3.28)

the re�ection shifts allow the determination of strain values in a complete manner [120]. As
for most strain measurement techniques, the determination of an unstrained state of the
sample or the material is necessary for de�ning absolute values. Several approaches for the
estimation of d0 are available [120]:
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� Strain-free powder of the material of interest. Depending on the material, the homoge-
neous fabrication of powder, especially in multi-component systems, can be extremely
challenging.

� Sectioning and thus relaxing of the macroscopic d0 value. Depending on the thickness
of the sample, stress could be introduced by sectioning.

� Performing measurements in supposed strain-free regions of the sample. This discussion
will be continued in later chapters.

� Performing measurements at di�erent locations of the sample and averaging of the
results. Depending on the probed area and the unbiased choice of locations, no absolute
value can be calculated.

� Depending on the dimension of the probed volume of the sample, estimations for stress
σ like

∫
σzdxdy = 0 or σ33 = 0 can be made.

For sure, every discussion about the results has to be seen in relation to the assumptions
made previously. A biaxial, rotationally symmetric state of strain is the most commonly used
hypothesis for the determination of d0 [68].
As most strain measuring techniques result in relative changes within interplanar distances
distributions and not in absolute values, the discussion needs to involve the achievable sen-
sitivity of the respective method. The term accuracy is regularly used for describing the
potential of techniques or evaluation methods which is not always appropriate. Accuracy
de�nes the actual deviation from a known state [97] and thus the implementation of ex-
perimental or numerical errors. As this de�nition can only be done occasionally, the term
sensitivity is more suitable.

3.5.1 X-ray di�raction using Bragg-Brentano geometry

The sin2 Ψ-method is widely applied for the determination of strain using Bragg-Brentano
geometry, even within thin-�lms. The importance of the determination of d0 and the accom-
panying uncertainty of the experiment is weaken by the evaluation which is based on the
relative comparison of lattice constants [121] as indicated in �gure 3.4. Two requirements
are essential for employing this method. A quasi-isotropic material should be used with a
random preferred orientation of the grains. Strain values should also not be a�ected by stress
gradients in the measuring directions (which are perpendicular to eachother), and a biaxial
strain state (σ33 = 0) should be present [120]. The sin2 Ψ-method therefore delivers a robust
average macrostrain value within the information depths τ .
In spite of coordinate system rotations applied, i.e. in EBSD, most X-ray di�raction tech-
niques are using two pole angle ϕ and azimuth angle Ψ of ~k for the description [68,120,121].
The relation between the average strain

{
εhklϕΨ

}
and the stress tensor σS (S=sample coordinate

system) can written by{
εhklϕΨ

}
=
{
εhkl33

}
=

1

2
Shkl2 sin2 Ψ

[〈
σS11

〉
cos2 ϕ+

〈
σS22

〉
sin2 ϕ+

〈
σS12

〉
sin(2ϕ)

]
+

1

2
Shkl2

[
(
〈
σS13

〉
cosϕ+

〈
σS23

〉
sinϕ) sin(2Ψ) +

〈
σS33

〉
cos2 Ψ

]
+Shkl1 (

〈
σS11

〉
+
〈
σS22

〉
+
〈
σS33

〉
).

(3.29)

Assuming a biaxial state of strain (
〈
σSi3
〉
≡ 0 for i=1,2,3), the equation reduces to{

εhklϕΨ

}
=

1

2
Shkl2 sin2 Ψ

〈
σSϕ
〉

+ Shkl1 (
〈
σS11

〉
+
〈
σS22

〉
) (3.30)
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Figure 3.4: Schematic draft of the sin2 Ψ-method illustrated with three di�erent oriented
grains with respect to the sample surface. By changing the di�raction conditions successively,
all three grains are probed. By interpolation, the unstrained d0 can be evaluated at sin2 Ψ = 0
[64].

with Shkl1,2 being the di�raction elastic constants which can be calculated based on the Es-
helby/Kröner model [122,123].
Nonlinear lattice strain distributions can be obtained if requirements are not completely ful-
�lled by the sample properties. A local maxima in the strain distribution could be caused
by coarse grain e�ects or texture. In both cases, the quasi-isotropic biaxial state of strain
is not realized. Curved plots are normally observed due to the presence of strain gradients
depending on the 1/e-penetration depth τ of the X-rays [120]. The relation between the
actual strain depending on z(P ) and the strain depending on τ can be formulated by

εhklϕΨ(τ) =

∫ T
0
εhklϕΨ(z)e−z/τdz∫ T

0
e−z/τdz

(3.31)

with T as sample thickness. The necessary penetration depth τ can be estimated by

τ =
sin2 θ − sin2 Ψ + cos2 θ sin2 Ψ sin2 η

2µ sin θ cos Ψ
(3.32)

with µ being the linear absoprtion or attenuation coe�cient and η de�ning the rotation
around ~khkl [124].

3.5.2 X-ray di�raction under grazing incidence

In spite of the symmetrical X-ray di�raction technique sin2 Ψ-method using the Bragg-
Brentano geometry (see �gure 3.4), grazing-incidence X-ray di�raction (GIXRD) uses a
asymmetrical geometry where the incidence angle ω is �xed and the 2θ angle is varied. The
main motivation is the improvement of peak intensities and the prevention of superimposi-
tion of substrate with absorber re�ections. With symmetrical geometries, ~Q is not changed
and remains perpendicular to the investigated sample. To probe di�erent depths regions of
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the sample, both the X-ray source and the detector are simultaneuously moved to conduct
a symmetrical θ-2θ scan. By keeping a constant incidence angle ω and changing 2θ angle,
the scattering vector ~Q is altered continuously. Thereby, di�erent depths as well as planes
which are not perpendicular to the sample surface can be measured. GIXRD should not be
done on sample with extremly high preferred orientation as changes in ~Q would not result in
further detection of re�ections. A θ-2θ scan should be done before conducting GIXRD [125].
Chalcopyrite-type absorber layers normally do not exhibit preferred orientations or so-called
texture [126]. GIXRD has proven to be a precise application for structural and chemical
depth pro�ling using the Cu(In,Ga)Se2 112 re�ection [33,127,128].
Historically, X-ray di�raction has been utilized for crystallite size measurements [129]. Scher-
rer proposed 1918 that the integral peak breath βD at θ position can be correlated with the
apparent crystal size D according to

D =
k λ

βD cos θ
(3.33)

where k is the Scherrer constant (0.94) [130]. βD is measured at full width half maximum
(FWHM). The peak-broadening was assumed to be lorentz-like in case of equation 3.33.
Stokes and Wilson described the in�uence of di�erent crystal shapes towards to integral
breadth [131].
Williamson and Hall assumed that strain-induced peak broadening leads to a tan−1 θ depen-
dence according to equation 3.28. Furthermore, under the assumption of broadening caused
by crystallite size and microstrain, the total integral peak breadth was pretended to be have
additive Lorentz-like components related to strain and size. The addition of strain dependend
peak broadening βS to the Scherrer equation 3.33

βhkl cos θ = (βS + βD) cos θ =
kλ

D
+ (4ε tan θ) (3.34)

leads to the Williamson-Hall-equation (W-H) [132]. The W-H approach has to be interpreted
as an extremely biased method.
Throughout the years, various methods have be postulated for the extraction of strain. In
all cases, the �rst challenge was and still is to remove broadening e�ects originated by the
instrumental setup. Several approachs have been formulated over the years, for instance by
Stokes [133] and by Warren and Averbach [134] using Fourier-analysis to describe both the
breadth and the shape the experimental peak broadening. Enzo et al. [135] and Benedetti et
al. [136] used the pseudo-Voigt function for modeling. A brief summary of the evolution of
the models is given by Balzar and Ledbetter [137]. In the later cases, the modeling of peak
breadth and shape was based on the convolution of Gaussian and Lorentz/Cauchy functions.
Nowadays, for the case of thin-�lm solar cells, the di�raction pattern analysis according to
LeBail [138] in combination with the Pseudo-Voigt function, which relates the integral peak
broadening to the linear combination of a Gaussian and a Lorentzian component [139, 140],
has been satisfactorily applied [37]. Nevertheless, depending of the approaches di�erent
strain levels are extracted, ranging from root-mean-square-strain ≈ |ε| to upper limit strain
≈ 1

2
(2π)0.5 |ε|. This needs to be taken into consideration for any type of strain interpretation.

3.5.3 High-resolution X-ray microdi�raction

High-resolution X-ray microdi�raction emerged in the last years based on the improvement
of the third generation radiation facilities [141]. Two di�erent measurement geometries are
in principle possible for strain measurement within a spatial resolution of about 200-800 nm
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[106]. The most common geometry conducts the acquisition of Laue pattern in transmission
or re�ection mode [105] with a two-dimensional detector. In principle, by combining a grain-
to-grain measurement, the complete elastic strain tensor can be derived [142]. The use of
an energy-dispersive detector in combination with a white incident microbeam also enables
to measure the intra-grain variation of the interplanar d spacing of a single (hkl) spot [104,
106,107,143]. If only changes in lattice spacing are present, only the energy of the di�racted
beam would be a�ected and change from unstrained to strain position within in the grain.
Rotational components of the strain �eld would lead to a variation in spatial location. By
measuring the 2θ angles of the Bragg positions and their corresponding change in wavelength,
the variation of d can be obtained by Bragg's law [72,143]

dstrained

d0

=
λstrained

λ0

[1 + (cot θ0)∆θ − 1

2
(∆θ)2]. (3.35)

In order to achieve strain and resolution of rotation sensitivity of below ∆a/a = 10−5 and
down to 10−3 degree, a high spatial resolution is required which is limited by the spot size of
the incident X-ray beam [106]. As the apertures are limited by the brightness of the X-ray
source and by the Rayleigh criterion

E ≥ 0.122λ

(E = aperture-limited emittance)
(3.36)

a spatial resolution of 25 µm was achieved with the improvement of the pinholes in the
late 1980s [143]. At the newly built beamline ID01 at the European Synchrotron Radiation
Facility (ESRF), spot sizes down to 300 x 400 nm can be easily realized [37] by using a
tungsten Fresnel zone plate (FZP) and mounting a 50 µmmolybdenum order sorting aperture
(OSA) to select �rst order di�raction [107] (see Figure 3.5). X-ray wavelengths of 0.1-0.2 nm
(photon energies of 6.2-12.4 KeV) are normally used. Depending of the investigated sample,
�uorescence is tried to be avoided [36]. To achieve high lateral resolution, high incidence
angles ω should be used resulting in high indexed Bragg peaks. The current experimental
setup and measurement routine (K-Mapping) are explained in more detail by Chahine et
al. [106,107]. To determine the presence of rotational components within the strain �eld, the
angular deviation ν of the scattering vector with respect to a de�ned, untilted orientation has
to be measured. The de�nition of an untilted normal orientation and also for an unstrained
d0 value can be extremely challenging as discussed by Reimers et al. [120]. In samples with
no clear features, the de�nition of maximum strain values might be reasonable.
Without taking tilt into account, �rst strain results can be extracted just based on the total
length of the scattering vector

∣∣∣ ~Q∣∣∣ as d is de�ned
d =

2π∣∣∣ ~Q∣∣∣ =
2π

( ~Q2
x + ~Q2

y + ~Q2
z)

1/2
. (3.37)

With equation (3.2), out-of-plane strain values can be calculated. The relation between tilt
T is de�ned by [106]

T =
180

π
arccos

 ~Qz∣∣∣ ~Q∣∣∣
 . (3.38)

As mentioned, X-ray di�raction techniques applied at synchotron sources emerged rapidly
throughout the last decade either for imaging or scanning of samples with grain sizes in the
range of 5 to several tenth of micrometer. Mainly depending on the respective spot sizes,
grain growth, texture and strain as well as dislocation information were extracted by several
groups [144�149].
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Figure 3.5: Schematic draft of the experimental setup of microdi�raction at the ID01 beam-
line at the ESRF [38]. EBSD orientation map is exemplary indicating the microstructure of
an CuInSe2 based sample. As only one single hkl peak is measured, intragrain changes of
intensity and position are detected on the region of interest (ROI) of the detector. Scale bar
indicates 5 µm.

3.6 Principles of Raman spectroscopy

3.6.1 Basics of Raman scattering

Raman scattering involves the inelastic scattering of phonon by a dielectric material. A
phonon applies an electric �eld ~EI which leads to a redistribution of the electrical charges.
The polarization ~P compensates the external �eld

~P = χ · ~EI = χ · ~E0
I · cos(~kI · ~r − ωI · t)

χ = electrical suscepptibility

ω = wave frequency

(3.39)

where I indexes the incident electromagnetic wave [150]. As the atoms are oscillating with a
characteristic frequency Ω, the polarization �elds are also oscillating at a frequency di�erent
to the frequency of the external electric �eld. The oscillation of a single atom in the crystal
can be simpli�ed with

~X(~r, t) = ~X0(q, t) · cos(~q · ~r − ω · t). (3.40)

With equation 3.39 and the expression of χ as �rst-order Tayler expansion, the polarization
can be formulated as

~P = χ · ~E0
I cos(~kI · ~r − ωI · t)+

+

(
δχ

δXj

)
·Xj(~q,Ω) · ~E0

I · cos(~kAS · r − ωAS · t)

+

(
δχ

δXj

)
·Xj(~q,Ω) · ~E0

I · cos(~kS · r − ωS · t)

~kS = ~kI − ~q
~kAS = ~kI + ~q

ωAS = ωI − Ω

ωS = ωI − Ω

(3.41)
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where the �rst term describes the elastic (Rayleigh scattering) and the last terms describe
the inelastic contribution of the radiative scattering [150].
As there are two parts of the inelastic distribution in equation 3.41, the Raman signal is
symmetrically shifted in frequency (Raman shift) with the magnitude ω which is normally
expressed as a function of wave number

ω =
1

λscatt
− 1

λI
. (3.42)

3.6.2 Active Raman modes in ternary Cu-based chalcopyrite

For the chalcopyrite-type structure of CuInSe2, 21 vibrational modes can be observed

Γopt = A1 ⊕ 2A2 ⊕ 3B1 ⊕ 3B2 ⊕ 6E (3.43)

which are all Raman active, besides silent A2 modes [150�152]. The A1 mode, only involving
the displacement of the anions, is the most dominant observed Raman mode for CuInSe2.
Γ describes the center of the Brillouin zone. Di�erent notations are used for describing the
symmetry coordinates of the 21 optical zone-center phonon modes. Detailed summaries of
the active modes are given by Kaminov et al. [153] and Tanino et al. [152].
The intensity of the obtained Raman mode is in general depending on the directions of
observation and stimulation relative to the principal axes of the crystal [154]. The angular
variation of the intensity I can be calculated from the Raman tensor <′ by

I ∝ |νI <′ νS| (3.44)

with νI and νS as the unit polarization vectors for the incident and scattered light [154,155].
The Raman tensors for the chalcopyrite-type CuInSe2 (space group D2 d) can be found in the
literature [154].It has to be mentioned that for the tensor elements a, b, c, d and e no explicit
values are present. The intensity variation is mostly calculated by assuming certain values
and ratios. As only the A1 mode has two di�erent trace elements (a, b), the intensities of B
and E modes can be calculated without de�ning a ratio, in case of A1 between a and b.

3.6.3 Measuring strain by means of Raman spectroscopy

Raman shifts can directly be associated with strain as changes in the lattice lead to changes in
the vibrational frequencies. In spite of strain measurements conducted on silicon wafers [156],
chalcopyrite-based absorber layers have been investigated by Raman spectropscopy with focus
laying on the phase identi�cation [35] and elemtal distribution [33]. With a lateral resolution
between 300 nm and 2 µm, depending on the numerical aperture of the objective lens and
the laser wavelength [157], Raman microscopy might be capable of assessing strain distribu-
tions within individual CuInSe2 grains [36, 37, 155]. With an absorption coe�cient of about
15·102 m−1, the optical penetration depth, and therefore approximately the thickness of the
sample layer contributing to the Raman measurement, can be estimated with about 70 nm
for CuInSe2 [158]. As the intensity of stimulated Raman modes is depending on the angle
between the laser source and the observation, individual grains should be easily detected due
to their di�erent crystallographic orientation and distinct spectra intensity. This has been
shown by Becker et al. [156] on silicon wafers as well as by Hayward et al. [159] on diamond
�lms and O'Brien et al. on MoSe2 layers [160].
As the A1 mode is most prominent, strain measurements have to rely on single peak shift
interpretation. The actual resolution of peak shifts can be improved by Gaussian �ts [156].
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Further peaks in the Raman spectra are likely to be superpositions corresponding to B2 and
E modes or are not able to be resolved even at long acquisition durations per spectrum.
The evaluation of A1 peak shifts for strain measurements has to de�ne a reference wavenum-
ber. As one common problem of most strain measurement techniques, the de�nition of an
unstrained state has not an absolute value. Approaches, similary to those used in X-ray
di�raction evaluations, could be used. Thus, only relative changes of strain on investigated
areas are present as results.
Besides the reference wavenumber, values for the Young's modulus (as a conversion factor)
are varying from 42 to 68.8 GPa throughout the literature [161, 162]. Another factor is
the spectrometer calibration when comparing and using literature values. For instance, the
pressure dependence of CuInSe2 might change in the applied sub-wavenumber spectral reso-
lution [163]. On a conservative assumption, the slope of 5 cm−1 GPa−1 could be accepted as
independent from experimental conditions.

3.7 Techniques for elemental distribution mapping

Energy dispersive X-ray spectroscopy (EDX) conducted in the SEM enables to de�ne the
local chemical information of samples. Due to the reoccupation of an inner-shell energy state
by an electron from the outer shell, the di�erence in potential energy is either transferred to
a bound electron, maybe resulting in Auger emission, or is emitted as characterisitc X-ray
quantum [164]. Various characteristic energy di�erences are able to be stimulated depending
on the element. An EDX spectrum consists of X-ray lines at characteristic energies which are
pronounced relative to the concentration of the element. In some cases, the deconvulotion
of the spectrum might be challeging as some elements have X-ray lines close to each other.
The spatial resolution of EDX depends mainly on the excitation volume of the impinging
electron beam [164]. Spatial resolution of better 50 nm can be easily achievable in the SEM
with small probe currents and accleration voltages [22]. Shadowing e�ects might be taken
into consideration when cleaved samples are used.
Glow discharge-optical emission spectroscopy is a comparative analytical method for macro-
scopic elemental distribution measurement. The calibration is mostly done with an known
element of the sample at high concentration [165]. The atoms of the samples are sputtered in
the atmosphere of inert gas and are excited by plasma species to emit light of characteristic
wavelengths detected by a spectrometer. A voltage of 600-1.500 V is normaly used. In case
of thin-�lm solar cells, the glow discharge is stimulated by radio frequency to reduce intense
plasma ignition [33]. As the spatial resolution of GDOES is limited, measured depth-pro�les
should be interpreted on a macroscopic scale.
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Experimental results
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4.1 Microstructural properties of investigated thin �lms

The CuInSe2 thin �lms were analyzed by means of X-ray di�raction techniques either us-
ing a symmetrical Bragg-Brentano or asymetrical, grazing incidence geometry. To ensure
homogeneous elemental distributions in the CuInSe2 layers, GDOES and EDX were con-
ducted. Electron backscatter di�raction maps on areas of several 100x100 µm2 were acquired
to analyze the microstructure of the CuInSe2 layer.

4.1.1 Bragg-Brentano geometry based X-ray di�raction

As described in the literature [68, 120], the sin2 Ψ-method is based on the comparison of
di�erences in lattice parameters. For this method, the determination of the unstrained lattice
spacing d0 is not as critical as for other techniques. Since for thin �lms, the strain gradients
are generally found to be particularly perpendicular to the substrate, a non-linear dhklφ vs.
sin2 Ψ plot might be expected [124,166]. X-ray di�raction experiments were performed on a
�ve-circle ETA di�ractometer. Before the strain analysis, a θ-θ scan was conducted, in order
to identify appropriate re�ection in the XRD pattern. The CuInSe2 112 Bragg peak was
chosen for strain analysis, because of the strongest intensity. Cu-Kα1 radiation (40 kV, 45
mA) was used. A step size for ∆2θ of 0.05◦ with 15 s per step was selected for both in-plane
direction φ=0◦ and 90◦. The calculation of the necessary di�raction elastic constants was
based on the Eshelby/Kröner model [122, 123] and the single-crystal constants reported by
Pantea et al. [167].
For both in-plane directions, a more or less linear dhklφ vs. sin2 Ψ plot was extracted (see
Figure 4.1). As the plots did show the same quantitative changes of the interplanar spacing,
homogeneous planar strain distribution can be assumed. A depth stress gradient was found
to be present in the CuInSe2 layer, with decreasing stress values from close to the Mo back
contact towards the CdS/ZnO layers as shown in Figure 4.1 implying possible mis�ts between
the Mo coated glass substrate and the evaporated CuInSe2. Macrostrain values in the order
of 10−4 can be estimated.
Vaudin et al. [168] used the sin2 Ψ-method to transfer the obtained d0 for the calculation
of microstrain values by means of high-resolution EBSD. Only in very rare cases having a
extremely strong texture, the transfer should be taken into consideration regarding thin �lms.

4.1.2 Grazing incidence X-ray di�raction

XRD patterns were acquired for three di�erent incidence angles ω of 0.5, 2, and 5◦ using a
PANalytical X'pert Pro di�ractometer with an Cu-Kα1,2 source [37]. Since the di�raction
volume depends on the domain size, which should be smaller than the actual grain size, the
peak broadening can be directly correlated with changes of local strain, i.e. microstrain. With
CuInSe2 exhibiting an attenuation coe�cient µ of about 6.34x10−4 m−1, 66% of the radiation
was absorbed at a depth of ≈ 1,4 µm. For the incident beam a parallel beam optic, a Ni 0.02
mm �lter, a 0.04 rad vertical collimator, a 1/16◦ divergence slit and a 2 mm mask were used
for the measurements. For each scan a step size of 0.04◦ with duration per step of 40 s was
chosen. The sample height of the thin �lm was carefully adjusted to avoid the sample height
error and to increase the actual measured intensity. The di�raction pattern were analyzed
applying the LeBail method [138], taking into account the instrumental resolution function,
which was determined for each incident angle using a LaB6 standard (NISTSRM 660b). The
data treatment was performed using the software Fullprof [169].
In the analysis for the integral broadening of the Bragg peaks, a Pseudo-Voigt function,
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(a) φ = 0◦ (b) φ = 90◦

(c) φ = 0◦ (d) φ = 90◦

Figure 4.1: Measured changes of interplanar distances d for both in-plane directions φ = 0◦

(a) and φ = 90◦ (b). Errors were calculated by law of error propagation. Stress gradients
were present for both in-plane directions as shown in (c) and (d). Relaxation was found near
the ZnO/CdS layer [36].

which relates the integral peak broadening to the linear combination of a Gaussian and a
Lorentzian component [41,42], was used to describe the peak shape. Microstrain values of
(1.7±0.2)x10−3 for 0.5◦, (4±1)x10−4 for 2◦ and (6.1±0.6)x10−4 for 5◦ were determined [37].

4.1.3 Elemental distributions and texture analysis

The investigated CuInSe2 thin �lms exhibited homogeneous elemental distributions on micro-
and macroscale as measured by EDX and GDOES (Figures 4.3, 4.4 and 4.2). EBSD maps
acquired on larger scales exhibited distributions with no strong preferred orientations for the
CuInSe2 thin �lms with a maximum of about 1.34 over random multiples (see Figure 4.5).
High densities of Σ3 grain boundaries were formed in the thin �lms, as indicated in Figure
4.6, with a relative frequency of 0.4 (Figure 4.7).
Based on the dataset, an average grain-size diameter was extracted. Following Aitchison &
Brown [171], as well as Abou-Ras et al. [47], a value of (1.75±0.02) µm was determined.
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Figure 4.2: GDOES pro�le of the investigated CuInSe2 based sample. The relative intensity
was constant over the thickness of the absorber layer.

Figure 4.3: EDX elemental distribution maps acquired on a cross-sectional sample of ZnO/-
CdS/CuInSe2/Mo/glass stack. Elemental distributions were acquired on a TEM lamella at 7
kV and 90 pA sample probe with a Zeiss UltraPlus SEM equipped with an Oxford Instruments
XMax 80 mm2 silicon drift detector. The TEM lamella was fabricated using a focused ion
beam (FIB) instrument [170]

Figure 4.4: EDX elemental distribution maps acquired on a plan-view CuInSe2/Mo/glass
stack at 7 kV and around 90 pA beam current using a Zeiss UltraPlus SEM equipped with
an Oxford Instruments XMax 80 mm2 silicon drift detector. For Cu, Se and In, homogeneous
elemental distributions were found.
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Figure 4.5: a) EBSD orientation distribution map and b) pole �gures of the investigated
CuInSe2 thin �lm [37]. No strong preferred orientation was found to be present which is
competible with results by Abou-Ras et al. [172]. EBSD map was acquired using a Zeiss
UltraPlus SEM equipped with an Oxford NordlysNano EBSD detector at 20 kV, 10 nA
probe current, using a step size of 400 nm and 4x4 hardware binning. More than 106 data
points are used for the calculation of the pole �gures.

Figure 4.6: EBSD pattern-quality map with twin boundaries highlighted by red lines [37].
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4.1.4 Summary

The investigated CuInSe2 thin �lm o�ers lateral and spatial homogeneous elemental through-
out di�erent µm-scales. Strain induced by substantial chemical gradients can be neglected.
The EBSD map, containing about 55300 grains (see Figure 4.5), reveals a microstructure
with no strong preferred orientation and an average grain-size diameter of (1.75±0.02) µm
in plan-view perspective (Figure 4.7). The number of investigated grains is su�cient for a
decent local microstructural characterization. Regarding the spatial resolution of the ap-
plied microstrain mapping techniques, the mean grain-size diameter enables to resolve single
grains.
Both, symmetrical as well as asymmetrical, X-ray di�raction techniques con�rm the pres-
ence of macrostrain and microstrain. The large amount of twins (over 10 times higher mul-
tiples over random) is typical for these chalcopyrite-type thin �lms [69]. Since during the
coevaporation of CuInSe2, the growth conditions are accompanied by cooling and heating
stages, microstrain is reduced by forming stacking faults along predominant gliding planes
leading to the arrangement of Σ3 grain boundaries [50, 51, 56, 69] as shown in Figure 4.7.
This is in agreement with the presence of microstrain within domains con�rmed by grac-
ing incidence X-ray di�raction. Since for GIXRD only a depth dependency is obtained, the
measured values can not be compared with locally resolving microstrain techniques as local
information are not present [37].
The actual macrostrain values in the order of 10−4 for the in-plane directions are concur-
rent with the �nal stage of the in-situ observations of Mainz et al. [60] although quaternary
Cu(In,Ga)Se2 layers were investigated. Since the formation of twin boundaries is a direc-
tive strain reduction, depending on the local crystallographic orientation, macroscopic values
can not be related to local microstructural features. The presence of stress gradients per-
pendicular to the glass substrate can be explained with lattice mismatches between the Mo
backcontact and the CuInSe2 absorber layer [173].
The initial microstructural characterization of the investigated CuInSe2 thin �lm leads to the
assumption that this ternary compound is a solid �t model for the conduction of the strain
mapping techniques.
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(a) Grain-size distribution of investigated CuInSe2 thin
�lm.

(b) Misorientation-angle distribution of investigated
CuInSe2 thin �lm.

Figure 4.7: Grain-size distribution as well as misorientation-angle distribution of the inves-
tigated CuInSe2 thin �lms. a) For determination of the mean grain size of (1.75±0.02) µm,
a lognormal-distribution function according to Aitchison & Brown [171] was used along with
the descriptions by Abou-Ras et al. [47] concerning applied step sizes. In total, a number of
55300 grains was considered from the EBSD map shown in Figure 4.5, resulting in a su�cient
statistics. b) The misorientation was calculated with a tolerance of 1◦. Maximum found at
around 60◦ is related to the high density of Σ3 grain boundaries indicated in Figure 4.6.
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4.2 Mapping of microstrain distributions

High-resolution electron backscatter di�raction was conducted, contrast to Raman (micro-)
spectroscopy and high-resolution (micro-) di�raction, on plan-view CuInSe2/Mo/glass sub-
strate as well as cross-sectional Zno/Cds/CuInSe2/Mo/glass substrate samples. Ony µ-
HRXRD was applying on the buried CuInSe2 layer where as Raman µ-spectroscopy was
using a plan-view CuInSe2/Mo/glass substrate sample for the performed measurements.

4.2.1 Analysis of dynamically simulated electron backscatter pat-

terns

In order to investigate possible errors of the measured shifts between two EBSPs, unstrained
EBSPs were simulated dynamically by means of a modi�ed version of ESPRIT Dynamics
software by Bruker Nano [174]. Cross-correlation only measures lateral shifts; therefore, im-
age rotations within the individual ROIs can not be detected. In deformed metals, for which
rotational components are often much larger than the elastic strain values, pattern remapping
was used within a multipass cross-correlation analysis scheme to overcome this issue [96]. In
the present work, only a single pass of cross-correlation was used, in order to keep the com-
putation durations to a minimum. Following the suggestion by Britton et al. [96], possible
errors were assessed, by simulating a reference EBSP with Euler angles in the Bunge nota-
tion [92] of [0,0,0] and a series of test patterns after successive rotations of Θ from 0◦ up to
10◦ degrees from the reference con�guration with steps of 1◦. This equals a crystal perfectly
parallel oriented within the orthonormal coordinate system and a single rotation around the
second axis according to the Bunge notation of Euler angles. The cross-correlation analysis
was carried out on the simulated patterns with the same parameters for the ROIs as used for
the experimental EBSPs. As expected, the applied rotation around the horizontal x2 axis
resulted in the increase of the two rotational components. For rotation angles larger than 6◦,
unrealistic and erroneous normal strains εii and rotations ωij were obtained [37].
As shown in Figure 4.8, with increasing Θ normal strains are apparently introduced. These
values can be de�ned as phantom quantities as a simple rotation without any shear com-
ponent does not change interplanar spacings and therefore di�raction conditions. Until ap-
proximately 6◦ of stepwise increase, ωij did also not follow the predicted behaviour of a non
deforming rotation of one crystal which indicates the failure of the cross-correlation.
It has to be obvious, based on the simulated electron backscatter di�raction patterns, that
restrictions of experimental results are needed to exclude phantom values. Without taking
into account the experimental challenges, the cross-correlation approach is able to fail also us-
ing optimized conditions. Noise, contrast, anistropic inelastic scattering might even increase
possible errors. In this case, noise is considered based on di�use scattering, i.e. caused by
rough sample surfaces or contaminations, and not on interaction within the actual di�raction
volume, i.e. overlapping of two di�erent di�raction events at grain boundaries, resulting in
blurred patterns. The conducted simulations were based on several simpli�cation also with-
out considering pseudosymmetry of the chalcopyrite structure. A perfect tetragonal unit cell
was supposed to be present which already ends in a slightly di�erent EBSP (see Figure E2). A
phenomenological parameter could be added to the simulation model for CuInSe2, but would
need a standarized experimental setup including beam current and corresponding sample
conditions to realize the obtained anistropy in the experimental patterns [119]. To maintain
a reasonable e�ort for the simulations, best pattern quality was used without adding any
additional noise. Most commonly noise is added via a Gaussian or Poisson function either
generating noise from the measured data itself or from supposed signal �uctuations.
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Materials which not have been deformed or facing external load, do not exhibited large
rotations as i.e. dislocation motions on slip planes do not occur. For small rotations nor-
mally present within individual grains, the cross-correlation approach should be reasonable
although the pattern quality should be seen as essential. In case of larger ωij, extracted strain
values from experimental patterns have to be regarded carefully.

Figure 4.8: For the investigation of εii and ωij dependency from Θ, dynamically simulated
CuInSe2 patterns were used. Noise-free patterns were used for the cross-correlation neglecting
also the in�uence of anistropic scattering (see Figure E1). 50 ROIs with a size of 256x256
pixels were used for the cross-correlation. As no noise was present, �lters were not necessary.
Simulated EBSPs had a size of 1344x1024 and 8 bit resolution. An EBSP with Euler angles
in Bunge notation of [0 0 0] was used as reference pattern which equals a crystals perfectly
orientad along the orthonormal coordinate system.

4.2.2 Analysis of experimentally acquired electron backscatter pat-

terns

Best EBSP quality was achieved applying an accelerating voltage of 15 kV and high beam
currents up to 55 nA. Measurements were performed using a Zeiss Ultraplus scanning electron
microscope equipped with an Oxford Instruments NordlysNano camera and AZtec V3.0 as
acquisition software. With a lattice-constant ratio c/a close to 2 of the tetragonal crystal
structure of CuInSe2, a pseudocubic CuInSe2 crystal structure was assumed. With a deviation
of about 0.2% [45, 175], assuming a tretragonal cell would lead to substantial misindexing
of the EBSPs and consequently wrong identi�cation of grain boundaries [40]. Maps were
acquired using step sizes of between 50 and 200 nm. Smaller step sizes could not be realized
with realized measurement speeds of about 6 Hz. As no hardware binning of the EBSPs was
applied, to conduct the pixel-based cross-correlation approach on highest available resolution,
the measurement durations for cross-section ZnO/CdS/CuInSe2/Mo/glass samples were kept
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to 1 h at the longest, in order to reduce the sample drift [37]. For plan-view CuInSe2/Mo/-
glass samples, drift e�ects did not in�uence substantially. The cross-correlation was carried
out by the use of the commercial available software CrossCourt3 [176]. The analysis was
conducted on patterns at a resolution of 1344x1024 pixels, using 50 regions of interest (ROI)
circularly arranged around the pattern, each exhibiting a resolution of 256x256 pixels [37]. As
already pointed out, cross-correlation extracts shifts between two EBSPS of similar regions
within one grain, a reference pattern has to be selected. Therefore, two main consequences
of this approach for strain measurements have to be taken into account. One of the more
obvious consequences is that the extracted strain values are related to only di�erences in strain
states between two speci�c points within an individual grain. This is, only strain (di�erence)
distributions within individual grains can be distinguished. The other main property or
even disadvantage of this approach is the missing link between the reference pattern and the
actual lattice parameters [37]. Several proposals are discussed in the literature for resolving
the missing link [97,100,168].
In order to obtain more mean weighted distributions, the reference EBSP was assigned by
an algorithm referring to the image quality (IQ) of the EBSP and distances from grain
boundaries. The IQ relates to the intensity of peaks obtained in the Hough transform of the
EBSPs [112]. Changes in IQ can be correlated with elastic strain gradients, since severely
bent or twisted planes alter the di�raction conditions inside the di�racting volume. This may
result in more di�use bands within the EBSP [112, 113]. The reference pattern was selected
to correspond to the measurement point with the highest IQ of all points within a grain
that were at least 100 nm away from any grain boundary. In some cases, this happened to
result near the position of the geometric center of the corresponding grain. The majority of
IQ values near grain boundaries were signi�cantly smaller than those close to the centers of
the grains, which can be explained by often superimposing EBSPs of the neighboring grains
at grain boundaries. Tong et al. [99] have shown that it is still possible to successfully use
cross-correlation analysis when there is some overlap but that measurement errors increase as
the relative intensity of the pattern from the neighbor grain increases. In Zr they estimated
errors of about 2x10−4 when the incident beam was ≈18 nm from a grain boundary. To be
conservative all EBSPs from regions within a grain closer than 50 nm to a grain boundary
were excluded from the strain evaluation in this work [37], but are displayed within the
weighted microstrain distribution maps. Besides pattern quality restrictions, in general a
more conservative routine was chosen for the interpretation of the strain values resulting from
the cross-correlation analysis. Values below the early stated strain sensitivity of ±5.5x10−5

by Wilkinson et al. [95] were not included (but displayed after de�nition of a mean value).
Although, the results based on dynamically simulated patterns indicate a rather fast failure
of the method, rotations of these critical degrees (see Figure 4.8) were not present within the
investigated grains and thus did not have to be respected. For completeness and comparison
with µ-HRXRD data, the rotation distributions were plotted for one exemplary grain of the
plan-view and cross-sectional sample geometry (see Figure 4.10 and 4.11).
As illustrated in Figure 4.10 and 4.11, most values were in the order of 10−4, regardless of
di�erent sample preparation routines used for the respective sample geometries. Larger values
were found to be present, most likely but not necessarily near grain boundaries. Although a
high density of twin boundaries were present within the investigated CuInSe2 thin �lms, the
probability of mapping grains with the same or roughly the same orientation was small due
to the weakly pronounced orientation (see Figure 4.5). For the plan-view and cross-section
con�guration, at least 25 individual grains each were investigated, all exhibiting microstain
changes majorly in the order of 10−4.
Even when mean values averaged over larger numbers of grains do not o�er more insight
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Figure 4.9: Exemplary EBSD orientation distribution maps of a) cross-section sample and b)
plan-view sample. In both cases, 15 kV acceleration voltage at 55 nA beam current was used
for acquisition. A 50 nm point-to-point distance was used with no hardware bining of the
dectector. For the representation of the orientation maps, noise reduction was performed.

concerning acutal material properties, the general tendency of small microstrain values can
be interpreted as a material property. As the investigated CuInSe2 thin �lms are very likely
to have small dislocation densities within individual grains [12,51,55], also due to not facing
substantial chemical gradients [32], the acquired microstrain distributions seem reasonable.
The frequent formation of twin boundaries during the coevaporation process likely reduced
the number of dislocation and structural defects and therefore elastic microstrain.

4.2.3 Microstrain distributions measured by X-ray microdi�raction

As the investigated CuInSe2 thin �lms did not have a distinct preferred orientation (see Fig-
ure 4.5), individual grains were able to be resolved depending on the photon intensity [36�38].
To enhance the resolution, two hkl re�ections were chosen which allow extremely high inci-
dence angles ω for Bragg di�raction. As displayed in Figures 4.12 and 4.13, the measured
integrated intensities changed signi�cantly between the two di�erent di�raction conditions.
Nevertheless, for both cases of the 155cubic and 333cubic peak, su�cient variation within the
photon intensity was measured to clearly identify individual grains.
All µ-HRXRD measurements were performed at the ID01 beamline at the European Syn-
chrotron Radiation Facility, Grenoble, France using a monochromatic X-ray beam at an X-ray
energy of 8.9 kV with an energy resolution of δE/E = 10−4 resulting from a Si(111) double
re�ection monochromator. Focused by a Fresnel zone plate, the beam size at the sample
position was about 100x100 nm2. To determine the orientation and the strain in the lattice,
the angles ω, 2θ and ν are necessary for the complete description of the scattering vector ~Q
as a variation of strain in the sample a�ects the scattering angle 2θ at which the di�raction
peak is found, as well as the rocking angle ω (angle of incidence in the meridional plane). A
variation of lattice orientation (referred to as tilt) in the meridional plane would only lead
to a variation of ω at unchanged 2θ value. In a similar manner, tilt variations in the sagittal
direction lead to an angular displacement ν in the sagittal direction of the re�ected beam.
This displacement happens to be along a Debye-Scherrer ring without impact on the value of
the total scattering angle 2θ [38]. As already indicated in Figure 3.5, the change in measured
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Figure 4.10: Calculated microstrain and rotation distributions for highlighted grain in Figure
4.9 a).
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Figure 4.11: Calculated microstrain and rotation distributions for highlighted grain in Figure
4.9 b).
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integrated intensities can be equated with a length variance of the scattering vector as well
as a positional changes referring to an orientational variance. All three components ~Qx, ~Qy

and ~Qz could be extracted and strain and lattice tilt can be separately evaluated according
to the equations 3.38 and 3.2.
Figure 4.12 and 4.13 shows the intensity distribution in real space for selected regions in
reciprocal space. Plotting these distributions already indicate the regions where a closer
analysis is worthwile to be done. Already based on the inhomogeneous distribution of the
integrated intensity over the scanned region, the presence of strucutural inhomogeneities or
strain alterations can be expected [37,38,106]. The measured integrated intensity is based on
the region of interest on the detector (see Figure D1 for example). The integrated intensity
refers here to the total integrated intensity of the 3 dimensional reciprocal space volume that
has been probed. It is expressed in photons, knowing that these have been accumulated over
a 30 point rocking scan with a counting time of 20 ms per point.
As the investigated CuInSe2 thin �lm did not exhibit a strong, preferred orientation and there-
fore most likely large misorientations between adjacent grains, atomic planes are unlikely to
cross grain boundaries and as a result, by choosing appropriate di�raction conditions, a single
hkl re�ection within an individual CuInSe2 grain can be resolved [38]. The sharpe decrease
of photon intensity indicates the dimension of the respective hkl re�ection which is in good
agreement with the average grain-size diameter of (1.75±0.02) µm of the CuInSe2 thin �lms.
Considering a certain intensity threshold, which is not related to the grain-size diameter,
grains are de�ned in the real space. The other areas are neglected for further interpretation
of changes in the di�raction conditions.
For each ω value, each detector pixel is converted into detector angles and their reciprocal co-
ordinates leading to a reciprocal three dimensonal peak for each real space position [106]. The
conversion of the detector data into reciprocal space was done using the xrayutilities software
by Kriegner et al. [177]. One dimensional Gaussian peak �tting is performed. The idea is to
sum in two dimensions and to perform the �tting on a curve. This is repeated to all three
dimensions using the least square �tting to locate the precise ~Qx, ~Qy and ~Qz. The �t routine
was performed using the XSOCS software package. The software suites xrayutilities and
XSOCS are Python-based and open access [178]. Maximum changes between 3.3±0.1x10−3

and 9±x10−3 Å−1 are present within the di�erent components of the scattering vector ~Q as
listed in Table 4.1. For both re�ections and therefore both grains, the di�erences are similar
which might lead to the assumption of similar strain and tilt distributions. The length of ~Q
is consequently depending on all three components as the distributions in Figure 4.12 and
4.13 verify.
Strain and tilt deviation distributions for both Bragg re�ections were acquired (Figure 4.12
and 4.13). The tilt deviation maps are based on the smallest angles measured in real space.
As di�erent di�raction conditions have to be applied for the 333cubic and 155cubic re�ection,
di�erent areas of the detector (ROIs) are exposed to photons and therefore di�erent relative
angles between the probed grain and the detector area in real space coordinates. The de�n-
tion of the zero tilted position within the grain has the same uncertainty concerning absolute
values as the de�nition of d0. The position with the lowest tilt angle towards the correspond-
ing detector area was chosen to be the initial position. Based on this, the deviation angle ν
was calculated resulting in values up to 7±0.6x10−2 degree for the 333cubic re�ection. In any
case, ν values should always only be interpreted without taking the mathematical sign into
account. De�ning the zero tilted point based on the simple assumption of normal distributed
values, an average weighted tilt deviation map faces negative quantaties, but the maximum
di�erence in tilt deviation angles does not change dramatically.
Based on the total length of ~Q, the lattice (or interplanar) spacing d was calculated accord-
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Table 4.1: Maximum di�erences for the components ~Qx, ~Qy and ~Qz of the scattering vector
~Q for both hkl re�ections based on the calculation of the smallest tilt angle. Errors are based
on standard deviation.

∆ ~Qi 333cubic 155cubic
∆ ~Qx 8±0.1x10−3 Å−1 5±2x10−3 Å−1

∆ ~Qy 7±2x10−3 Å−1 9±1x10−3 Å−1

∆ ~Qz 3.3±0.1x10−3 Å−1 6±2x10−3 Å−1

Table 4.2: Delta tilt T and strain ε values for both re�ections. Maximum values were found
in the order of 10−2 ◦ in tilt and 10−4 in strain. Errors are based on standard deviation.

333cubic 155cubic
T 7.7±0.7x10−2 ◦ 3±2x10−2 ◦

ε 6±1.4x10−4 7±1.4x10−4

ing to Equation 3.37. The lowest tilt deviation was assumend to be a good choice for an
unstrained position within the grain, although tilt within the plane does not need to induce
strain, positions near the intensity maximum, i.e., in or close to Bragg condition, should be
a suitable position within the grain to be regarded as unstrained [38]. The corresponding d
value was de�ned as d0. According to equation 3.2, microstrain distributions were calculated
for the 333cubic and 155cubic re�ection as shown in Figure 4.12 and 4.13. For both measured
re�ections, most microstrain values were in the order of 10−4 with maximum delta values
between 6-7±1.4x10−4 which is based on relative lattice space variations of 10−4 (see Figure
4.12 and 4.13). As a symmtrical geometry is used, the probed hkl spots result in changes of
out-of-plane strain which is comparable with those measured by HR-EBSD (ε33) and Raman
µ-spectroscopy.
Regarding the relative tilt distribution of the probed 155cubic plane, there is no correlation
between changes in the relative orientation alteration of the plane and corresponding strain
present. Larger as well as lower deviation angles are measured for positions near supposed
grain boundaries. As d0 was de�ned at the untilted position of the grain, it can be stated
that the development of interplanar spacings is completely decoupled with their respective
tilt. Same behaviour can be obtained with the probed 333cubic re�ection.
With a strain sensitivity of 10−5 and tilt variation of 10−3 degrees according to Chahine
et al. [106] the acquired results are clearly linked with microstructural changes within the
individual CuInSe2 grains of the investigated thin �lm. Since a buried CuInSe2 layer was
probed, external in�uences, i.e., resulting from sample preparation, can be neglected. With
an achieved X-ray beam spot size of 100x100 nm2, a resolution was given su�cient for an
overall good statistics. As both grains, which were probed by using two di�erent Bragg
re�ections, showed mostly the same order of magnitude for the microstrain (10−4) and the
tilt changes (up to 10−2 degrees), the reliability of the measurement should be con�rmed.
Nevertheless, the actual experimental strain sensitivity needs closer inspection and will be
discussed later in chapter 4.

4.2.4 Strain maps acquired by Raman microspectroscopy

In Raman intensity distributions using vibrational modes of CuInSe2 [158], individual grains
were able to be identi�ed, as shown in Figure 4.15. By coloring the intensity ratio according
to the two most prominent peaks as displayed in Figure 4.14, characteristic microstructural
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Figure 4.12: a) Measured integrated intensities for the 155cubic peak. Di�erent intensities
were obtained due to di�erent di�raction conditions based on the Bragg equation. Data was
acquired at an X-ray energy of 8.9 keV, a beam size of 100x100 nm2 and a stepsize in the
scans of 100 nm. d)-f) Measured ~Qx,y,z distribution for the 155cubic peak. b) Relative tilt
distribution. Based on lowest tilt deviation from the coplanar geometry, the relative tilts
were calculated within the individual grains which were in the order of 10−2 degree [38].
c) Out-of-plane microstrain distribution based on the determination of d0 on the lowest tilt
deviation from coplanar geometry. Values mostly in the order of 10−4 were extracted [38]. g)
Relative changes of δd = d − d0 of probed grains resulting in displayed strain distribution.
The scale bar indicates 0.5 µm. The colorbars indicate obtained ranges between the measured
or evaluated minimal and maximal values.
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Figure 4.13: a) Measured integrated intensities for the 333cubic peak. Di�erent intensities
were obtained due to di�erent di�raction conditions based on the Bragg equation. Data was
acquired at an X-ray energy of 8.9 keV, a beam size of 100x100 nm2 and a stepsize in the
scans of 100 nm. d)-f) Measured ~Qx,y,z distribution for the 155cubic peak. b) Relative tilt
distribution. Based on lowest tilt deviation from the coplanar geometry, the relative tilts
were calculated within the individual grains which were in the order of 10−2 degree [38].
c) Out-of-plane microstrain distribution based on the determination of d0 on the lowest tilt
deviation from coplanar geometry. Values mostly in the order of 10−4 were extracted [38]. g)
Relative changes of δd = d − d0 of probed grains resulting in displayed strain distribution.
The scale bar indicates 0.5 µm. The colorbars indicate obtained ranges between the measured
or evaluated minimal and maximal values.
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features, i.e. twins, can be easily resolved. To ensure that actual single grains are resolved,
correlative Raman and EBSD mapping was performed on the identical position of a plan-
view CuInSe2 sample (see Figure 4.16) [155]. The direct correlation of the local orientation
of CuInSe2 single crystals and the Raman intensities has already been shown by Tanino et
al. [152]. By changing the polarization by 90◦, the intensity distribution maps for the A1 and
B2+E peak change substantially. In Figure 4.16, 5 grains are marked which were used for the
comparison of theoretical intensity distributions and experimental obtained data. As shown
in Figure 4.19 the measured intensities for the A1 mode is clearly following the theoretical
trend for all 5 exemplary grains. As shown by the simulated intensity distribution of B2, E
and B2+E in Figure 4.19 and 4.18, the measured intensity for the Raman peak at 214 cm−1

does not follow the trend as precise as for the single A1 mode peak at 174 cm−1. Due to
the second most dominant peak being a convolution (or superposition) of two active modes,
the calculation of the intensity distribution can not be done easily. As a linear combination
underlies the superposition according to equation 3.43, several solutions and thus deviations
have to be expected. Other positions for Raman peaks related to the E mode (i.e. at 209
cm−1) were not able to be resolved, even at longer acquisition durations of up to 5 s per
spectrum (see Figure 4.14) [36�38,155].
Strain leads to small changes of vibrational frequencies, therefore Raman shifts can directly
be associated with strain [156]. As described in the literature [37,38,155] Raman maps were
recorded with dimensions of up to 35 µm x 35 µm using a Horiba Jobin Yvon LabRam HR
spectrometer coupled to an Olympus BX41 microscope by step-wise movement of the sample
through the laser beam focused by a 100x/N.A. = 0.9 objective lens using a sample scanning
stage. A step size of 200 nm was chosen, and a total of at most 30625 spectra were collected.
Each spectrum was recorded within 3 - 5 s, which resulted in maximum measurement dura-
tions of about 26 h (with 3 s/spectrum) and 43 h (with 5 s/spectrum), respectively. A HeNe
laser was used for excitation at λ = 632.8 nm with 1 mW power reaching the sample. With
an absorption coe�cient of about 15x102 m−1, the optical penetration depth - corresponding
to approximately the thickness of the sample layer contributing to the Raman measurement -
can be estimated with approx. 70 nm for CuInSe2 [157]. According to the Rayleigh criterion,
the di�raction-limited lateral resolution with the objective lens and wavelength used here is
approx. 410 nm as present in Figure F2, therefore averaging occured due to the nominal 200
nm step size used for the stage movement. The Raman-scattered light was dispersed by us-
ing a 1800 mm−1 grating and detected by a 1024x256-pixel liquid-N2-cooled Symphony CCD
camera from Horiba Jobin Yvon with −126◦C operating temperature. The Raman peaks for
each spectrum were �tted using a Gaussian function [156]. The complete evaluation of each
spectrum, including the respective band shifts, was performed using a self-written National
Instruments Labview routine [179]. Band shifts of the A1 mode around 174 cm−1 were evalu-
ated (range of the Gauss �t: 171.2-177.2 cm−1) [37,38]. The peak positions and the pressure
dependence of Raman shifts for CuInSe2 were taken from the literature [158,163]. Based on
the pressure dependence of the A1 mode peak position described in wavenumber, positions of
the Gauss peaks were converted into strain values. All strain values are expressed as positive
or negative deviations from the average obtained wavenumber value of each mapped area
or region of interest (i.e. individual grain), which was arbitrarily set as unstrainend. Thus,
only relative changes of strain on an investigated area are given as results. This way, the
problem of di�erences in spectrometer calibrations was neglected when comparing with lit-
erature data. For that reason, the intercept of the linear relation between strain and Raman
shift [158,163] might not be the same within the sub-wavenumber spectral resolution applied.
Only the slope of 5 cm−1/GPa was employed, which is much more independent from the ac-
tual spectrometer calibration. By taking a Young's modulus of 68.8 GPa for CuInSe2 [162]
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as conversion factor, the calculated strain values have to be considered as higher limits as
di�erent (and particularly smaller) moduli are present in the literature [161]. The orientation
of the sample surface parallel to the measurement stage was essential for precise measurement
of the strain distributions. Thermal drift of the sample stage might also have to be consid-
ered. A spectral resolution of approximately 0.3 cm−1 per CCD pixel for the A1 mode of
the CuInSe2 spectra was considered at �rst based on the experimental setup (mainly de�ned
by the 1800 mm−1 grating and the 1024x256-pixel CCD camera). This relates to a strain
resolution of 9x10−4 when using 5 cm−1/GPa and a Young's modulus of 68.8 GPa. When
considering the improvement of spectral resolution to approx. 0.05 cm−1 [156], due to Gauss
�tting of A1 modes in all spectra of the Raman map, an uncertainty of the measurements
of around 1.5x10−4 can be estimated. Changes of the A1 Raman shift within ±1 cm−1 or
smaller were typically observed. The �t of the A1 peaks was performed in a wavenumber
range considerably larger.
Raman microspectroscopy is capable of mapping relatively large areas (here, up to 35 µm x
35 µm in more the 23 h acquisition time, but 5 times faster might be possible as presented
in Figure F6) with sub-grain-size lateral resolution (typically 300-500 nm in the visible spec-
tral range), size and position of the chosen area on the sample play a signi�cant role. As
shown in Figure 4.19, large areas up to 35 µm x 35 µm were investigated concerning A1 peak
shifts. Strain analysis based on a average obtained wavenumber resulted in maximum strain
variations of about (1.2 ± 0.2)x10−3. Extracting a part within this map, as done in Figure
4.20, and calculating band shifts with respective strain values, leads to maximum local strain
changes of only (7 ± 1.5)x10−4. These di�erences already indicate the challenge of strain
mapping over areas including several grains with di�erent orientations. As peak intensities
but also band shifts are depending an the local orientation, band shifts outside of individual
grains are likely to be uncomparable.
Although Raman µ-spectroscopy demonstrates that due to the combination of high spatial
resolution and relatively large scan areas, very localized changes of the microstructure can
signi�cantly a�ect the measurement result. With a spatial resolution of approx. 430 nm,
microstructural features as twins were able to be resolved as present in Figure 4.15. At the
applied measurements conditions, the non-destructive character and high reproducibility of
mappings can be guaranteed (see Figure F4 and F5) [155].
Figure 4.21 shows the measured intensity of the A1 peak and a line scan, extracted through-
out the complete length of the recorded map. The corresponding wavenumber distribution
map is not resolving any possible position of individual grains. Altough only small changes
in within the wavenumber range is measured along the intensity distribution map, small dif-
ferences can be obtained when only regarding areas clearly related to on single orientation
(see Figure 4.22). Regarding the assumed uncertainty of 0.05 cm−1, the values are reasonable
to actually represent changes within the microstructure of the indicated grain displayed in
Figure 4.23. This assumption can be supported by the fact that the optical penetration depth
can be estimated with 70 nm, which is comparable with the interaction volume of EBSD,
and with the high reproducibility of the experiment itself (see Figure F5). The unstrainend
position within the grain was de�ned by the pixel position of the average obtained wave
number resulting in a mean weighted distribution plot.
The extracted line scan implies the question of strain sensitivity as the peak position uncer-
tainty of 0.05 cm−1 results in comparable large errors within the recorded wavenumber range.
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Figure 4.14: Typical observed Raman spectra of CuInSe2 are displayed in a. Depending of
the acquisition time, the second peak (B2+E) can be resolved. The E peak, which should
be present at 209 cm−1, could not be resolved at any acquisition condition. In b, the corre-
sponding atomic displacements of the A1 and B2 modes are indicated [155]. The respective
colors used for the generation of the intensity ratio maps are given within the exemplary
Raman spectra.

Figure 4.15: Raman intensity ration maps (a) reveals the equivalent microstructural fea-
tures as the EBSD orientation distribution map (b) acquired at the same identical position.
Individual grains and even twins are able to be resolved. For the coloring, the measured
intensities of the two dominant peaks were used (see Figure 4.14) [155].
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Figure 4.16: Raman intensity distribution maps (a-d) of the highlighted area of Figure 4.15
with corresponding EBSD orientation map (e). For avoiding misindexing of the EBSPs, a
simpli�ed pesudocubic structure of CuInSe2 was used to avoid pseudosymmetry e�ects [45].
Marked grains are taken for in depth analysis. EBSD measurement was performed at 20
kV acceleration voltage, at a probe current of about 50 nA with a step size of 100 nm to
enhance the measurement speed and reduce sample drift. With a square grid of 250x250
scanned points, a total area of 25 µm x 25 µm was mapped at 4x4 hardware bining of
the detector. Noise and spikes of the EBSD data were reduced using HKL Channel5 post
acquisition software. Based on the measured orientations of the grains and the corresponding
Euler angles, the required directions and planes were extracted for the �ve exemplary grains
as indicated in (e) [155].
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Figure 4.17: The calculated angle dependencies of Raman intensities for the grains 1-5 of
Figure 4.16 are shown for the A1 and B2 mode at wavenumbers 174 cm−1 and 214 cm−1

(a-e) [155]. The experimentally observed intensity changes are in good agreement with the
theoretical trend, especially for the A1 mode. Detailed explanation of the Raman tensor
calucations can be found in the literature [154, 155, 180] and in Appendix F. Calculated
angles are listed in Table TF1.
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Figure 4.18: Calculated angle dependencies of Raman intensities for the E and E+B2 mode
at wavenumber 214 cm−1 [155]. As a linear combination of active Raman modes is present
at 214 cm−1 according to equation 3.43, deviations have to be expected.
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Figure 4.19: Large area Raman map of 35 µm x 35 µm. a) Considered Raman shifts of probed
area with resulting stress and strain values. b) Intensity ratio map is clearly resolving the
local microstructure with a high density of twins concurrent with EBSD results (see Figure
4.6).

Figure 4.20: 20 µm x 20 µm map taken from the upper central part of Figure 4.19. Reduced
band shifts of the A1 mode resulted in smaller stress and strain values. b) Corresponding
intensity ratio map with resolved twins.
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Figure 4.21: (a) Measured intensity of the A1 peak of map shown in Figure 4.16 with di�erent
color code [37]. (b) Corresponding A1 peak positions of measured area. Peak positions were
�tted with a Gaussian �t as described in the literature [155,156] (also see Figure F7).
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Figure 4.22: (a) Intensity and (b) peak position line scans at location indicated in Figure 4.21.
(c) Due to the orientation dependency of the Raman intensity, individual grains are clearly
distinguished [37,38,155]. On the basis of an average wave number within the grain, relative
band shifts and thus strain were be calculated. Errors are based on the uncertainty concerning
peak position detection (≈0.05 cm−1 or respectively 1.5x10−4 in strain) [37,156,158,162,163].

Figure 4.23: Microstrain distribution within individual grain (see Figure 4.19 e, grain 5 or
Figure 4.21). Microstrain values in the order of 10−4 are obtained [37,38].
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Table 4.3: Relative microstrain changes within individual grains, which were used to extract
linescan, were in the order of 10−4 for all three strain mapping techniques and can be inter-
preted as functional tone or characteristic of the investigated CuInSe2 thin �lms. Summary
of experimental acquired strain sensitivities, based on the mean absolute changes between
adjacent measuring points [37].

Technique Mean absolute di�erence Standard deviaton
HR-EBSD 2x10−4 1x10−4

µ-HRXRD 3x10−5 1x10−5

Raman µ-spectroscopy 1.0x10−4 0.6x10−4

4.2.5 Sensitivity of applied strain mapping techniques

As pointed out, strain mapping or measurements techniques in general should be character-
ized by their accuracy or sensitivity. In case of the cross-correlation conducted on dynamically
simulated electron backscatter di�raction patterns (see Figure 4.8), the term accuracy can be
used as the strain state is de�ned. In Figure 4.24, an enlargement of the ε33 dependency on Θ
is plotted. The measured di�erences can be used for termine the accuracy. Before complete
failure (Θ ≥8◦), a mean absolute accuracy of (2±1x10−5) can be estimated. In this case,
as dicussed previously, perfect initial conditions were given in comparison with experimental
acquired datasets.
When considering the conducted strain mapping techniques, one of the main concern is lying
on the possibility of resolving di�erence in strain states between two adjacent measurement
positions i and i + 1. To compare the strain mapping techniques, three linescanes of the
out-of-plane strain distribution (see Figures 4.10, 4.12 and 4.23) were extracted at random
positions. As indicated before, the relative changes are found to be mostly in the order of
10−4. In Figure 4.25 exemplary line scans are plotted. In case of Raman µ-spectroscopy, an
error was assumed for �tting the peak position of approximately 0.05 cm−1 [155,156] leading
to 1.5x10−4 [37,38] in strain. The sensitivity was de�ned as mean absolute di�erence between
one value i and it's adjacent neighbor (i+1). The values are listed in Table 4.3. µ-HRXRD
resulted in a strain sensitivity concurrent with literature [107]. Same holds for the results of
HR-EBSD as reported values of Wilkinson et al. [102] were in the same dimension. Although
the strain sensitivity, based on the evaluated of the Raman single peak shifts, is in the same
range as the other techniques, the error of 0.05 cm−1 for the peak position �tting has to be
taken into critical account. In Figure 4.26, relative frequency of exemplary acquired micros-
train distributions are plotted. As indicated by the line scans (see Figure 4.25), in case of
Raman µ-spectroscopy only few values might be reliable.

4.2.6 Microstrain maps of CuGaSe2 thin �lms

First high-resolution EBSD results conducted on ternary CuGaSe2 thin �lms have been re-
ported in the literature [181]. Although microstructural di�erences between CuGaSe2 and
CuInSe2 have to be expected, i.e. average grain-size diameter [47], slight comparisons can be
made. Figure 4.28 shows average weighted microstrain distributions of one CuGaSe2 grain
(indicated in Figure 4.27). As shown in Figure 4.29, most values were found to be in the
order of 10−4.
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Figure 4.24: Enlargement of ε33 development of Figure 4.8. As only rotations around x2 were
applied, zero strain should result. Calculated errors are based on the mean deviation within
Θ ≤8◦. For better statistics, all normal strains ε11, ε22 and ε33 were taken into account.
Corresponding patterns are shown in Figure E1.

Figure 4.25: Line scans at random positions of HR-EBSD, µ-HRXRD and Raman µ-
spectroscopy based microstrain distributions. The error bars result from the absolute av-
erage of calculated di�erence between values i and (i+1) with corresponding standard devi-
ation [37].
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Figure 4.26: Relative frequencies of microstrain values (black bars) acquired within individual
grains using a) HR-EBSD, b) µ-HRXRD and c) Raman µ-spectroscopy. For all techniques,
most relative microstrain changes are in the order of 10−4. Higher values resulting from the
pixel-based cross-correlation are due to the in in�uence of grain boundaries. The estimated
sensitivies are given as bars by red (based on simulated EBSP) and grey (based on experimen-
tal values) colored areas. In case of Raman µ-spectroscopy, the calculated strain sensitivity
exhibits the same dimension as the estimated error of the peak-position determination [37].

Figure 4.27: EBSD orientation map of investigated CuGaSe2 thin �lm [181]. Electron
backscatter patterns were acquired by applying 15 kV accleration voltage and a beam current
of around 50 nA. A step size was of 50 nm was used. Due to the pseudosymmetry [40], a
pseudocubic crystal structure was assumed for indexing.
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Figure 4.28: Microstrain distributions within CuGaSe2 grain highlighted in Figure 4.27 [181].

Figure 4.29: Relative frequencies of measured out-of-plane strain values of 10 individual
CuGaSe2 grains. In total, over 3000 data points have been considered with a bin width of
2x10−4. The gray box indicates the complete value range of 10−4.
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4.3 Discussion of the experimental results

In the present work, various strain measuring and mapping techniques were conducted on
the same CuInSe2 thin �lms. The resulting strain values are mostly in the same order of
magnitude, 10−4. Since di�erent scales and types of strain were evaluated, the comparability
among the techniques applied is limited. Even di�erent origins for the strain states have to
be considered.
The investigated thin �lms exhibited a microstructure with an average grain-size diameter
of (1.75±0.02) µm, no strong preferred orientation, and a high density of twin boundaries
with a fraction of 0.4. In comparison to other Cu-based chalcopyrite-type thin �lms, the es-
timated average diameter can be regarded as rather large [47]. Mapping technqiues, i.e. for
the investigation of microstrain, texture, dislocations and grain growth, were conducted by
several groups either using same or similar approaches on mostly metallic samples exhibiting
substantially larger grain sizes [106,107,147�149,156,168,182�184].
The presence of pronounced twinning can be interpreted as an energy release during the �lm
growth associated with short range stress �elds [185, 186]. Even though twinning is gener-
ally described to depend on the orientation relationship of the substrate and the deposited
layer [185] this picture does not hold for the investigated CuInSe2 thin �lms since no distinct
texture is present. However, general assumptions of these models can be adopted. Accord-
ingly, twinning in CuInSe2 thin �lms is attributed to microscopic release of elastic energy
based on the local crystallography [185]. Using the classi�cation summarized by Nespolo
and Ferraris [187], twins present in CuInSe2 are growth twins. According to Buerger [188],
growth twins are caused by an accidental departure from equilibirium during growth, espe-
cially under conditions of impurities on the surface and of supersaturation, or in more general
terms of �uctuation in thermodynamic conditions, and have always to be considered under
the geometrical aspect [187, 188]. Thermodynamic conditions are rapidly changed during
the coevaporation process since in-di�usion of elements at di�erent stages of the process are
varied. Twins are therefore formed when arriving atoms or atom clusters can not continue
the normal pattern of the crystal and coordinate to positions of so-called subminimum en-
ergy [188]. In stages of di�usional process within the bulk layer due to phase transformations,
even these subminimum-energy positions can reduce microstrain.
Variations of interplanar distances measured by the sin2Ψ-method resulted in macrostrain
in the order of approximately 10−4. As these values depend on the measuring direction and
are therefore directional, no correlation between macrostrain and the microstructure or the
microstrain can be identi�ed.
Microstrain values obtained from XRD patterns under various grazing-incidence angles can be
linked to local microstructural properties. A pseudo-Voigt function [139,140] was used for the
analysis which is assumed to be a less simpli�ed approach as the one proposed by Williamson
and Hall [132]. The Williamson-Hall approach is based on the assumption of Lorentz-like
peak broadening related to domain size and strain, and that these quantities contribute to
the peak broadening with a cos−1 θ and tan θ dependency. However, the microstrain values
extracted from Williamson-Hall plots, which are not shown in the present work, were about
two orders of magnitude larger. Microstrain values resulting from the Fullprof software [169],
correspond to about 0.25 of the apparent strain [131] and can be considered as an upper-limit.
Considerating the high density of twin boundaries (approx 40% of all grain boundaries) and
thus releasing large portion of elastic energy during growth, small microstrain values can be
expected although twinning should rather e�ect the domain sizes. As peak broadening is only
accompanied rarely by either changes of interplanar spacings or twinning, the interpretation
has to be done carefully. Thus the microstrain values obtained by means of GIXRD should
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not be compared directly with microstrain distributions acquired within individual grains as
performed by means of HR-EBSD, µ-HRXRD and Raman µ-spectroscopy [37].
The presence of a high density of stackings faults within the investigated CuInSe2 layer could
not be found by analyzing the GIXRD patterns. Stange et al. [189] showed the presence of
high stackings faults density depending on the Na incorporation by obtaining a peak near
the 112 re�ection. Although the investigated CuInSe2 thin �lm was fabricated by the same
3-stage co-evaporation process, the growth temperature was higher which leads to stacking
fault annihilation. As homogeneous elemental distributions were present, stacking faults den-
sities large enough for causing the characterisitic peak near the 112 re�ection [189] were not
expected.
Although all three strain mapping techniques result in similar strain values, the reliabili-
ties of the acquired microstrain distributions (i.e., their sensitivities) di�er substantially, as
discussed in the literature [37]. Based on the rotation experiments on dynamical simulated
patterns, a strain sensitivity of (2±1)x10−5 was estimated for EBSD, which is within the
broad range of the literature values [95�97, 102, 103, 110] already discussed before. Never-
theless, especially considering the pixel-based cross-correlation approach, strain sensitivities
always depend strongly on the experimental conditions and therefore may di�er substan-
tially, even by several orders of magnitude. When extracting line scans of the HR-EBSD,
µ-HRXRD and Raman µ-spectroscopy microstrain distribution maps , the absolute di�erence
of two adjacent points is giving the possibility of displaying the local microstructure strain
state independently, in contrast to the rotation experiment conducted on simulated patterns,
where every value was compared with the initial point. The comparison of the three tech-
niques leads to the assumption of µ-HRXRD having the best strain resolution. HR-EBSD
has also the capability of su�ciently resolving strain changes within the CuInSe2 in contrast
to Raman µ-spectroscopy [37]. Furthermore, care has to be taken when conducting Raman
microspectropscopy on relatively large scan areas with sub-grain-size resolution, where very
localized changes of strain can signi�cantly a�ect the overall result.
The order of magnitude for strain �elds around common, edge-type dislocations in CuInSe2

[12, 55] can be estimated easily [58, 59] and may reach values of about 10−3 in a distance
of up to 5-10 nm around the dislocation cores (see Appendix for further details). Extended
structural defects such as dislocation networks [12] may also result in microstrain changes at
scales of several hundreds of nanometers or compensate eachother. As these defect networks
do most likely not consist of pure edge- or screw-type dislocation but rather of a complete
mixture, not comparable to superdislocations [55], the simulation of expectable strain �elds
is very complex. With the conducted strain mapping techniques, the characterization of
individual dislocation can not be realised, even using Transmission Kikuchi di�raction, but
the detection of one or two dimensional defect networks are possible.
In spite of the discussion on the possibility of strain mapping and the reliability of acquired
values, the extracted microstrain distributions by means of three di�erent techniques do in-
tersect. As shown in Figure 4.30, the majority of microstrain values are in the order of
10−4 for all conducted techniques. This is in good agreement with previous analytical work
performed by several groups [12, 51, 55]. As no chemical gradients, large average grain-size
diameter, and a high twin-boundary density are present, also small dislocation densities can
be expected, which has already been found by Dietrich et al. [12]. Still the obtained mi-
crostrains in the order of mostly 10−4 can be described as microstructural property of the
investigated CuInSe2 thin �lms.
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Figure 4.30: Relative frequencies of measured microstrain values by means of HR-EBSD,
µ-HRXRD and Raman microspectroscopy. Most out-of-plane strain values were in the order
of 10−4. In case of Raman µ-spectroscopy, no other orders of magnitude were measured.
µ-HRXRD and Raman µ-spectroscopy are based on the evaluation of only two grains, where
HR-EBSD results from the evaluation of 70 grains in total. In all cases, values below the
estimated experimental strain sensitivities were not considered.
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Chapter 5

Conclusions

The current work presents microstrain measurements on CuInSe2 thin �lms used for solar
cells. The main focus was to acquire microstrain distributions within individual CuInSe2

grains and to provide the possibility to study structure-property relationships in correspond-
ing solar cells.
The cross-correlation analysis of high-resolution electron backscatter di�raction patterns is
able to extract microstrain distributions in CuInSe2 grains with an step size of down to 50 nm.
Raman microspectroscopy can be used to acquire band shifts of the prominent A1 Raman
mode within individual grains with an e�ective spatial resolution of about 400 nm. When
applying high-resolution X-ray microdi�raction, individual hkl spots and therefore micros-
train distributions can be measured. With high focused X-ray beams of only 100 nm x 100
nm, even extreme small tilt variations of down to 10−2 degree are accessible. As all strain
mapping techniques were evaluated on routines favoring average weighted strain results, they
can be compared. In all cases, the majority of strain values is found to be in the order of
10−4.
Nevertheless, the sensitivity is one major factor for assessing microstrain distributions. For
high-resolution X-ray microdi�raction and electron backscatter di�raction, changes within
the microstrain distribution in the order of 10−4 up to 10−3 can be observed. Thus, their
strain sensitivities are su�cient. Although tilts measured by X-ray microdi�raction and rota-
tions by HR-EBSD are not directly comparable ,since µ-HRXRD measures only the linearity
of normalized ~Qz, no large relative rotations are detected within the investigated CuInSe2

layers by HR-EBSD which is expected and gives rise to a more faultless cross-correlation rou-
tine. The same holds for the tilt distributions acquired by µ-HRXRD. Large changes within
one plane would lead to the observation of large rotations of unit cells inside the probed
grain.
HR-EBSD, X-ray microdi�raction and Raman microspectroscopy are all able to extract mi-
crostrain distributions. The credibility of the measured data has to be questioned but also
the capability of using these technique for the analyis of structure-property relationships at
identical position of the sample.
It can be concluded that HR-EBSD is promising for the planned combination with measure-
ment techniques tracking optoelectronic properties. Regardless of the discussed challenges,
HR-EBSD is the only strain mapping technique which can be reasonable used for correlative
measurements on bulk samples. Apart from the opportunity of using Raman microspectros-
copy for the visualization of the local microstructure [155], the reduced stimulation of single-
mode Raman peaks and peak-position determination limit microstrain measurements. When
being connected to an actual change of interplanar distances, µ-HRXRD has shown to be
able to extract reliable microstrain distributions.
Concerning the fabricated CuInSe2 thin �lms, it can be concluded that the measured mi-
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crostrain values represent microstructural properties. As already stated in the literature
[12, 51, 55], only low dislocation densities of less than 108 cm−2 are present. In combi-
nation with the large number of twin boundaries, which already reduce microstrain e�ec-
tively [50, 51, 69], the obtained microstrain values by means of HR-EBSD, µ-HRXRD and
Raman µ-spectroscopy are concurrent.
In contrast to multicrystalline silicon whose microstructure can be directly correlated with
optoelectronic properties [190�194], the role of zero, one, two and three-dimensional defects
in Cu(In,Ga)Se2 thin �lms are not well understood yet as summarized by Abou-Ras [195].
The conducted microstrain mapping techniques could be used for the enhanced unterstanding
of three-dimensional extended structural defects by means of correlating microstrain distri-
butions and optoelectronic measurements within individual grains.
As the obtained microstrain distributions are linked to rather large defect networks, in com-
parison with strain �elds around zero, one and two-dimensional defects, the combination with
techniques exhibiting comparable resolutions is favored. Following the work by Nichterwitz
et al. [5, 196] or Müller et al. [8], acquiring microstrain distributions in combination with
electron beam-induced current (EBIC) or catholuminescene (CL) measurements can deliver
in depth-information concerning structure-property relationships. A cross-sectional sample
con�guration are most promising as i.e. EBIC signals could be easier to interpreted either
by models or previous observations [197]. HR-EBSD seems to o�er the best approachs for
the intended correlation based on the achievable resolution. Throughout the literature, EBIC
measurements have shown to be challenging concerning the measurement conditions [196,197]
and sample preparation. Commonly used FIB preparation can in�uence the EBIC signal,
for instance enhanced intensity at grain boundaries [198, 199]. Additionally, the in�uence of
grain boundaries or even structural defects near the actual device operation condition has not
been investigated as applying bias voltage faces several issues. As bias voltages introduces
background currents, superimposing with the actual EBIC signal and being larger by several
orders of magnitudes (100-1000 times larger), deconvolution of the signals has to be done via
lock-in ampli�cation [197]. First results by Abou-Ras [197] and Kedem et al. [200] show the
possibility of investigating structural defects and their in�uence towards e.g., charge-carrier
recombination. The combination with strain maps could improve the interpretation of EBIC
signals within individual grains.
Besides extracting microstrain within individual grains, µ-HRXRD o�ers further possibilities
of evaluating planar defects and total dislocation density by peak pro�le analysis concerning
asymptotic behaviour [149, 201, 202]. As the applied fast X-ray scan microdi�raction tech-
nique has not yet reached its full potential, especially concerning the large amount of data
which have to be processed, further evaluation routines can be expected within the upcoming
years as well as improved di�raction data supported by the rapid developement of synchotron
sources with higher energy resolutions. Additionally, µ-HRXRD has proven the capability
of measuring microstructural properties throughout the complete device on scales which hve
not been achieved in the literature until now [147�149].
Raman microspectroscopy has been successfully used for orientation mapping on microme-
ter scale. Besides the evaluation of band shifts within individual grains, more applications
are interesting, especially for the in-situ controlling of the co-evaporation. The relatively
cheap experimental setup could be installed inside a evaporation chamber to monitor the
microstructural evolution of the thin �lm. The control of the �nal absorber microstructure,
and therefore the in�uence of the co-evaporation conditions, is as crucial as the enhanced
unterstanding of the structure-property relationships.
As a conclusion it can be stated that the microstrain mapping techniques have been applied
successfully on thin �lms with average grain sizes not yet investigated before. With fur-
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ther developement concerning evaluation routines and experimental setups, more and better
applications are expected improving the investigation of optoelectronic devices.
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Appendices

A Fabrication parameters of investigated thin �lms

In Table TA1 and TA2 the process parameters for the coevaporation of the examined CuInSe2

and CuGaSe2 thin �lms are listed.

Table TA1: Applied substrate temperatures for the di�erent stages of coevaporation.

Stage
substrate temperature [◦C]
CuInSe2 CuGaSe2

stage I 330 330
stage II/III 530 535

Table TA2: Duration of coevaporation for the individual temperature stages. In both cases,
the complete 3-stage process of the quaternary Cu(In,Ga)Se2 is given.

Stage
duration [s]

CuInSe2 CuGaSe2

Ia(Ga) 2628
Ib(In) 3333
Ic(Ga)
Id(In)
Σ stage I 3333 2628

II(Cu) 1019 1617
IIa(Cu) 150 181
IIb(heating) 300 600
Σ stage II 1469 2460

IIIa(In/Ga) 833 675
IIIb(In)
IIIb(heating) 60 60
Σ stage III 893 735
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B Chemical composition and optoelectronic properties of

investigated thin �lms

In Table TB1 the �nal macroscopic chemical composition measured by X-ray �uorescence
of the exminaned CuInSe2 and CuGaSe2 thin �lms are listed. In Table TB2, measured
open-circuit voltage (Voc), short-circuit current density (jsc), �ll factor (FF ) and the power-
conversion e�ciency (η) of the investigated CuInSe2-based thin-�lm solar cells. The averaged
parameter of CuGaSe2-based solar cells, produced within the same batch, is displayed for
comparison.

Table TB1: Element concentration of the investigated absorber layers, measured by X-ray
�uorescence.

Sample Cu [at.%] In [at.%] Ga [at.%] Se [at.%]

CuInSe2 22.33±0.08 27.36±0.08 0 50.31±0.08
CuGaSe2 22.80±0.05 0 25.91±0.07 51.29±0.06

Table TB2: The measured open-circuit voltage (Voc), short-circuit current density (jsc), �ll
factor (FF ) and the power-conversion e�ciency (η) for the investigated samples. All param-
eters have been averaged over the number of cells including standard deviation.

Sample Voc [mV] jsc (mA/cm−2) FF (%) η (%)

CuInSe2 490±4 36.9±0.7 72±2 13.1±0.4
CuGaSe2 728±18 13±5 55±3 5±2
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C Sample preparation

EBSD and Raman microscopy measurements were conducted on CuInSe2/Mo/glass stacks.
All X-ray di�raction measurements were performed on completed ZnO/CdS/CuInSe2/Mo/-
glass solar-cell devices. For EBSD and Raman microspectroscopy, a plan-view CuInSe2/-
Mo/glass samples were used. The ZnO and CdS layers were removed by etching using low-
concentrated HCl. Bromine methanol was used to reduce the surface roughness. Afterwards
the surface quality of the samples was improved by a �nal polishing step using a colloidal
silica suspension (OPS by Struers) [38,155].
Cross-sectional samples from ZnO/CdS/CuInSe2/Mo/glass stacks for additional EBSD anal-
ysis were prepared by gluing the stacks face-to-face together, and then by grinding, polishing,
and low kV ion milling of the cross-section surface (see Figure C1). To minimize the in�uence
of drift due to charging, a nominally 5-10 nm thick carbon layer was deposited on top the
examined plan-view and cross-section surfaces. The acquisition of Raman spectra were not
in�uenced by the additional carbon layer [37,155].
Cross-sectional ZnO/CdS/CuInSe2/Mo/glass stacks were prepared by the same routine.

Figure C1: Exemplary micrograph of polished cross-sectional ZnO/CdS/CuInSe2/Mo/glass
stack. Image by courtesy of Daniel Abou-Ras and Peter Schubert-Bischo� (both Helmholtz-
Zentrum Berlin).
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D X-ray microdi�raction

First microdi�raction results within individual grains conducted at the ID01 Microdi�raction
Imaging beamline on the synchotron ESRF (see Figure D1). An asymmetric 155cubic Bragg
re�ection was used allowing a incidence angle of about 91◦. To avoid Cu �uorescence, the
X-ray energy was kept at 8.9 kV.

Figure D1: Measured integrated intensities over di�erent exemplary incidences angels ω
leading to di�erent ROIs. X and Y are referring to the stage position and thus to the real
space [36�38].
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Figure D2: Calculated interplanar spacings d for measured Bragg peaks (see Figure 4.12 and
4.13).
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E Simulated electron backscatter di�raction patterns

Figure E1 displays the used dynamically simulated CuInSe2 electron backscatter patterns
for the evaluation of the εii and ωij dependency on Θ. Experimentally acquired example
of an CuInSe2 pattern is shown in Figure E2 as well as corresponding simulated electron
backscatter patterns based on a pseudocubic and tretagonal unit cell.

(a) Φ=0 (b) Φ=1 (c) Φ=2 (d) Φ=3

(e) Φ=4 (f) Φ=5 (g) Φ=6 (h) Φ=7

(i) Φ=8 (j) Φ=9 (k) Φ=10

Figure E1: Dynamically simulated patterns used for cross-correlation. Successive rotations
around the x2-axis equals only a change of one Euler angle [37]. In this case, the Bunge
notation is used for the description [92].
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(a) Experimental EBSP acquired at 15 kV ac-
cleration voltage and about 55 nA beam cur-
rent without detector bining. Static back-
ground substraction was applied as well as
highest possible resolution of 1344x1024 pixels
at 16 bit grayscale.

(b) Dynamically simulated EBSP based on a
tetragonal unit cell with a lattice paramter ra-
tio c to a of exactly 2.

(c) Dynamically simulated EBSP based on a
cubic unit cell with lattice parameters c = a.

Figure E2: Dynamically simulated and experimentally obtained electron backscatter pat-
terns. As discussed before, besides the in�uence of noise, anistropic inelastic scattering of
the electrons are mainly causing the extensive e�ort for the simulation. In the simulated pat-
tern actually more Kikuchi bands are visible as in the experimental EBSP. The anisotropic
character of experimental EBSPs can easily be seen as certain areas of the pattern do not
exhibit clear common featues as zone axis and Kikuchi bands.
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F Raman microspectroscopy

In Figures F1, F2, F3, F4, F5 and F6, detailed supplementary information are given for the
measurement routine and choice of the respective conditions. In Figure F7 the di�erence
between peak position determination with and without Gauss �tting is illustrated.
To calculate the theoretical plots shown in Figures 4.17 and 4.18, the Raman tensor has to
be transformed for the laboratory frames by

<′ = Φ < Φ−1 (1)

where Φ is the Euler matrix and < is the Raman tensor in the crystal frame (XY Z) [180]
which are [1 0 0], [0 1 0] and [0 0 1]. In case of grain 1 (see Figure 4.16 e), the laboratory
axis X' was chosen to be along [4 0 3], Y ' along [0 1 0] and Z' along [-3 0 1], leading to an
Euler matrix of

Φgrain 1 =

cosϕ1 0 − sinϕ1

0 1 0
sinϕ1 0 cosϕ1

 (2)

with ϕ1 = arccos(2 · 13−0.5) ≈ 56◦ as the angle to rotate from the crystal frame of reference
(XY Z) into the laboratory frame (X'Y 'Z'). For grains 2-5, the Euler matrix ful�lles two
rotations as the crystal and laboratory frame do not share a parallel axis. In case of grain 5,

Φgrain 5 =

cosϕ2 cos θ − cosϕ2 sin θ − sinϕ2

sin θ cos θ 0
sinϕ2 cos θ − sinϕ2 sin θ cosϕ2

 (3)

with ϕ2 ≈ 65◦ and θ = π
4
. Combining equations 2 and 3, with the respective de�nition of the

Raman tensor [154], leads to the in-plane dependency of the Raman intensities νi and νs

νi = (0 sin β cos β), (4)

ν ||s =

 0
sin β
cos β

 . (5)

Calculated β angles for grains 1-5 are listed in Table TF1. A more detailed explanation can
be found in the literature [155].
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Table TF1: Normal and in-plane directions for grains 1-5 of Figure 4.16 [155].

grain 1 - (1 0 3) plane
normal direction [4 0 3] X' axis
in-plane direction [0 1 0] β = 0◦ Y ' axis

[-1 12 1] β = 20.4◦ polarization ⇔
[-8 -4 3] β = 111.8◦ polarization m

grain 2 - (1 1 12) plane
normal direction [1 1 3] X� axis
in-plane direction [-1 1 0] β = 0◦ Y � axis

[0 -12 1] β = 134.2◦ polarization ⇔
[12 0 -1] β = 45.8◦ polarization m

grain 3 - (1 6 12) plane
normal direction [1 6 3] X� axis
in-plane direction [-6 1 0] β = 0◦ Y � axis

[12 8 -5] β = 53.2◦ polarization ⇔
[-10 8 -3] β = 142.2◦ polarization m

grain 4 - (1 4 10) plane
normal direction [2 8 5] X� axis
in-plane direction [-4 1 0] β = 0◦ Y � axis

[-2 -2 1] β = 65.2◦ polarization ⇔
[6 -4 1] β = 155.2◦ polarization m

grain 5 - (1 1 6) plane
normal direction [2 2 3] X� axis
in-plane direction [-1 1 0] β = 0◦ Y � axis

[-1 -6 -1] β = 39.4◦ polarization ⇔
[-6 0 1] β = 132.1◦ polarization m

Figure F1: Damage on CuInSe2 sample after 10 s laser irradiation with 5 mW power (A) and
10 mW (B). Conditions shown in B were used to mark position on sample for the further
correlative EBSD analysis [155].
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Figure F2: Raman maps of CuInSe2 sample on an area of 100 µm2 with 50 nm step size
revealing the respective intensity distributions of the prominent Raman peaks. Based on
the linescan within A, the lateral resolution of the Raman mapping experiment has been
estimated based on the full width at half maximum (FWHM) of a Gauss �t through the
intensity pro�le taken at the thinnest feature of the map. Based on the linescan within B,
the lateral resolution can be determined by �tting a sigmoidal function to an edge response
and calculating the lateral distance between 90% and 10% values [155].

Figure F3: Signal intensities of the A1 mode of CuInSe2 collected in line scans along the depth
axis (i.e., the z axis) with di�erent pinhole apertures ranging. As CuInSe2 is opaque at 632.8
nm with a penetration depth on the order of only 100 nm, this measurement yields a good
estimation of the depth resolution of confocal Raman microspectroscopy if the method would
be applied to transparent samples (FWHM values were derived from Gauss �ts). All data
was acquired with the typical measurement parameters of 632.8 nm laser wavelength and 1
mW power, 100x/N.A.=0.9 objective lens, and 5 s acquisition time per spectrum. Pinhole
apertures ranges between a minimal of 20 µm and a maximal of 1000 µm [155].
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Figure F4: 10 repeated Raman measurements performed on the same spot of a CuInSe2

sample using a 1800 mm−1 grating and 5 s acquisition time (A) and a 300 mm−1 grating
and 1 s acquisition time (B). In both cases, the non-destructive/non-invasive character of
the measurements performed with 1 mW laser power at 632.8 nm wavelength is well demon-
strated. The comparison of A and B reveals the possibility to reduce the measurement time
by a factor of 5 by reducing the spectral resolution. With the 300 mm−1 grating, the spectral
resolution was approximately 2.5 cm−1/CCD pixel at the position of the A1 mode, which
is still enough the separate the two most prominent bands in the spectrum. The spectral
resolution of around 0.3 cm−1/CCD pixel o�ered by the 1800 mm−1 grating yields spectra of
higher quality allowing, for example, to additionally detect small band shifts appearing due
to local strain, but 5 times the acquisition time is needed to achieve the approximately same
signal intensities as in case B [155].

Figure F5: Reproducibility of the Raman mapping experiments are demonstrated due to
recollecting of previously investigated area (B) by C, D, E. A shows the corresponding optical
micrograph. Raman maps were collected on smaller, overlapping areasin the order E-C-D-B.
With an acquisition time of 3 s/pixel (1800 mm−1 grating, 1 mW, 632.8 nm), collection of
maps C, D, E took 80 min each, and map B took more than 23 h. [155].
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Figure F6: Three Raman maps collected on the almost same area of a CuInSe2 sample
with measurement parameters of 250x250 nm2 pixel size, grating with 1800 lines mm−1, 5 s
acquisition time per pixel (A) 300 mm−1 grating, acquisition time of 1 s per pixel (B) and
500x500 nm2-sized pixels to the same area (C). Reducing the mapping duration down to 15
min, a reduction of spectral and spatial resolution has to be accepted [155].
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(a) Exemplary A1 peak position distribution map
without applying Gaussian �t.

(b) Same map as shown in a) after Gaussian �tting.

(c) Random line scan extracted of map a). Error was
calculated by standard deviation.

(d) Line scan scan extracted of map b) at the same
position as c). Error was assumed to be 0.05 cm−1

according to Becker et al. [156].

Figure F7: Exemplary Raman map acquired with a dimension of 4.4 µm x 4.4 µm with
a nominal stage step size of 0.2 µm. Without Gaussian �tting, only few peak position
can be distinguished as shown in a). After Gaussian �tting, which leads to a more precise
determination, more individual values can be di�erentiated. As shown by random extracted
line scans in c) and d), the possiblity of strain mapping is increased.
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G Strain �elds around edge-type dislocations

Strain �elds around edge-type dislocations which are commonly observed in polycrystalline
CuInSe2 layers, can be estimated by using simple models already proposed in the earlier
beginning of the 20th century by Peierls and Nabarro [58]. Figure G1 shows the εxx strain
�eld calculated by the Foreman Model along the direction x according to

εxx =
b(1− ν)

π

4(1− ν)2yx2 + (2w3 − w2)y3

[4(1− ν)2x2 + w2y2]2
(6)

with w as the dislocation width, b as Burgers vector and x, y as right-angle coordinates [203].
The Foreman Model is an improved approach of the model proposed of Peierls and Nabarro.
As dislocation widths can not be found in the literature, only small variations are done.

(a) w=1.0 (b) w=1.2

(c) w=1.5 (d) w=2.0

Figure G1: εxx simulated for an edge-type a/2 [1 1 0] dislocation [55] according to the P-N
Model for w=1.0 [58] and according to Foreman Model for w=1.2-2.0 [59].
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