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Abstract

Energy supply is one of the most controversial topics that are currently discussed in our glob-
al community. Most of the energy delivered to the customer today has its origin in fossil and
nuclear power plants. Indefinable risks and the radioactive waste repository problem of the
latter as well as the global scarcity of fossil resources cause the renewable energies to grow
more and more important for achieving sustainability. The main renewable energy sources are
wind power, hydroelectric power and solar energy.

On the photovoltaic (PV) market different materials are competing as part of different kinds
of technologies, with the largest contribution still coming from wafer based crystalline silicon
solar cells (95 %). Until now thin film solar cells only contribute a small portion to the whole
PV market, but large capacities are under construction.

Thin film photovoltaic shows a number of advantages in comparison to wafer based crystal-
line silicon PV. Among these material usage and production cost reduction are two prominent
examples.

The type of PV materials, which are analyzed in this work, are high potential compounds that
are widely used as absorber layer in thin film solar cells. These are compound semiconductors
of the type CuB"'C"', (B"'=In, Ga and C"'=Se, S). Several years of research have already
gone into understanding the efficiency limiting factors for solar cell devices fabricated from
this compound. Most of the studies concerning electronic defects are done by spectroscopic
methods mostly performed using thin films from different kinds of synthesis, without any real
knowledge regarding the structural origin of these defects.

This work shows a systematic fundamental structural study of intrinsic point defects that are

1 ~VI
C

present within the material at various compositions in CuB » compound semiconductors.

The study is done on reference powder samples with well determined chemical composition

and using advanced diffraction techniques, such as neutron and synchrotron X-ray diffraction.

The results show that the main existing defects are found to be copper vacancies and B"'¢,

anti-site defects. Type and concentrations vary with the composition. It is demonstrated that,
when assuming spontaneous formation of electrically neutral defect complexes made of these
isolated point defects, the density of cationic point defects is reduced by an order of magni-

tude. This explains why the existence of native cationic point defects may not be the main

1 ~VI
C

efficiency limiting factor in thin film solar cells built with a CuB » absorber. This pin-

points why the mere presence of native cationic point defects does probably not suffice as

T ~VI
C

main efficiency limiting factor in thin film solar cells based on CuB »-type absorbers.






Summary

Chalcopyrite type compound semiconductors made of CuB"C", (B™=1In,Ga and
CY'=Se, S) are successfully used as absorber materials in thin film solar cells. In general the-
se absorber layers exhibit an off stoichiometric composition. A deviation from the ideal stoi-
chiometry causes various point and extended defects within the material, which influence the
structural and electronic properties of the final solar device. This work shows a systematic
study about structural changes with composition in CuB™'C"", chalcopyrite type compound
semiconductors. The study is done on reference powder material with well determined chemi-
cal composition, using advanced diffraction techniques, such as neutron and synchrotron X-
ray diffraction.

Comparing the stability region of the chalcopyrite type phase in the six investigated pseudo-
binary systems, the (Cu,Se)i, - (GaxSes)y system allows the largest deviation from the stoi-
chiometry by keeping the chalcopyrite type crystal structure. Thus, the single phase region for
the chalcopyrite Cu.yIn,Seo s+, phase can be enlarged by the substitution of indium by galli-
um. In addition to the structure - microstructure investigations performed at room tempera-
ture, the temperature dependent structural changes within a temperature range of
1.5 K<T<1330 K were studied by in-situ synchrotron X-ray and neutron diffraction. The
structural phase transition from the ordered chalcopyrite to the ordered sphalerite type crystal
structure has been observed in copper-poor Cui.yGaySegs+y and Cugosolng 773Gag2675€2.040 at
T=1315 K (1042 °C) and T=1119 K (846 °C), respectively. An enhanced anti-site occupation
of the type Cug"'-B"'¢, was found to introduce this solid-solid transition in both compounds.
A negative linear thermal expansion coefficient has been certified for a gallium-rich
(In/(In+Ga)=0.096) and an indium-rich (In/(In+Ga)=0.918) Cu,.y(In\Ga;.x)ySeo s+, sample at
low temperatures. The critical temperature, at which the linear thermal expansion coefficients
change their sign, has been observed at Ty=32.1 K (gallium-rich sample) and Ty=20.2 K (in-
dium-rich sample).

The study of intrinsic point defects within ternary off stoichiometric chalcopyrite type com-
pounds revealed a high concentration of copper vacancies (V¢,) and anti-site defects of type
B"c.. The possible formation of electrical neutral defect complexes of type (ZVC; + Bé:) from
isolated point defects has been considered and proven in the Cu — In — Se system. This clus-
tering of isolated point defects to electrical neutral defect complexes reduces the amount of
point defects by an order of magnitude. The type and density of point defects depend in all
investigated compounds on the composition. In the Cu-poor chalcopyrite type compounds in
the Cu—Ga—S and Cu— (In, Ga) — S system no copper vacancies have been observed any-
more, which stands in contrast to the results obtained within the other systems. The main de-
fects in these systems are B, anti-site defects.

The results obtained here on reference powder materials give the possibility to understand
crucial structure — property relations in thin film absorber layers made of chalcopyrite type
compound semiconductors, which is necessary to tailor highly efficient solar devices.
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Zusammenfassung

Chalkopyrit-Typ-Verbindungshalbleiter bestehend aus CuB"™C", (B"=In,Ga und
C"'=Se, S) werden erfolgreich als Absorbermaterial in Diinnschichtsolarzellen eingesetzt.
Diese Absorber haben generell eine nicht-stochiometrische Zusammensetzung. Eine Abwei-
chung von der idealen Stochiometrie verursacht verschiedene Punkt- und Flichendefekte in-
nerhalb des Materials, die die strukturellen und elektronischen Eigenschaften der Solarzelle
beeinflussen. Die vorliegende Arbeit zeigt eine systematische und grundlegende Studie hin-
sichtlich struktureller Verinderungen mit sich #ndernder Zusammensetzung in CuB™C"),
Chalkopyrit-Typ-Verbindungshalbleitern. Die Untersuchungen sind an Pulverproben mit ei-
ner definierten Zusammensetzung unter Verwendung von Neutronen- und Synchrotron-
Rontgen-Beugungsmethoden durchgefiihrt worden.

Der Vergleich der Stabilitdtsgebiete der Chalkopyrit-Phase in den sechs untersuchten Syste-
men zeigte, dass das (Cu,Se)i., -(Ga,Ses)y System die groBBte Abweichung von der Stochio-
metrie erlaubt, und dabei die Chalkopyrit-Kristallstruktur bestehen bleibt. Der Existenzbe-
reich der Chalkoyprit-Phase im Cu-In-Se System kann daher durch die Substitution von Indi-
um durch Gallium verbreitert werden.

Zusétzlich zu den Struktur- und Gefiigeuntersuchungen der Pulverproben bei Raumtempera-
tur, sind temperaturabhiingige strukturelle Anderungen in einem Temperaturbereich von
1.5K<T<1330K, mit Hilfe von in-situ Synchrotron-Rontgen- und Neutro-
nen-Beugungsexperimenten, untersucht worden. Der strukturelle Phaseniibergang von der
geordneten Chalkopyrit- zur ungeordneten Sphalerit-Struktur tritt im kupferarmen
Cul_yGaySeo,5+y bei T=1315K (1042 OC) und in CuO_%QIl’lo_773Gao_2(,7862,040 bei
T=1119 K (846 °C) auf. Ein gesteigerter Platzwechselvorgang vom Typ Cug"'-B"', fiihrt den
Fest-Fest-Ubergang herbei. Ein negativer linearer thermischer Ausdehnungskoeffizient ist in
einer galliumreichen (In/(In+Ga)=0.096) und in einer indiumreichen (In/(In+Ga)=0.918)
Cui.y(InyGajx)ySeo s+y Probe bei niedrigen Temperaturen nachgewiesen worden. Die kritische
Temperatur, ab der der mittlere lineare thermischen Ausdehnungskoeffizient negativ wird, ist
To=32.1 K fiir die galliumreiche und T(=20.2 K fiir die indiumreiche Probe.

Die Untersuchung von intrinsischen Punktdefekten in nicht-stochiometrischen Chalkopyrit-
Typ Verbindungen ergab eine hohe Konzentration von Kupferleerstellen (V¢,) und Fehlplatz-
besetzungen vom Typ B"c.. Die Mdglichkeit der Bildung von elektrisch neutralen Defekt-
komplexen vom Typ |2V, +Bé;) aus den isolierten Punktdefekten wurde im Cu —In — Se
System in Betracht gezogen und nachgewiesen. Das Zusammenballen von isolierten Punktde-
fekten zu elektrisch neutralen Defektkomplexen reduziert die Anzahl an isolierten Punktde-
fekten um eine GroBenordnung. Der Defekttyp und die Defektdichte sind in allen untersuch-
ten Verbindungen von der Zusammensetzung abhédngig. In den kupferarmen Chalkoyprit-Typ
Verbindungen des Cu—Ga—S und Cu— (In, Ga) - S Systems sind keine Kupferleerstellen
nachgewiesen werden. Dies steht im Gegensatz zu den Ergebnissen, die in den anderen Sys-
temen erzielt worden sind. Der Hauptdefekt in diesen Proben ist eine BHICu Fehlplatzbeset-
zung.

Die Ergebnisse die im Zusammenhang mit dieser Arbeit an Pulverproben erzielt worden sind
geben die Moglichkeit entscheidende Struktur-Eigenschaftsbeziehungen in Diinnschichtsolar-
zellen, mit solch einem Absorber, zu verstehen. Dieses Verstindnis ist unabdingbar fiir die
Weiterentwicklung von hocheffizienten Diinnschichtsolarzellen.
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1 Introduction

1.1 Thin film solar cells based on chalcopyrite type compound
semiconductors

1.1.1 Basics of chalcopyrite type compound semiconductors

Due to their excellent optical and electronic properties (absorption coefficient 0=10° cm™)
chalcopyrite type compound semiconductors with the common formula CuB™C"'; (B"'= In,

Ga; CV'=Se, S) are high potential candidates for use as absorber materials in thin film solar

I 1 CVI

cells. In the ternary system Cu—B" — C"" the stoichiometric compound CuB » 1s located

on the pseudo-binary tie line (CuzCVI)l_y — (BHIQCVI3)y at y=0.5 (see FIG. 1. 1).

yi L L L yi L L L L

€ 0,0
Cu 00 01 02 03 0405 06 07 08 09 1,0 B

11

\4

(Cuzcw) 14\ (Bmzcw})y

y=0.5
CuBma2

FIG. 1. 1 The ternary system Cu-B™-C". On the pseudo-binary section (CugCVI)I_y—
(B[ch " ,, at y=0.5 the stoichiometric compound CuB"™C", is observed.
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The crystal structure of these compounds can be derived from the sphalerite type binary ana-
logues (II-VI compounds; s.g. F 43m ), by an ordered substitution of the divalent cation in
I1-VI compounds by a monovalent (Cu") and a trivalent (B"'=In"", Ga’") cation. This doubles
the period of the original cubic unit cell along the crystallographic [001] direction, resulting in
space group [ 42d . This process is accompanied by two non-cubic features:
e A tetragonal distortion A=1-n with n=c/2a#1, with a and c are the lattice constants.
e A displacement of the anion from the ideal tetrahedral site x(C"")#0.25, expressed by the
tetragonal deformation u=0.25-x(C"")
The non-cubic features are caused by the different interactions between the A'—C"' and
B"™ — C! bonds due to different bond lengths (Rac # Rgc). The chalcopyrite (ch) type crystal
structure of a stoichiometric CulnSe, compound is shown in FIG. 1. 2. Within this structure
the monovalent copper cations occupy the 4a position (0 0 0), the trivalent indium cations the
4b sites (0 0 '2) and the selenium anion is situated on the 8d position (x=0.235 7 '4). The ani-
on is tetrahedrally coordinated by the cations and vice versa.

® Cu
o BIH

o V!

FIG. 1. 2 The chalcopyrite type crystal structure, crystallizing in space group | 42d .

Highly efficient thin film solar cells based on chalcopyrite type compound semiconductors,
with record efficiency exceeding 20 % on laboratory scale ', are a solid solution between
CulnSe; (CISe) and CuGaSe, (CGSe) with Ga/(Gat+In)= 28 %. Often Cu(InyGa;)Se;
(CIGSe) layers, exhibiting a compositional gradient concerning the indium and gallium distri-
bution, i.e. the Ga/(In+Ga) ratio is a function of the absorber layer depth, are used in thin film
applications. The incorporation of gallium into a CISe absorber layer purposes to improve
different absorber properties, i. . an increase of the optical band gap E,. The band gap influ-
ences the absorption of light as well as the electrical properties of the absorber layer and the
final solar cell . By an intermixing of CulnSe, with CuGaSe,, it is possible to tune the opti-
cal bandgap between 1.05 eV (CISe) and 1.68 eV (CGSe).
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In the crystal structure, the substituted gallium shares the same position with indium and
causes a change of the direct optical bandgap. The change of the band gap in different stoichi-
ometric chalcopyrite type compounds is produced by two important factors. The first one is a
purely electronic factor, caused by repulsive p-d states, forming the valence band, which are
associated with the Cu-atom d-orbitals 2. According to Jaffe et al. * the second one is a simple
structural parameter, the anion x-position, caused by the classical atomic size mismatch in the
Cu—C""and B" — C" bonds.

The anion x-position sensitively controls the optical bandgap of these materials *, which ex-
plains the different values of E; between chalcopyrites, which exhibit equal d-character, like
CulnSe, and CuGaSe,, but different sizes of the B™ _ cation. In contrast to the chalcopyrite
type crystal structure in the cubic sphalerite type crystal structure the anion is located at
(Va Ya '8). The chalcopyrite type crystal structure exhibits a deviation of the x-position from
the ideal value x;z.,; = 0.25. Moreover, the anion-position parameter of CGSe and CISe is dif-
ferent, due to the different ionic radii of the B _ cations. CuGaSe, exhibits an almost ideal
x-parameter, due to almost equal ionic radii for Cu” and Ga®" (see Table I and Table II). In
contrast the anion-x-position in CulnSe; deviates strongly from the ideal value (see Table I).
Several values of x-parameters for various chalcopyrite type compounds were reported by
other authors before. The comparison of these values reveals a variance within the different
systems. It is expected that the compounds, studied by the other authors, probably did not
exhibit a stoichiometric chalcopyrite composition. A deviation from stoichiometric composi-
tion may cause a change in the anion-x-position, as well. Thus, the different values for x may

be explained by the different compositions of the samples.

Table I Compilation of experimentally observed values of anion x-parameters of different
chalcopyrite type compounds.

Compound Anion-x-position Reference
CulnSe, 0.224 (3) Spiess et al.’

0.235 (5) Parkes et al. °

0.225 (1) Merino et al.’
CuGaSe,  0.250 (1) Spiess et al.’

0.2431 (2) Abrahams, S. C. and Bernstein, J.L. *
CulnS; 0.214 (7) Spiess et al.’

0.2295 (4) Abrahams, S. C. and Bernstein, J.L °
CuGaS, 0.275 (5) Spiess et al.’

0.2539 (4) Abrahams, S. C. and Bernstein, J.L °

0.272 (5) Schneider et al. '°
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FIG. 1. 3 The coordination polyhedron around the Se — anion for CuGaSe; (a) and CulnSe;
(b). The cation — anion bond angles for CulnSe, are strongly distorted from the ideal value
(109.47°) compared to CuGaSe;.

The different cation tetrahedrons, formed around the Se — anion, in CuGaSe, and CulnSe; are
illustrated in FIG. 1. 3. Both compounds exhibit a similar d-character of the Cu — Se bond, but
the different ionic radii of the trivalent cations in the two compounds create different bond
length for the B" — Se cation-anion bonds (see Table II). The experimentally determined bond
lengths for almost stoichiometric chalcopyrite type compounds are summarized in Table II.
As a result of the different bond lengths, the value for the anion x-position parameter in the
crystal structure is different for both compounds. This leads to a distortion of the tetrahedron,
i.e. for CulnSe; compared to the CuGaSe, coordination polyhedron. This effect is accompa-
nied by the difference in the Cu— Se — Cu and B"™ — Se — B" bond angles in FIG. 1. 3 The
angles of the cation tetrahedron of CISe strongly deviate from the ideal tetrahedron angle

(109.47°), whereas the angles for the tetrahedron in CGSe are almost ideal.

Table II Cation radii in sulphides "'and chalcogenides °, as well as anion radii ' and cation-
anion bond lengths for various chalcopyrite type compounds.

Cation Sulphide radius [A] Chalcogen radius [A] | Anion Radius [A]
Cu’ 0.635 0.60 Se” 1.84
In’* 0.765 0.62 s> 1.70
Ga™* 0.580 0.61
Compound Cu-C " bond length [A] In-C " bond length [A] Ga-C" bond length [A]
CulnSe; 2.438 (1) 2.584 (1)
CuGaSe; 2418 (3) 2.418 (3)
CulnS; 2.349 (4) 2.451 (4)

CuGaS, 2.31(2) 2.29 (2)
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FIG. 1. 4 Direct bandgap of ternary copper chalcopyrite type compound semiconductors as a
function of the difference between the cation to anion ratios. The solid lines index a linear
relation of values, for the case of an intermixing of the compounds.

A similar behavior is observed, concerning the x-parameter for CulnS, (CIS) and CuGaS,
(CGYS). The latter has an almost ideal x-parameter, whereas x(S) is strongly deviated from the
ideal value in CulnS,.

According to Jaffe et al. * an increased distortion of the tetrahedron leads in compounds, ex-
hibiting a similar d-character of the Cu— C"' cation-anion bond like in CISe and CGSe, to
smaller values for Eg.

The variation of the band gaps by the formation of a solid solution of different CuB™C"",
(B" = In, Ga; C"'=Se, S) chalcopyrite type compounds is shown in FIG. 1. 4. Experiments
with CulnSe; — CulnS, mixed crystals, which exhibit a substantially different d-character,
revealed a linear variation of the alloy band gap with composition '*. This is demonstrated in
FIG. 1. 4 by the solid lines. A similar study with the CulnSe, — CuGaSe; solid solution
showed a lower band gap of the alloy than the composition weighted average of the band gaps
of the constituent semiconductors. This bowing effect is consistent with the dominant role of
the anion-position parameter. Therefore, the dashed lines in FIG. 1. 4 represent a non-linear
development of the optical band gap between the two connected compounds. It is obvious,
that achieving the ideal band gap for an efficient light absorption and current transportation in
the solar cell, during absorber growth, is crucial but a quite difficult problem. Wei et al.
included the bowing effect in their studies and developed an approach for the calculation of
the behavior of the band gap, within the solid solution of CulnSe; and CuGaSe;, based on the

following equation:
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E, (x)=xE,(CISe)+ xE,(CGSe) — bx(1-x) (1.1)

In eq. 1.1, b is the bowing parameter, whereas x corresponds to the In/(In+Ga) ratio. The band

gap as a function of the In/(In+Ga) ratio in the CulnSe, — CuGaSe, solid solution, calculated

applying eq. 1.1, is demonstrated in FIG. 1. 5 (a). For this simulation two measured bowing

coefficients, obtained from evaporated polycrystalline thin films '°, were used.
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FIG. 1. 5 (a) The variation of the optical band gap as a function of the In/(In+Ga) ratio for
two different bowing parameters. (b) The calculated optical bandgap within the absorber of a
standard CIGSe thin film solar cell for an experimentally determined compositional gradi-

17
ent .
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According to the band gap variation within the solid solution (see FIG. 1. 5 (a)), the band gap
has been calculated for an experimentally determined compositional gradient (by TEM/EDX)
of a standard CIGSe absorber (using eq. 1.1 and »=0.24). The variation of the band gap of the
studied standard CIGSe absorber is illustrated in FIG. 1. 5 (b). This In/Ga-gradient is a result
of the complex vacuum based, multistage deposition process used for the absorber layer
growth. Within this process, the absorber layer passes different points of stoichiometry, going
from a copper-poor to a copper-rich and back to a copper-poor composition. In the second
stage of the process, copper is offered and diffuses insight of an originally (In,Ga),Se; layer.
Due to the copper incorporation, the larger indium ions are displaced towards the surface and
the smaller gallium ions stay at the back of the layer. Thus, a higher Ga-content is observed at
the molybdenum (Mo) back contact and a higher In-content at the CdS/ZnO interface of the
absorber layer '®. This compositional gradient causes the variation of the band gap as shown
in FIG. 1. 5 (b). The details of a typical chalcopyrite absorber based thin film solar cell as-
sembly and the absorber growth process will be explained in the next part of this work.

In general, this complex process suggests an overall slightly copper-poor composition of the
absorber, in order to avoid the formation of secondary copper chalcogenides and to form
p-type conductivity in the bulk. It is generally believed that copper-poor chalcopyrite type
compound semiconductors exhibit high concentrations of copper-vacancies V¢, , which cause
the p-type conductivity of the material °.

The absorber growth for high efficient thin film solar cells, based on chalcopyrite type com-
pound semiconductors, needs to be controlled sensitively. These complex processes, which
are applied in large scale production of chalcopyrite type thin film solar cells, gave the basis

for the present study and will be explained in the next section.

1.1.2  Fabrication of thin film solar cells based on chalcopyrites

The understanding of the structural changes and their influence on absorber properties in
chalcopyrite type thin film solar cells are the main aim of the present work. The basis for this
study are the complex vacuum based absorber growth processes applied for the production of
high efficient thin film solar cells, based on chalcopyrite type compound semiconductors. The
present section of this work will at first introduce the design of a standard thin film chalcopy-
rite solar device, followed by an introduction of the currently applied absorber growth pro-
cesses in large scale production.

A schematic draft of a standard chalcopyrite type thin film solar cell assembly is illustrated in
FIG. 1. 6. A scanning electron microscopy cross section of a typical solar device is presented

in this figure as well.
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FIG. 1. 6 Schematic draft and SEM cross section of a standard chalcopyrite type thin film
solar cell.

The common chalcopyrite type thin film solar cell is composed of the following stacking of
different layers:

e A substrate e.g. soda-lime glass, flexible foils like polyimide or titanium foil

e Sputtered molybdenum, acting as a back contact

e The p-type conducting chalcopyrite absorber layer

¢ A chemical bath deposited CdS buffer layer

e A sputtered i-ZnO/Zn0O:Ga transparent front contact

e An evaporated Ni/Al contact grid in order to facilitate current conduction

Cu(In.Ga,.)Se; absorber layer growth

In general the Cu(InyGa,«)Se; layers are produced by a co-evaporation process of four sepa-
rate elemental sources *°. During the absorber growth, the growing layer passes the
CusSe — (In,Ga),Ses pseudo-binary section including different points of stoichiometry. During
this compositional variation of the film, the crystal structure of the crystals, building this lay-
er, changes several times. In order to highlight the main characteristics of the growth process
applied to Cu(InyGa,4)Se, absorber layers, FIG. 1. 7 illustrates the procedure. The so called
multistage process is a sequence of metal selenides deposited on to a substrate. This deposi-
tion is subdivided into three main steps, starting with the growth of an (In,Ga),Se; precursor

layer at a defined substrate temperature T; *°.
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FIG. 1. 7 Temperature and elemental flux profile for a standard multistage CIGSe co-
evaporation process *.

After the (In,Ga),Se; layer reaches a specific film thickness, the In-Ga flux is turned off and
copper and selenium are offered at T,. Due to the introduction of copper, the very-copper-
poor, so called vacancy compounds Cu(In,Ga);Ses and Cu(In,Ga)sSes, are formed at this
point, becoming more and more copper-rich. At the point where Cu/(In+Ga)>1 is reached, the
copper flux is turned off and the indium and gallium evaporation rate is turned back up. From
there on the third stage is starting, leading to a copper-poor chalcopyrite composition again,
due to the parallel deposition of In, Ga and Se .

These sequences are necessary to aim for an overall slightly copper-poor composition and to
form a very copper-poor surface layer of the absorber, which is preferable for several rea-
sons . During the growth process the absorber layer has to pass a copper-rich regime on the
(CusSe)iy— ((In,Ga),Ses)y tie line, which is reached at y<0.5. This leads to the formation of
large grain sizes within the polycrystalline absorber due to a recrystallization process, pro-
moted by the presence of secondary copper-selenides in the film with an overall copper-rich
composition '*. Therefore, the careful control of the Cu/(In+Ga) ratio over the whole layer
made by this complex deposition process is necessary to control the final properties of the
resulting absorber layer.

Cu(In.Ga,.,)S, absorber layer growth

Thin film solar devices based on Cu(InyGa;)S, (CIGS) with a record efficiency of about
n=12.8 % *'* on the laboratory scale are prepared by a sequential process.

At first the metals are sputtered from a mixed Cu — Ga and an elemental indium target on to a
molybdenum coated glass substrate. Next, the deposited metallic precursors are heated up to a

defined temperature together with sulfur in a closed quartz crucible, whereby the



10 CHAPTER 1 INTRODUCTION

Cu(InyGa, 4)S; chalcopyrite type layer is formed. The final absorber layer has a slightly cop-
per-rich composition and exhibits a thin CuS film on top, which is due to copper excess in the
precursors. This copper-sulphide layer has to be removed by KCN etching before the buffer
layer is deposited.

The change of composition over the deposition time in both types of absorber layers (seleni-
des and sulphides) introduces several point and extended defects into the chalcopyrite type
absorber material, which may limit the final solar cell performance. The present work deals
with the systematic investigation of structural changes, accompanying the change in composi-
tion, of various chalcopyrite compounds in form of reference powder material. This study
aims to better understand the nature and concentration of present native defects in
off stoichiometric chalcopyrite type compound semiconductors. Such knowledge may lead to
a more detailed explanation of electronic losses in such a solar device caused by native de-

fects.

1.1.3 The role of stoichiometry

The stoichiometric compound CuB"™C", is situated within the ternary Cu — B™ — C¥' — sys-
tem on the pseudo-binary CuzCVI - BIHzCVIg section at y=0.5 CuzCVI, dissolved in BIHzCVIg.
Based on this, the common formula CuB™C"", is just valid for stoichiometric compounds.

Whenever speaking about off stoichiometric chalcopyrites in this work, the common formula
has to be extended. One can assume that every point on the pseudo-binary Cu,C"'-B",C";
section can be expressed by (Cu2CVI)1_y — (BIHzCVI3)y, which leads to the expression
Cul_yBHIyCVIo_5+y. This formula will be used from here on for off stoichiometric compounds.
The ternary system in general as well as the pseudo-binary section is displayed in FIG. 1. 8.
Aty =0.75 and y = 0.8335 the so called vacancy compounds with CuBIH3CVI5 and CuBIHsCVIg
composition are observed. The existence of these two vacancy phases within the different
ternary systems, as well as their crystal structure, will be discussed in the next part of this

work.
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FIG. 1. 8 The ternary system Cu — B"™ — C" and the pseudo-binary section
(Cu,C V[) —( n,c Vlg). The vacancy compounds CuB"™;C"5 and CuB™sC" are situated on the
pseudo-binary tie line aty = 0.75 and y = 0.8335.

The quantification for the deviation off the composition from the ideal stoichiometric values
in Cu—B"™ - C"" compounds is often performed by distinguishing between the molecularity
deviation (Am) and the valency deviation (As) 2426,

Am = % -1 Molecularity deviation (1.2)

2.[CV1]

=—— =~ 1] Valency deviation 1.3
[Cul+3-(B"] Y (13

In this notation [Cu], [B"] and [C"'] denotes the atom fractions of the respective atom,
whereas at y = 0.5 it is essential that [Cu] + [B"] + [C"'] = 1.
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Applying this quantification Neumann and Tomlinson *' reported p-type conductivity for
|Am| <0.08 and |As| < 0.06 with As > 0, and n-type conductivity for As <0 .

The intermixing of the two pseudo-binary sections (CuzCVI)l_y — (InzCVIg)y and
(CuzCVI)l_y—(GagCVIg)y leads to the complex ternary system CuzCVI—InzCVI3—Ga2CVI3.
Therefore, the general formula in off stoichiometric notation for quaternary compounds with-
in this system is expressed by Cu1_y(InxGal-x)yCVIo,5+y. Such a ternary system for quaternary
compounds is illustrated in FIG. 1. 9. The left side and the bottom of this triangle are the
pseudo-binary sections Cu2CVI - IHQCVI3 and Cu2CVI - GagCVIg, whereas the right side
demonstrates the solid solution between (In2CVIg)x - (GazCVIg)l_x .The lines p/-p3 index the
positions, where the stoichiometric chalcopyrite type phase (p/) and Cu(InsGa;):C"'s (p2)
and Cu(InyGa,)sC"'s (p3) are observed. At the point pX, the p/— and the /-x = 0.5 line inter-
sect. At this position the stoichiometric chalcopyrite type compound Cu(IngsGags)C" is sit-
uated. The application of this triangle makes it possible to control the initial weight for the
powder preparation of quaternary samples on the pseudo-binary sections in terms of a system-
atic variation of copper- and the indium/gallium- content. Moreover, the synthesized samples

will be classified into this system after chemical and phase analysis.

Cu, (InGa, )C,. Ga,C
L0,

1-x7y ~0.5+y 273

pl: Cu(InxGal_X)CZI
p2: Cu(In Ga, ).C.'

pX: y=0.5; x=0.5
VI
Cu(In, Ga )C,

7 VI
In2C3

FIG. 1. 9 The ternary system Cu>C"" — In,C"'3 — Ga,C"5. The lines pl — p3 index the position
of the chalcopyrite type and the 1 — 3 — 5 and 1 — 5 — 8 vacancy phases.

With deviation from stoichiometric composition into the direction of BIHzCVIg on the pseudo-
binary section Cu,C"' — B",C"%;, i. e. achieving Cu-poor composition, the chalcopyrite type
crystal structure still persists, but structural parameters like lattice constants, cation site occu-

pation factors and the anion position parameter x(C'") may change. These changes strongly
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influence several properties of the resulting solar cell, due to the formation of native point
defects with deviation off stoichiometry. The change of the lattice parameters and therefore
the tetragonal distortion are one reason for the different microstructures observed in the ab-
sorber layers 2, whereas the change of cation site occupancies and the anion position parame-
ter influence the electronic properties of the final device ' ** *. Detailed and systematic in-
vestigations in terms of structural changes with a defined composition are rare and in some
terms contradictory " " *2. Moreover, the investigation of structural and electrical properties
as a function of composition is until now mostly studied theoretically ***-°.

Native point defects and carrier types in CISe are still under discussion. It is generally be-
lieved that Cu — vacancies (V) in copper-poor material cause p-type conductivity, whereas
copper on interstitial positions (Cu;) or Inc, anti-site defects act as donors and promote an

36, 37

n-type character ' *°. Numerous investigations of chalcopyrite thin films and a few stud-

38,39 could not solve the

ies concerning the electronic defect levels in CISe single crystals
problem of the structural origin of defects producing these levels. To date, no quantitative
study has been made on the variation of native point defects as a function of composition. An
investigation of the lattice parameters in off stoichiometric CulnSe; bulk samples grown by
the Bridgman method has been reported by Merino et al. .They assumed without experi-
mental evidence the existence of copper on interstitial positions and the generation of copper
vacancies with increasing copper-deficiency.

An electronic effect in terms of off-stoichiometry of chalcopyrite type absorbers can be ex-
pected by the change in the anion-x-position with deviation from stoichiometry. According to
the theory of Jaffe and Zunger * it can be assumed, that a deviation of the anion-position pa-
rameter off its ideal position, due to Cu-deficiency, would cause a decrease in the optical band
gap. Therefore the knowledge about the change of this crucial parameter with composition is

a key factor for the understanding of composition related material properties.

1.2 Phase relations in the pseudo-binary Cu,C"'-B",C""; systems

The phase relations in the ternary Cu — B™ — C"' systems are complex. Thus, the observations
of the phase relations in the interesting compositional regions are simplified by the introduc-
tion of the pseudo-binary (Cu2CVI)1_y — (BHIZCVIg)y systems.

All compounds found along the pseudo-binary section (Cu2CVI)1_y — (BHIzCVI3)y have a close
packed lattice of chalcogen atoms in common *’. In tetragonal notation the closed packed
planes, where energy minimization is realized, are the (112) lattice planes, the equivalent of
the (111) planes in the cubic sphalerite type crystal structure. The different pseudo-binary
sections for the ternary compounds containing selenium and sulfur will be discussed in the

following section.
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1.2.1 The Cu,Se — B",Se; system

The ternary system Cu — B"™ — Se and the pseudo-binary section (Cu2CVI)1_y — (BHIZCVIg)y are

displayed in FIG. 1. 10. In general a number of compounds occur on the

(CuzCVI)l_y— (BIHzCVIg)y pseudo-binary tie line, for instance, the chalcopyrite type phase
(y=0.5; Cu/B"=1) and the so called vacancy compounds CuB"Ses (1 —3 — 5) at p1 (y=0.75;
Cu/B"=0.33) and CuB"sSeg (1 — 5 —8) at p2 (y=0.8335; Cu/B"=0.2). These pseudo-binary

diagrams are well investigated and will be summarized shortly.
Se

- S — —\—\O,Il
FAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY
0,

 wnvn 0
Cu 00 01 02 03 04 05 06 0,7 08 09 1,0 B

y: 0 0.5 0.75 0.8335 1

< | | | >
(CuSe),, | | | " (B",Se,),
Cu/B"™: « 1 033 0.2 0
Composition: 1-1-2 1-3-5 1-5-8

FIG. 1. 10 The ternary system Cu—B"™ —Se (B"'=In, Ga) including the chaclocpyrite type
and the two vacancy phases on the pseudo-binary line (CusSe);., — (i 12Se3)y

The stoichiometric compound CuB"'Se, is located in the Cu— B

— Se triangle on the pseu-
do-binary (Cu,Se);.y — (Bsze3)y section at y=0.5.

The homogeneity region (HR) of the chalcopyrite (ch) type phase is still under discussion,
because the phase formation strongly depends on the synthesis procedure and thermal history
of the compounds *'. In general the HR is larger for Cu — Ga — Se than for Cu — In — Se ***.
Lachab et al. * observed a stable chalcopyrite type phase until y=0.58 In,Se; (Cu/In=0.724),

dissolved in Cu,Se. In contrast to this, Hornung * studied the crystal growth in the
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Cu—1In—-Se system and observed a HR of the ch-phase within the region between
0.50 (Cu/In=1) <y <£0.525 (Cu/In=0.905), which is in context with the investigations made
by Beilharz*°. This proposition was confirmed by the most detailed study of the
CusSe — InySe; pseudo-binary diagram, reported by Gédecke et al. *'.

The HR region of the ch-phase in the Cu— Ga— Se system is broader, compared to the
Cu—In-Se system. The Cu— Ga— Se system was studied by Mikkelsen * and Palat-
nik et al. **. They reported a stable phase with chalcopyrite type crystal structure in the region
of 0.50 (Cu/Ga=1) <y <0.58 (Cu/Ga=0.724) dissolved in Cu,Se. Thus, an intermixing of
indium and gallium should lead to a broader HR of the ch-phase and therefore to a higher ac-
ceptance of copper-vacancies and B"'¢, anti-site defects within the chalcopyrite type crystal
structure.

The variation of the chalcopyrite type crystal structure with composition is the main topic of
the present work. In general the crystal structure of stoichiometric CuB"™'C"", (B"'= In, Ga;
CV'=Se, Se) consists locally of tetrahedron of type CunBHI(4_n) (n=1-4) which are formed
around the anion C, whereas energy minimization is realized if n=2 *. There the octet rule is
fulfilled. The tetragonal crystal structure is described by space group / 42d , where the cations
are tetrahedrally coordinated by the anions and vice versa. The cations are found to be on spe-
cific positions, where monovalent Cu'" is situated on the 4a (0 0 0) and the trivalent cations,
In’" and Ga®", on the 4b (0 0 %4) Wyckoff site. This structure can be derived from the cubic
spalerite type crystal structure, which is characterized by a statistical distribution of the cati-
ons on the 2a (0 0 0) position.

Two structural modifications, with n=2, are possible for CuB"'C"", at room temperature. Be-
sides the chalcopyrite type crystal structure an ordering of the two cations according to a
CuAu(I)-type crystal structure can occur. In both structure types, consequently the anion is
surrounded by two indium and two copper cations. The CuAu(I)-type ordering consist of an
ordering of the cations following the [001] direction with an alternating occupation of the
(00/) lattice planes by only one type of cation, copper or indium. FIG. 1. 11 represents both
modifications, whose formation energies differ only by 2 meV , due to the similar local atom-
ic structure ¥.

On the (CusSe)i.y — (BIHzSe3)1_y pseudo-binary section, next to the HR of the ch-type phase a
multi-phase field occurs, where the ch-phase coexists with the CuB'™;Ses -phase. The latter is
a so called vacancy compound which occurs as a stoichiometric phase at y=0.75 B",Se; dis-
solved in Cu,Se. Increasing the amount of BIHzSe3 in Cu,Se, a region occurs where the
1-3—5 and the 1 — 5 — 8 phases coexist. Furthermore, as reported by Gédecke et al. *' and
Folmer et al.*°, in the Cu—In— Se system, at y>0.8335 (Cu/In=0.2) the 1 —5 — 8 phase

exists as a single phase. Similar observation were reported for the Cu — Ga — Se system *'.
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O Vacancy

FIG. 1. 11(a) The chalcopyrite (b) the CuAu(l)-type ordered CuB"Se, and (c) the CuB™;Ses
vacancy compound.

Both vacancy compounds (1-3-5 and 1-5-8) crystallize in a modified stannite type crystal
structure with space group / 42m , whereas the values of the cation site occupation factors are
different ** *°. Within this structure, copper and vacancies are occupying the 2a (0 0 0) posi-
tion, the 2b site (0 0 %) is fully occupied by the trivalent cations (In>" or Ga®"), whereas Cu’,
B" and vacancies share the 4d (0 % 4) position. Therefore, the modified stannite type crystal
structure is caused by a symmetry reduction of the chalcopyrite type crystal structure, due to
the generation of native point defects with the change in composition into B",Se; direction.
This structure is represented in FIG. 1. 11 (c).

At the end of the pseudo-binary section the binary educt B",Se; is observed *'. Three struc-
tural modifications are possible for In,Se; and Ga,Ses, whereas the low temperature modifica-
tions are in both compounds characterized by a hexagonal stacking (... ABABAB...) of the
chalcogen atoms on the anion sublattice.

Considering the phase behaviour around the homogeneity region of the chalcopyrite type
phase, a broadening of the HR at higher temperatures is observed. CulnSe, undergoes a struc-
tural phase transition at 806°C, from the ordered chalcopyrite type crystal structure to the dis-
ordered cubic sphalerite structure. This phase transition is introduced by an increased Cu — In
anti-site occupation with increasing temperature >'. Mikkelsen and Palatnik et al. *" ** pro-
posed in their studies within the Cu,Se — Ga,Se; pseudo-binary system an order-disorder
phase transition for CuGaSe, at high temperatures, as well. Moreover Schorr et al. ** ob-
served a phase transition in this system but rather a phase separation or decomposition close
to the transition temperature. Therefore this system will be studied in the present work, in
terms of possible phase transitions, in more detail.

In summary, the two pseudo-binary systems, Cu,Se — In,Se; and Cu,Se — Ga,Ses, are well
investigated until now and behave similar in terms of phase relations in the copper-poor re-

gion of the phase diagrams. Open questions are:
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a) In which way varies the structure with increasing copper-poor off-stoichiometry in CISe
and CGSe? What are the present native defects in off stoichiometric Cu;InySegs+, and
Cui.yGaySep s+yas well as in Cuy_y(InyGaj)ySep s+y?

b) How influences the intermixing of indium and gallium the phase relations and the micro-
structure in off stoichiometric Cul_yBIHySeO.ﬁy?

¢) What is the character of the phase transition at high temperatures for CuGaSe, and what is
the driving force of this transition?

These questions will be answered in the present work.

1.2.2 The Cu,S — B",S; system

The general ternary system Cu—B™—S including the pseudo-binary section
(CuS)1y — (B"3S3), is displayed FIG. 1. 12.

1 0//.\ \VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY /—.\1
’ 0,0

Cu O,(‘) 0,1 02 03 04 05 06 0,7 08 09 1,0

FIG. 1. 12 The ternary system Cu—B"™—S, including the pseudo-binary section
(CMQS)I_y—(B[[[2S3)y. The binary educts, the ch- type phase and the CuB"'sSg phase are
marked by the red full circles.

The (CuyS)iy — (InaS3)y pseudo-binary system is a well investigated system as well, which
behaves in some points different compared to the (Cu,S)i.y — (In,Ses) one. Therefore this part
of the present work will shortly point out the differences of this systems compared to the
selenides.

The homogeneity region of the chalcopyrite type phase in the sulphide system is in general
smaller compared to the selenide system **. One important difference of the sulphide systems
is the non-existence of a CuB"';Ss phase in the copper-poor region, neither in the Cu-In-S-

nor in the Cu-Ga-S- system.
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FIG. 1. 13 The CulnsSs phase crystallizing in the spinel type crystal structure.

The binary educt In,S; is crystallizing in the spinel type crystal structure (s.g. Fmgd) with
vacancies on both cation sites (8a and 16d). Following the pseudo-binary tie line into
Cu,S-direction, the copper occupies the vacant tetrahedral sites of the spinel type structure of
In,S; 53 This causes at y = 0.83 In,S; (Cu/In=0.2) in Cu,S the formation of the CulnsSg phase,
which is also crystallizing in the spinel type crystal structure >*. This crystal structure is repre-
sented in FIG. 1. 13. Within the structure copper and indium occupy the 4a (0 0 0) and the 4c
(Ya Va '4) position, whereas indium is also situated on the 16e position. The anion substructure
forms a cubic closed packed lattice, where the tetrahedral voids are disordered occupied by
indium and copper, and the octahedral voids are filled by indium.

Following the tie-line into the copper-rich region, the next phase which is observed is the
chalcopyrite type phase. It is reported, that the chalcopyrite type phase in the

(CuzS) 1y — (InxS3)y system accepts y = 0.52 In,S3 dissolved in Cu,S 54,55

and is crystallizing
in the same structure like explained in the previous section (see FIG. 1. 11 (a)). At high tem-
peratures the CulnS, phase undergoes two structural phase transitions. The first one is an or-
der-disorder transition at Tr,,s—=980 °C from the tetragonal chalcopyrite type to the cubic
sphalerite type crystal structure with an indium-copper anti-site occupation as driving force 2.
In a second transition the cubic phase is transformed to the hexagonal wurtzite type phase at
Trrans=1045 °C.

Considering the Cu — Ga — S system, the information in terms of phase relations between the
chalcopyrite type phase and the binary educt Ga,Ss is rather rare and contradictory. Referring
to Kokta et. al. *°
0.49 <y <0.51 Ga,S; dissolved in Cu,S. Moreover they reported the existence of a CuGasSg

phase crystallizing in the sphalerite type crystal structure, whereas Haeuseler et. al. >’ pro-

the chalcopyrite type crystal structure is in general stable between

posed a thiogallate type structure for a CuGasSs compound. Concerning possible phase transi-
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tions of the chalcopyrite type CuGaS, phase at high temperatures, no order-disorder transition
is observed, neither by DTA nor by in-situ X-ray diffraction experiments.

The incomplete information existing about the Cu — Ga — S system leads to the need of a sys-
tematic investigation, which will be partly processed within the present work.

In summary, the pseudo-binary system Cu,S — In,S; is better known compared to the
CuS — GayS; system. Especially the information in terms of the phase relations in the
Ga,Ss-rich region are rare and contradictory. Thus, the following open questions concerning
the Cu,S — Ga,S; system, occur:

a) How broad is the HR of the chalcopyrite type phase and what phase is stable next to it?
Exists there a compound with CuGasSg composition and what is the crystal structure?

b) In which way influences the substitution of indium by gallium in CulnS; the crystal struc-
ture and broadness of the HR of the ch-phase?

¢) What are the present intrinsic point defects in off stoichiometric Cu;_yInySq 5+,?

These questions will be answered in this work.






2 Experimental

2.1 Powder sample preparation and chemical characterisation

2.1.1 Selection of initial weight

The sample compositions studied here were chosen based on the knowledge about the compo-
sition of the absorbers used for highly efficient CIGSe and CIGS solar cells. All absorber lay-
ers used for high efficient thin film CIGSe, CIS or CIGS solar cells are prepared by a complex
vacuum based process and pass different points of composition during the growth. The result-
ing absorber exhibits the chalcopyrite type crystal structure with slightly Cu-poor (CISe,
CIGSe) and Cu-rich (CIS, CIGS) composition. Therefore the interesting compositions have
been chosen close to the stoichiometric compound within the Cu-poor or Cu-rich region and
with respect to the phase boundaries of the multiphase fields as known from literature.

Based on previous works *! 46 47 3% 36

about the phase relations on the pseudo-binary
(CugCVI)l_y — (BHIzCVIg)y sections, the selection of initial weight has been arranged. To calcu-
late the initial weight exactly, every point on the Cu,C"" — B"™,C"'; section is expressed by
(CugCVI)l_y - (BHIQCVI3)y. This leads to Cul-yBIHyCVIo_5+y, whereas at y = 0.5 the stoichiometric
compound CuB"™'C"", is observed. The variation of y in the range around y = 0.5 has been
used to calculated the initial weight of the samples studied here. The values of y and the
broadness of the homogeneity regions of the chalcopyrite type phase as known from literature

are summarized in table I.

21
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41, 46, 47, 54, 56

Table 11l Homogeneity regions as known from literature and y as used for the

initial weight in the prepared sample series.

System  HR in terms of y=B",C"; [molar fraction] v as used for the initial weight

[molar fraction]
CISe 0.500 <y <0.525 0.485<y<0.570
CGSe 0.500 <y <0.580 0.485<y<0.650
CIS 0.500 <y <0.520 0.490 <y <0.600
CGS 0.490<y<0.510 0.500 <y <0.550
CIGSe 0.500 <y <0.580 0.480 <y <0.600
(depends on the In/(In+Ga) ratio)
CIGS No information 0.480 <y <0.600

2.1.2  Synthesis route

The samples studied in the present work are reference powder samples, prepared by a solid
state reaction of the pure elements (99.9999 % purity), in sealed and evacuated silica tubes.
The procedure for the preparation of chemical and structural homogenous chalcogenide pow-
der materials has been adapted from Schorr et al. °®. The initial weight for the single elements
was calculated according to the explanations given in the previous section. The elements were
weighted with £0.001 [g] accuracy into pyrolytic graphite boats. In the next step these boats,
including the weighted elements, were introduced into quartz tubes, evacuated with a
10 mbar vacuum and finally sealed with a H,/O, flame. The closed ampoules were slowly
heated up in a tubular furnace to a defined temperature. The different temperatures and heat-
ing ramps, which have been applied, with respect to the vapour pressure of the used elements,
are illustrated in FIG. 2. 1. (a) and (b). The heating procedure has been repeated two times
with grinding the samples in an agate mortar in between, to obtain chemical and structural
homogeneity. The vapour pressure of sulfur in combination with gallium, present in the
sealed tube, has to be considered carefully to avoid an exploding of the ampoules. FIG. 2. 1
shows the temperature profiles for (a) the first reaction and (b) the homogenisation steps. The
latter has been performed by means of grinding the samples in an agate mortar, forming pel-
lets and annealing at a specific temperature. For the homogenisation steps an additional pellet
of selenium or sulfur has been added to the sample in the tube, to offer chalcogen in an ex-
cess.

After the third homogenisation step a phase analysis was performed by means of X-ray pow-
der diffraction. If the sample was not homogenous after three annealing steps, a fourth or fifth

homogenization step was added.
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FIG. 2. 1 Temperature profiles for (a) the first synthesis step and (b) homogenisation step.

The two different curves show the different profiles for selenides and CulnS, (solid) and for
CuGasS, and Cu(ln, Ga)S: (dashed).

One can follow the stepwise synthesis in FIG. 2. 2. Within these pictures the samples are

shown after the first reaction of the pure elements (a), the homogenisation step (b) and after
the complete synthesis route (c).

FIG. 2. 2 Photographs of synthesized samples after (a) first reaction and (b) homogenisation
step. (c) The final powder material.
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2.1.3 Electron microprobe and wavelength dispersive X-ray analysis

For the determination of intrinsic point defects by the method of average neutron scattering
length, the composition of the samples has to be known as precise as possible. Thus the com-
position of the powder samples was determined by wavelength dispersive X-ray measure-
ments (WDX) on a JEOL-JXA 8200 electron microprobe analysis (EMPA) system. To ensure
a high level of accuracy, the outcome of 20 individual local point measurements of the com-
position parameters (beam diameter about 1 pm) were averaged to an integral chemical com-
position of every phase. In order to obtain reliable results from the WDX measurements, the
system was calibrated using standards of elemental Cu, In, Ga, Se and S (99.999 % purity).
Portions of the annealed samples were embedded in epoxy and mechanically polished to
achieve a clean surface for accurate WDX measurements.

The composition of a certain phase was calculated on the basis of the measured atom-% for
each element (Cu, In, Ga, Se and S). The obtained Cu/B™ ratio was used to determine the
chalcogen content of the ternary phases. Based on the assumption that their common formula
can be expressed by Cul_yBIHyCVIo_5+y, the chalcogen content is a function of the Cuw/B™ ratio,
which follows an exponential law, as displayed in FIG. 2. 3. At the point, where the dotted
lines cross, the stoichiometric chalcopyrite type compound CuB™CY, is observed. Thus, the
value for y and the chalcogen content of the ternary phases were calculated on the basis of the

measured Cu/B" ratio with respect to charge neutrality of the compound.

Chalcogen (Cw/B")=1.48719+1.3721 7% /10162

N
[\S]
L)

N
—
T

point of stoichiometry

N
[en)
T
1

chalcogen content

—
\O
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—
2]
L)

2 1 2 l 2 1 2 1 2
0,6 0,8 1,0 1,2 1,4 1,6
CuB"

FIG. 2. 3 The chalcogen content as a function of the Cu/B™ ratio, following the
(Cu,C") Iy — B",c"; y tie line. The solid line corresponds to an exponential fit.
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The sequence for the determination of the chemical composition of the ternary phases has

been the following:

e Experimental determination of the Cu/B" ratio
e Applying the exponential law to calculate the chalcogen content

e Calculation of y in Cul_yBIHyCVIo,Hy by eq. (2.1):

y=lC 2]—1 (2.1)

With [C"] is the calculated molar fraction of chalcogen.

III VI
—C" system

According to the definitions for off stoichiometric samples within the Cu—B
given by other authors before, the samples studied here exhibit a molecularity deviation (Am)
and not a valency deviation.

Phase homogeneity and microstructure were imaged by micrographs, during EMPA analysis,
using the contrast of backscattered electrons (BSE) to get a phase contrast (Z-contrast). In this
mode secondary phases like Cu,.<Se are observable due to a different grey contrast compared
to the chalcopyrite phase. Detailed description for the micrographs will be found in the corre-

sponding section.

2.2 Diffraction techniques

2.2.1 X-ray and neutron diffraction

Neutron and X-ray powder diffraction methods with subsequent full pattern Rietveld refine-
ment were applied to determine structural parameters and to identify structural changes as a
function of the composition.

The diffraction principle of waves on periodic structures is the same for neutrons and X-rays
and explained in detail elsewhere *°. In this section the main differences between X-ray and
neutron diffraction techniques will be pointed out.

The requirement for a reflection of a specific lattice plane is constructive interference of the

diffracted waves, expressed by Bragg’s law:

ni=2-d,,sind (2.2)

With n- the order of reflection or diffraction, A- wavelength, dj- lattice plane spacing and 6-

diffraction angle.
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In general the intensity / of a Bragg-reflection in an X-ray or neutron diffraction experiment is

2, with a proportional behaviour of / to the square of the structure

characterized by /,,, o |Fh,d
factor F. The structure factor F (resultant amplitude of the scattered beam) describes the Fou-
rier transformation of the electron density (X-rays) and the sum of the scattering contribution
of each lattice site. The general formalism is given by eq. 2.3

Fhk] — Zf; (eZHi(thrksz))
f (23)

With f; is the X-ray scattering factor. In case of a neutron diffraction experiment f; in eq. 2.3 is
substituted by the neutron scattering length b; for the specific element. This is a factor for the
scattering strengths of the nuclei of a single atom for the interaction of it with a neutron

In the case of the chalcopyrite type crystal structure F includes the sum of the scattering con-
tributions of the 4a, 4b and 8d sites, times its element specific scattering power f; or b;. To
derive the structure factor F, one has to know the different coordinates for the respective
Wyckoft positions. The chalcopyrite type crystal structure with space group [ 42d has a cen-
tered unit cell with a centring translation of +(’2 2 2) according to the international tables of
crystallography (space group number 122) ®. Thus, the general 4a position (0 00) and
(2 0 %) have to be translated applying +(*2 2 /2) to generate the two other positions. The po-
sitions of the other Wyckoff sites 4b and 8d have to be arranged in the same way. The coordi-
nates of the 4a, 4b and 8d position within the chalcopyrite type crystal structure are summa-
rized in Table IV.

Table IV Wyckoff positions, possible atomic species occupying this position and the respective
atom coordinates within the chalcopyrite type crystal structure.

Wyckoff Atomic species Coordinates
position
4a Cu 000 VRN 0% % 720 Y4
4b Ga, In 000 720 0% % 720 Y4
8d Se, S X Vals (x+'2) %4 % -X ¥a ' (-x+%2) Ya %
Ya-X 7 Ya (-x+Y2) ¥z YaX s Ya (x+%2) %

The structure factors can be derived from the positions with application of the chalcopyrite
type crystal structure with space group / 42d . The denotation of eq. 2.4 leaves the assignment
in Cul-yBHIyCVIo.ery the two cationic sites 4a and 4b with f1, and fa, (4a: Cu'4b: In3+, Ga3+) ,

while it is assumed that the 8d site is fully occupied by selenium or sulfur.
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Especially the determination of the anion position parameter and the cation site occupation
factors cannot be performed only by the use of X-ray diffraction (XRD). As Cu” and Ga’
have the same number of electrons, it is almost impossible to differ between them precisely
with X-rays, because of their similar scattering factor (f; (i=Cu", Ga’")). In contrast to X-rays,
the neutron is scattered at the nucleus of an element and not on the surrounding electrons. The
coherent neutron scattering lengths b; for isoelectronic cations like Cu’ and Ga®', as well as
for In*", are different (be,=7.718 (4); bga=7.288 (2); bi=4.065 (20)) ®'. Thus it is possible to
distinguish between two isoelectronic cations like Cu” and Ga’*. Moreover b; depends on the
isotope and the spin quantum number of the nucleus .

Another disadvantage of X-rays is the loss of intensity in the diffraction pattern with increas-
ing sinB/A. The atomic scattering factors for the X-ray case of the three different cations Cu’,

Ga™" and In’" as well as their neutron scattering lengths as a function of sinf/A are displayed
in FIG. 2. 4.
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FIG. 2. 4 Atomic form factors for the cations Cu*, Ga’* and In’" (a) and the neutron scatter-
ing lengths for Cu, Ga and In (b) as a function of sin6/.”’.
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The atomic scattering factors of Cu” and Ga®" are very similar and strongly decrease with
increasing sin0/A. The neutron scattering lengths of copper and gallium are different and b;
stays constant over the whole sinf/A range for all three species. Thus, the intensity of Bragg
reflections at high 20 angles is strongly increased for the application of neutrons in a diffrac-
tion experiment in comparison to X-rays.

A comparison between a Rietveld refined X-ray and a neutron powder diffraction pattern of
the same copper-poor Cu;.,InySo s+, sample is illustrated in FIG. 2. 5. It is obvious that the
intensity in the range of high 26 angles is much higher for the neutrons (bottom) than for the
X-ray diffraction pattern (top).
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FIG. 2. 5 Rietveld refinement of an X-ray (top) and a neutron (bottom) powder diffraction
pattern of the same copper-poor Cuj.In,Sy s+, sample.
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The intensities at high 26 angles are especially important to observe reliable results for the site
occupation parameters of the cations on the two different Wyckoff sites in the chalcopyrite
type crystal structure and also for the anion position parameter.

The neutron diffraction experiments were performed in order to determine the structural
changes with composition, especially the cation site occupancy factors and the change of the
anion position parameter x(C""), in detail. Various neutron powder diffractometers, selected in
terms of the research purpose, were used. The different diffractometers are located at the
Helmholtz-Zentrum Berlin fiir Materialien und Energie (HZB), the Paul-Scherrer Institute
(PSI) and the Institute Laue Langevin (ILL). The four instruments and their corresponding

characteristics of the experiment are summarized in Table V.

Table V Neutron diffractometers used for the experiments reported here and the samples stud-
ied there.

Institute Instrument Wavelength Samples Temperature Purpose
[K]
HZB E9 1.7978 A CISe 290 High resolution;
CGSe Room tempera-
CIS ture, flux =10’
CGS neutrons/cm?s
CIGSe
PSI HRPT 1.1545 A CIGSe 1.5-290 In-situ low
temperature,
high flux = 10°
neutrons/cm?s
ILL D20 1.8738 A CGSe 290- 1390 In-situ high
temperature,
high flux = 10°
neutrons/cm?s
ILL D2B 1.5954 A CIGS 290 High resolution,
high flux =10’
neutrons/cm?s

All neutron powder diffractometers used in the present work are two-axis diffractometers with
an assembly, exemplarily shown in FIG. 2. 6. This picture displays the high resolution two-
axis diffractometer D2B.
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Neutran flight fube

FIG. 2. 6 Instrument layout of the high resolution neutron powder diffractometer D2B % .

The sample holder for the neutron diffraction experiments were cylindrical vanadium contain-
ers of 8 mm diameter. Vanadium is an ideal material, because it’s atomic coherent scattering
cross section is negligible compared with its incoherent cross-section. Consequently the con-
tainer contributes significantly to the background in the diffractogram, but gives no diffraction
lines .

The sample holder for the high temperature experiments was a vanadium container, as well.
Within this container the samples were encapsulated in quartz-glass tubes to avoid selenium
and sulfur evaporation during heating.

Phase analysis of the prepared powder samples has been done by conventional X-ray powder
diffraction at room temperature in a focussing Bragg-Brentano geometry using a laboratory
Panalytical X’pert Pro MPD diffractometer with Cu-Ka-radiation (A=1.54056 A). To reduce
the divergence of the incident beam a 1/16 ° divergence slit was placed in the incident beam
path.

The structural phase transitions have been studied by in-situ X-ray diffraction in a temperature
range 300 K < T 1330 K. For in-situ experiments at such high temperatures the samples have
to be sealed in silica tubes to avoid chalcogen evaporation during the heating process. The
intensity of a conventional laboratory X-ray tube is not high enough to collect data with high
intensities in the diffraction pattern, suitable for Rietveld refinement, at fast recording times.
Structural phase transitions are fast processes, which proceed within a time range between 1-
10 min. To follow such a transition in-situ via X-ray diffraction, fast recording times for one

pattern, with high quality, in terms of intensity and resolution, are necessary.
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FIG. 2. 7 Experiment layout for an in-situ high temperature X-ray diffraction experiment at
the high-energy beamline ID 15 B at the ESRF .

Therefore this kind of experiment was performed using monochromatic high-intensity syn-
chrotron radiation at the high energy beamline ID 15 B at the ESRF, using a tubular furnace
as sample environment. The assembly of such an experiment is displayed in FIG. 2. 7

The energy of the monochromatic beam was £=89 keV which corresponds to a wavelength of
7=0.14107 A.

All the collected powder diffraction pattern were analyzed applying the Rietveld method and

by the use of the FullProf suite software package ®, as explained in the following section.

2.2.2 Rietveld Refinement and the method of average neutron scattering
lengths

In order to obtain the structural parameters of the investigated compound semiconductors out
of the diffraction patterns (neutrons and X-rays), full pattern Rietveld refinement using the
FullProf Suite software package has been applied . Parts of this section are published and
can be found in ¢

In case of single phase samples the main phase is a ternary or quaternary compound crystalliz-
ing in the chalcopyrite type structure. Thus, this structure type was used as starting model in
the structure refinement. The free structural parameters of the fit were the lattice constants,
the anion position parameter, the cation site occupation factors for the 4a and 4b position and
the atomic displacement factors (adp). To observe reliable results it is important to perform

the refinement procedure in a physical reasonable sequence.
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The following has been applied in the present work.

(1) Global parameters like the scale factor and the zero-shift have been refined; all structural
parameters have been fixed.

(2) The lattice constants have been refined; whereas the cation site occupation factors were
fixed at values according to the chemical composition as known from WDX analysis. The
isotropic adp (bA,-so; A= 4a, 4b, 8d) were kept at 1.0.

(3) The b%;,, of 4a, 4b and 8d position have been refined, keeping the site occupantion param-
eters of the respective positions fixed.

(4) The cation site occupation factors (occa,, occqp) have been refined and the already refined
b;s, were fixed.

(5) Step (3) and (4) have been repeated until no change of the parameters has been noticed
anymore. This procedure has been expanded with the use of anisotropic adp b"; (A= 4a, 4b;
i=1-3).

(6) Finally the 5*; and the site occupancy parameters were refined simultaneously until a

point of saturation.

In case of multiphase samples, these additional phases were included into the Rietveld re-
finement, too. The above explained procedure was performed similar. The additional crystal

phases and the corresponding space groups are summarized in Table VI.

Table VI Chemical phases as used for the structure refinements and their associated space
groups.

Phases in the Cu— Space group Phases in the Cu— Space group
B™ — Se system B™ — S system
CuB"'Se, 142d CuB"'S, 142d
CuB";Se; 142m CulnsSg F43m
CuBHl5Seg 142m CU.z-XS Fm3m .
Cu,Se Fm3m , F23 CuS P6;/mme
CuSe P6, /mmc
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The following agreement factors were used, to asses the quality of the fit between the ob-

served and calculated intensities:

Z [obs - Icalc

Rprage- Bragg-intensity R-factor R,[%]= IOOkZ—I (2.5)
= obs
2 1/2
zwk yobs - ycalc
Ryp- R weighted pattern R,,[%] =100 + - (2.6)
Wk yobs
k
1/2
Rexp- expected R weighted pattern R [%] =100 (N_—P-'_C; (2.7)
Z Wk yobs
k
2
2 . 2 Rw’p
¥~ — chi square ¥ = (2.8)
Rexp

With I,pycqc are the observed and calculated intensities of the corresponding Bragg-
reflections, y,»s.car are the observed and calculated points of the corresponding pattern, NV is the
number of observed data points, P is the number of independent, varied parameters, C is the
number of correlated parameters and wi=1/y,s,. The quality of a fit is as highest, if R,,,/Rcy, 1S
approaching one ®. In addition to the evaluation of the quality of the refinement by the
agreement factors, the visual inspection of the difference line between the refined and the

measured diffraction pattern should be analyzed carefully.

With the resulting cation site occupation factors of the neutron diffraction experiments, the
method of average neutron scattering length ®* can be applied to calculate the concentration of
intrinsic point defects in the investigated samples. This technique makes it possible to decide
if vacancies or anti-site defects are present on the specific positions of the chalcopyrite type
crystal structure, due to a change of the average neutron scattering length of a specific
Wyckoff site. This method was only applied to determine cationic point defects. The presence
of, for instance, an anti-site defect of type Secy, has not been taken into account.

In the following the method will be explained using off-stoichiometric CulnSe, as an exam-

ple.
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The neutron scattering lengths of indium and copper are b, =7.718(4)fm and
b, =4.065(2) fm 61 Vacancies (Vcy and Vi) as well as an anti-site occupation (Inc, and
Cuy,) will change the neutron scattering lengths of the cation sites 4a and 4b significantly.

If two different cations, like Cu” and In’", occupy the same structural site j, the average neu-
tron scattering length of this site (E ;) 1s given by eq. 2.9:

szNCu/'bCu+Nln/'b[n+V/ (29)

Here N, ,, are the fractional amounts of Cu" and In*" on the corresponding site, bc, and by,
are the neutron scattering lengths of copper and indium °' and V; is the vacancy fraction of
this site, in which eq. 2.10 has to be taken into account as additional requirement:

Ne, + N, +V, =1 (2.10)

For the Rietveld refinement procedure of single phase samples the ch- type crystal structure
has been assumed as structural model. Within this structure Cu" occupies the 4a and In’" the

4b position and the experimental average neutron scattering length b;", is calculated as fol-

lows:
bis =occ,, b, b =occ,, b, (2.11)

With occy, and occyy are the cation site occupation factors of the chalcopyrite type crystal
structure, resulting from the Rietveld analysis.

This experimental average neutron scattering length Bixp has to be compared with a theoreti-
cal average neutron scattering length (E;uk), derived from a cation distribution model. In a
first step, this value is calculated on the basis of the chemical composition of the chalcopyrite

type phase in the sample, known from the WDX microprobe analysis, i. e. the molar fraction

of copper (Cu""P*) and indium (In""%) in Cuj.yInySeg 5+y. For Cu"P*<1 and In"P*>1 (Cu-poor
samples) it follows:
b =Cu" by, +(1-Cu")-b, and  bL“ =In,, b, (2.12)

with In"”* = In,, + (1- Cu"™).

For Cu”"”*>1 and In"P*<1 (Cu-rich samples) it follows:

b = Cu,, b, it = "™ by, + (1= 10" ) by, (2.13)
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With Cu"”" = Cu,, +(1- In""").

In this calculation it has to be taken into account, that in the Cu-poor material the 4b position
is fully occupied by indium (/n,, =1 (eq. 2.12) and in Cu-rich material the 4a site is assumed
to be completely occupied by copper (Cu,, =1 (eq. 2.13)). Thus, no vacancies are present on
these sites for copper-poor (4b site full) and copper-rich (4a site full) material.

If the results show E;Xp # E;ulc , in the next step this difference has to be minimized by evaluat-
ing a certain cation distribution model, defining a particular amount of copper and indium on
the 4a and the 4b position and including point defects i. e., Ve, Vi, Cuj, and Ing,. In the case
of baa < B:Zlc it means that not the whole amount of copper (molar fraction as determined by
WDX analysis) within the chalcopyrite type phase is situated on the 4a site. The missing cop-
per ions can be on interstitial positions or create a Cuy, anti-site defect, whereas copper occu-
pies the 4b position. To prove this distribution model the experimental and theoretical average
neutron scattering lengths of the 4b position have to be compared.

Since b, >b,,, a difference between experimentally determined and calculated average neu-

e

tron scattering length of the 4a site like 54 "< Z;fa‘”c can be caused by indium occupying this
site (Ing,) or copper vacancies (V¢,) are present on this position. Thus, a decrease of baa can
be caused by copper vacancies and/or indium on the 4a position. It has to be taken into ac-
count, that in dependence of the Cu/In ratio (cooper-rich or copper-poor Cuyln;_ySegs+y) both
cations can also occupy interstitial positions. On the other hand a Cuy, (Cus,) defect would
increase the value of the experimental average neutron scattering length bay , due to b., >b,, .

In the case of b7 <b ™ and bS® > b ™ | the higher value of bay is due to the formation of
Cuy, anti-sites. The necessary amount of Cuy, for the increase of ZZ)ZP has to be calculated,
using the total molar fraction of copper (Cu""%) as a restriction. With this information it is
possible to evaluate the expected site fraction of Inc,. After calculating the site fractions Cuyy,
Inc, and Cug, by simultaneous comparison of bas and EZ[;]C, as well as bay and EZ[ZIC, the site

fraction of V¢, can easily be determined by using eq. 2.14:

Vew =1=1In¢, = Cug, (2.14)

Finally, it is possible to determine the number of defects per cm® with the use of the refined
lattice constants. In general, the explained method has been applied for all samples analyzed
in the present work. For the investigation of the quaternary samples the procedure has been

modified as it is explained in the corresponding section (5. 2. 3).
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2.2.3 Anomalous X-ray diffraction

The isoelectronic character of Cu” and Ga® makes it almost impossible to separate the scat-
tering distributions of these two species applying conventional X-ray diffraction methods. The
problem can be reduced by applying neutron diffraction to samples containing Cu” and Ga®"
because of the nuclear interaction of the neutrons with the sample (see section 2.2.1). As a
complementary diffraction technique, anomalous X-ray diffraction has been applied to deter-
mine unambiguously which copper and gallium distribution scenario is present in off stoichi-
ometric Cu;.,GaySeo s+, samples.

By the use of this technique, the X-ray scattering factors of copper and gallium can be varied
separately, as they are energy dependent and element specific.

In general the X-ray scattering factor f; is a complex number, due to the photon energy inde-

pendent resonance phenomena >

fi@)= fiy + [ (@) +i- f;" (@) (2.15)

This formula contains the energy dependent dispersion corrections f~ (the real part) and f”’
(the imaginary part), where w is the energy. In general, these corrections are small and negli-
gible, but close to the X-ray absorption edges of an analyzed atom they show a strong change.
To choose the energies for an anomalous diffraction experiment some requirements have to be
maintained. In the case of off stoichiometric Cu;_,Ga,Segs:y the difference between the scat-
tering factors f; for Cu” and Ga®", has to be as large as possible. Additionally the overall linear
absorption coefficient should not change and the wavelengths have to be on the low energy
part of the absorption edge to reduce the absorption by the sample . Thus, the energies have
been chosen close to and far off the absorption edge of the analyzed atomic species. In the
case of Ga’" the chosen wavelengths are close to (-2 eV) and off (-267 ¢V) the Ga-K-
absorption edge (10367 eV). The Ga-K-absorption edge, the energy dependent dispersion
corrections, as well as the energies used for the anomalous diffraction experiments for an en-
ergy range between 9900 eV and 10400 eV are displayed in FIG. 2. 8.
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FIG. 2. 8 The X-ray dispersion correction factors f°° and [ as a function of X-ray energy. The
dotted linegomark the energies used for the anomalous diffraction experiment (10100 eV and
10365 eV) ™.

The estimated values of the three contributions to f; are calculated on the basis of the Cromer-
Libermann code """ 2. A few preliminary considerations concerning the Bragg reflections,
adequate for anomalous diffraction, have to be done before the experiment.

In the space grouplé_l2d , according to eq. 2.3 and 2.4, the reflections with the condition
hkl: 2h+I=4n and 2h+I=4n+2 do not show a difference in intensity for different cation distri-
bution models. But these reflections exhibit the highest intensities in an X-ray diffraction pat-
tern. The reflections whose intensities are affected by the distribution of the cations on the
two possible Wyckoff sites are, for instance, the 101 and the 103 Bragg reflections. Both of
them are also affected by the deviation of the chalcogen anion from the ideal x-position of
x(CV")iqea=0.25 (when changing the X-ray energy). FIG. 2. 9 illustrates the (112) and the
(101) lattice planes within the chalcopyrite type crystal structure. The (112) lattice planes are

occupied by both types of cations (Cu and B™

), whereas the (101) lattice planes are occupied
only by one type of cation (Cu). In contrast to the (112) lattice plane an occupation of a se-
cond type of cations on the (101) lattice planes would change the contribution to the intensity

of the 101 reflection.
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(112) lattice plane (101) lattice plane

Lo
FIG. 2. 9 The (112) and (101) lattice plane within the chalcopyrite type crystal structure.

The intensity of the 101 reflection would change due to a different cation distribution (mono-
valent and trivalent cations on the (101) lattice plane) compared to the intensity of the 112
Bragg reflection.

On the basis of the neutron powder and conventional X-ray diffraction experiments, the
x-position of the selenium anion in CGSe has been determined, whereas this value has been
fixed during the pattern simulations for anomalous diffraction pattern. Moreover, different
cation distribution models were revealed on the basis of previously performed neutron powder
diffraction experiments. In summary, the simulations of the anomalous diffraction pattern
were performed with a fixed x-position but with different cation distribution models.

In conclusion, the 101 Bragg-peak has an adequate intensity and shows an effect for different
cation distribution models, each assuming a constant x-parameter on the basis of the values of
the neutron diffraction experiments.

The anomalous X-ray diffraction experiments were performed at the MAGS beamline of the
Berlin synchrotron radiation source BESSY. All samples were mixed with silicon as internal
reference and filled in silica capillaries with a diameter of 300 pm. The experiments were
performed in transmission geometry and the samples were rotated to avoid coarse-grain size
effects. The collected pattern were corrected by the ring current and normalized to the silicon
111 reflection. For the experiments different X-ray energies were chosen close to and far off
the gallium-K-edge (10367 eV), as explained previous. A comparison between the intensity

ratios of the 101 Bragg-reflection of the chalcopyrite type crystal structure for different ener-
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gies revealed in a qualitative determination of the present cation distribution in off

stoichiometric Cuy_yGaySeq s5+y.

2.3 Transmission electron microscopy

In the introduction of this work it has been mentioned that two structural modifications for
stoichiometric Culn(Se,S), are possible. The chalcopyrite type crystal structure and a super-
structure, characterized by an ordered distribution of the cations according to a CuAu(I)-type
ordering. Several authors reported a presence of this superstructure in Culn(Se, S); thin films
on the basis of transmission electron microscopy (TEM) studies > ™. It is reported that the
CuAu(I)-type ordering occurs in very small domains within chalcopyrite type crystals and can
be detected by the presence of additional reflections in an electron diffraction pattern obtained
from TEM analysis. The size of the coherent scattering domains with CuAu(I) superstructure
is too small to be detected by XRD.

Thus, selected area electron diffraction pattern were recorded in a TEM on two off stoichio-
metric Cuy.yIn,Seo s+, samples with different Cu/In ratio, to prove the existence of a CuAu(I)
type cation ordering within these specimens. The measurements were performed on a Phillips
CM 200 electron microscope, whereas the simulations of experimental electron diffraction

pattern were performed using the software package given by Stadelmann .

2.4 Spectroscopic methods

2.4.1 X-Ray photoelectron spectroscopy

In order to determine the oxides possibly present on the prepared powder material, some se-
lected samples were checked by means of X-ray photoelectron spectroscopy (XPS).

XPS is a surface sensitive chemical analysis technique based on the interaction of X-rays with
a known wavelength with the atoms on the sample surface. Detailed description of this tech-
nique can be found elsewhere "°. Due to the known energy of the incident X-ray wave the
electron binding energy of each of the emitted electrons can be determined using the follow-

ing equation:

Ebinding = EPhalon - (EKin + ¢) ( 2 16)

Within eq. 2.16 Epinging, 15 the characteristic binding energy of the atoms, from where the elec-
tron has been extracted. Therefore, Eppoon and Ek;, are the photon and kinetic energies of the
extracted electrons, whereas ¢ is the work function.

For the XPS analysis performed in the present work, monochromatic Al-K, radiation (Specs

Focus 500) with excitation energy of 1486.7 eV has been used for the incident X-ray beam.
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The samples were measured completely under UHV conditions, in order to maintain any addi-
tional contamination, with a Specs Phoibos 150 photoelectron analyzer, photoemission sys-
tem. Details of the system used here are explained by Andres et al. ’. The analyzed powder
samples were affixed on elemental indium, which made it impossible to evaluate the indium

signal in terms of their relation to the chalcopyrite type compound.

2.4.2 Raman spectroscopy

Additional to the phase analysis made by X-ray diffraction and electron microprobe analysis,
some selected copper-poor Cuj.yIn,Seo s+, samples have been studied by means of Raman
spectroscopy. This is a non-destructive characterization technique well suited for chalcopyrite
type materials and solar cells ">

The basis of this technique is the interaction of an incidence monochromatic light with the
material. The so called Raman scattering is the inelastic scattering mechanism of light by the
atoms of a molecule. The recorded spectral lines exhibit frequencies which are shifted com-
pared to the frequency of the incident light. The frequency difference corresponds to the char-
acteristic energies of for instance the vibrational modes of an analyzed material. Moreover,
the characteristic movements of a material are different for different crystal structures °'.
Thus, this technique can be used to distinguish between two different modifications like the

CuAu(I)-type ordered and the chalcopyrite type crystal structure.

Chalcopyrite

CuAu(I)-type

® Cu
® In

FIG. 2. 10 Atomic movement of the A;- mode in chalcopyrite type (left) and CuAu(l)-ordered
(right) CulnSe;. The arrows index the respective movements.
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In the case of the chalcopyrite type crystal structure the main vibrational mode is the A;-mode
caused by the atomic movement of the chalcogen atoms. FIG. 2. 10 shows the unit cells of
chalcopyrite type (left) and CuAu(I)-ordered CulnSe; and the atomic movement is marked
with arrows.

A characteristic Raman spectrum for a CulnSe; thin film with both polytypes and one exhibit-
ing only the ch-type phase is shown in FIG. 2. 11. The contribution of the A;- mode of the
chalcopyrite type phase is located at 173 cm™ within a Raman spectrum, whereas the A,-
mode of the CuAu(I)-ordered phase is found to be at 183 cm™.

CulnSe,

A, (CH) A (CH)
1

A, (CA)

Intesity

125 150 175 200 225 150 175 200 225 250
Raman shift (cm™)

FIG. 2. 11 Raman spectrum of CulnSe; thin films with a mixture of Ch- and CuAu(I)-ordered
polytypes (left) and only the chalcopyrite type crystal structure (right), together with the re-
spective fitting of modes attributed to Ch- and CuAu(I) ordered phases .

Raman spectroscopy has been additionally applied to selected off stoichiometric CISe powder
samples to prove the existence of the CuAu(I)-type ordered superstructure.

The system used in the present work has been a LabRam Horiba Jobin-Yvon spectrometer
with a He-Ne laser and an emission wavelength of 632.8 nm. The system was calibrated be-

fore the measurement of the samples with a standard silicon wafer.






3 Phase and microstructure analysis in the
Cu,(CY") - B",(CY); system

Thin films based on ternary chalcopyrites like Cu(In,Ga)Se; and CulnS;have recently achieved
considerable interest due to their superior properties as absorber layers in thin film solar cells.
The optical and electronic properties of the resulting absorber materials are strongly influenced
by the composition in terms of structural changes as well as the phase relations in the basis
systems Cu-In/Ga-Se and Cu-In/Ga-S.

The discussion of the structural trends, e. g. cation distribution and unit cell dimensions in de-
pendence on composition of the chalcopyrite type phase are the key issue of the present work.
To study the structural parameters, a detailed knowledge of the composition as well as chemi-
cal and phase homogeneity of the prepared samples is indispensable. Thus, all prepared sam-

ples were studied by:

(1) electron microprobe analysis to get an impression about present secondary phases and
the microstructure
(i)  WDX analysis to determine the chemical composition of all phases within a sample

(i)  X-ray diffraction for a qualitative identification of different phases.
The following section will show the results of the [Cuz(CVI)]l_y - [(BHI)zCVI3]y system and dis-

cuss them with respect to the relations between composition and microstructure. Parts of these

investigations were published and can be found in **.

43
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3.1 The Cu,Se - In,Se;/Ga,Se; system

3.1.1 The Cu —In — Se ternary subsystem

To get a detailed knowledge about the influence of the gallium content with respect to the ho-
mogeneity region (HR) of the chalcopyrite type phase, at first the ternary end components have
been studied.

Within the studied systems the (Cu,Se);.y — (InoSes), pseudo-binary is the best known system
to date. Several authors described the phase relations *"* ** * % # and the broadness of the HR

in terms of the chalcopyrite type phase (see Table VII).

Table VII Homogeneity region of the chalcopyrite type phase within the (CusSe)., - (InxSes),
pseudo-binary system

Homogeneity region of the ch-type phase
System ) References
in (CusSe)y., - (In>Se3),

Beilharz *°
Cu-—In-Se 0.500 <y <0.525 Hornung *

Goedecke et al. *!

Microstructure

At first the microstructure of Cu-rich and Cu-poor CISe samples was studied by means of elec-
tron microprobe analysis. The backscattered electron (BSE) micrographs of a copper-rich (a)
and a copper-poor (b) Cuy.yInySeg s+, sample recorded during the microprobe analysis, are ex-
emplarily displayed in FIG. 3. 1. The homogenous, grey contrast in FIG. 3. 1 (a) (Cu/In=1.038;
# 001) is attributed to the chalcopyrite phase. Within this phase, regions with a darker grey
BSE contrast are observed. These dark grey regions are precipitations of secondary phases of
type Cu,xSe and CuSe. In contrast to this, no secondary phases of type CulnsSes are observed
in the copper-poor sample with Cu/In=0.841 (# 005) in FIG. 3. 1(b). The microstructure of the
copper-poor sample has a more porous character than the one of the copper-rich in FIG. 3. 1
(a). In the latter, the grain boundaries are not visible and the whole matrix is uniform. The
grains look like somehow they have been fused together. A similar behaior has been observed
for all other copper-rich samples, independent of the studied samples containing indium or
gallium, selenium or sulfur.
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o | Cu/In=1.038

o Cu/In=0.841
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FIG. 3. 1 BSE micrograph of (a) the Cu-rich Cuj.,In,Sey s+, sample (Cu/In=1.038) with sec-
ondary Cuy.,Se and CuSe phases, observed by the darker grey contrast and (b) Cu-poor sam-
ple # 005 without any secondary phases.

A qualitative and quantitative phase analysis has been performed by a complementary use of
XRD and WDX investigations.
Based on this results, the existence of polymorphic chalcogenides like a CuAu(I)-type ordered

structure within the chalcopyrite type phase in off stoichiometric CISe has been evaluated.

CuAu(I)-type ordering and vacancy phases

Several authors show the existence of the superstructure both in polycrystalline thin films *
and epitaxial grown layers of CulnS, and CulnSe, "> ™ *. Recently it has been demonstrated
CuAu(I)-type-ordering is present in both, copper- and indium-rich materials ™*

The existence of phases with CuAu(I)-type ordering of the cations as well as the presence of
vacancy phases (1-3-5 and 1-5-8 composition) has been checked by means of X-ray diffrac-
tion, electron diffraction in a transmission electron microscope and Raman scattering analysis
in selected off stoichiometric Cu,.yIn,Se, samples.

In two off stoichiometric Cuy.yIn,Sey s+, samples with a copper composition within the homo-
geneity region of the chalcopyrite type phase (as known from literature) no extra reflections

corresponding to a CuAu(I)-type ordering occur in the X-ray diffraction pattern (see FIG. 3. 2.
(a)).
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FIG. 3. 2 X-ray diffraction pattern collected at 10°<20<90° of (a) slightly copper-poor
(Cu/In=0.947 and Cu/In=0.943) and (b) very copper-poor samples (Cu/In=0.841 and

Cu/In=0.754). The tickmarks belong to the Bragg-positions of the superstructure of
CuAu(l)-type, the chalcopyrite type crystal structure and the vacancy compound Culn;Ses.

The pattern of these samples (Cu/In=0.947 and Cu/In=0.943) exhibit only reflections related to
the chalcopyrite type crystal structure. The sample in FIG. 3. 2 (b) with Cu/In=0.841 (# 005)
exhibits only chalcopyrite related reflections, too. In contrast to that, in the pattern of the sam-
ple with a Cu/In ratio of 0.754 (# 007) small additional reflections occur (e.g. 26=21.7° and
26=38.2°) according to the 110 and 114 Bragg-reflections of the stannite type structure
(1 4_12m) or a superstructure with a cation ordering of CuAu(I)-type (s.g. P42m ). It is possible

that the additional reflections in the very copper-poor sample correspond to the vacancy phase



CHAPTER 3 PHASE AND MICROSTRUCTURAL ANALYSIS 47

CulnsSes, crystallizing in a modified stannite type crystal structure, due to the fact that the in-
tegral composition of this sample is located in the two phase field, where CulnSe, coexists with
CulnsSes ( according to Goedecke et al. *').

To prove the phase homogeneity and non-existence of the superstructure or the vacancy phase
in the copper-poor samples with Cu/In=0.943 (#004) and Cu/In=0.841 (#005), transmission
electron microscopy (TEM) and electron diffraction has been applied.

FIG. 3. 3 (a) and (b) shows the electron diffraction pattern of both samples with incidence
beam along the [1-10] direction. The diffraction pattern (a) shows only reflections correspond-
ing to the chalcopyrite type crystal structure. In the pattern (b) not all spots can be correlated to
the chalcopyrite type phase. On the positions of the forbidden (002) and (110) reflections, addi-
tional reflections occur which can be attributed to

(1) CuAu(I)-type ordering

(11) Secondary phase of type CulnsSes

(ii1)  Double reflection.

To distinguish between the three different cases, a diffraction pattern along the [001] zone axis
was recorded.

Cu/In=0.943 Cu/In=0.841 Cu/In=0.841

(d) BD parallel [100] (e) BD parallel [001] €3]

a ° ® . L] . ) ® k3
° e L L ® -]
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FIG. 3. 3 Electron diffraction patterns obtained from (a) the sample with Cu/In=0.943 and (b)
with Cu/In=0.841, both along the [I-10]cy zone axis. (c) Pattern of the sample with
Cu/In=0.841 recorded along the [001]c; zone-axis. In (b) extra spots occur, surrounded with
yellow circles, which are forbidden in the chalcopyrite type crystal structure due to its system-
atic extinction. (d)-(f) Calculated electron diffraction pattern assuming orientation domains.
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The pattern seen in FIG. 3. 3 (b) and (c) can be explained by assuming the coexistence of three
sub variants of orientation domains or exhibiting partly CuAu(I)-type cation ordering.

These orientation domains have to be considered as overlaying crystallites, with tetragonal ch-
type structure. Moreover these crystallites can contain small domains with cation ordering of
CuAu(I)-type.

The three different possibilities for the orientation of the tetragonal crystals are illustrated in
FIG. 3. 4.

Case (4): crystallites with ¢ || [100]

Case (B): crystallites with c || [010]

Case (C): crystallites with ¢ || [001]

c 11 [100] _ 1 cnon

a

cli [010]

FIG. 3. 4 The three possibilities for the orientation of a tetragonal crystallite.

For case A4, the simulated electron diffraction pattern, assuming chalcopyrite type crystal struc-
ture and CuAu(I)-type ordered domains, is shown in FIG. 3. 3 (d). Additionally double diffrac-
tion has to be taken into account. The calculated electron diffraction pattern for case B is the
same as for case 4, but rotated around 90 °.

In the [100] and [010] beam direction no extra reflections corresponding to a CuAu(I)-type
cation ordering or double diffraction are visible.

The simulated electron diffraction pattern for case C is illustrated in FIG. 3. 3 (e), whereas the
reflections surrounded by the red circles correspond to reflections due to CuAu(I)-type order-
ing. The same diffraction pattern is observed assuming a single chalcopyrite type phase and
double diffraction. If one assumes an overlaying of all three cases 4, B, and C of orientation
domains, the result is the simulated pattern in FIG. 3. 3 (f). All red reflections, within the cal-

culated pattern occur due to CuAu(I)-type ordering or double diffraction.
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FIG. 3. 5 Raman spectra of the surface of CujIn,Seq s+, powders with different copper-poor
compositions, normalized to the intensity of the highest mode in each of the spectra.

To distinguish whether the additional reflections in FIG. 3. 3 (¢), surrounded from red circles,
are due to domains with CuAu(I)-type cation ordering, double diffraction or correlated with the
presence of a Culn;Ses vacancy phase, Raman scattering analysis has been applied.

FIG. 3. 5 shows the Raman spectra measured on the two samples investigated by TEM, and as
comparison on the very copper poor sample with Cu/In=0.754 (from bottom to top). The main
peak in all Raman spectra corresponds to the A; vibrational mode of the ch-type phase, which
is located at about 173 cm™.

In addition, the spectra of the very copper-poor sample shows a significant contribution located
in the 150-160 cm™ spectral region. This intensity in the Raman spectra corresponds to the
region where the main A; vibrational mode of the Culn;Ses phase is located 8788 One can in-
terpret a small increase in intensity in the spectra of sample with Cu/In=0.754 (# 004), in the
region of 178 — 185 cm™’. A contribution in this region would indicate a presence of cation or-
dering of CuAu(I)-type, which is characterized by a contribution located at 183 cm™, where the
main A; vibrational mode of this superstructure would occur *°. Other authors reported a exist-
ence of the CuAu(I)-type ordering in copper-poor Cui.,In,Seos+y at a Cu/In ratio between
0.48 < Cu/In <0.71. The sample studied here has a Cu/In ratio of about 0.754 and shows only a
very weak increased intensity at 183 cm™. Therefore, the existence of a CuAu(I)-type ordering
in this sample can not be confirmed precisely. The examination of the Raman spectra of the
samples with Cu/In=0.943 (single phase in TEM) and with Cu/In=0.841 (with additional spots
in TEM), revealed that only the contribution related to the chalcopyrite type Cui_yInySeq sy
phase at 173 cm™ can be observed. Moreover, a peak shift to higher frequencies is visible, due

to the increased copper deficiency. This shift to higher frequencies related with increasing cop-
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per-deficiency has also been reported for off stoichiometric Cuy_y(InyGai_x)ySeo s+ thin films
used as solar absorber material .

Finally, the results of the Raman scattering analysis could not confirm the presence of
CuAu(I)-type cation ordering, neither in the very copper-poor sample nor in the sample exhib-
iting Cu/In=0.841. Therefore also the sample with a Cu/In ratio of about 0.841 (# 005) is clear-
ly single chalcopyrite type phase and the electron diffraction pattern in FIG. 3. 3 (c) can be

explained by the existence of orientation domains and double diffraction.

Phase relations in the ternary system Cu — In — Se

The phase relations in the Cu-In-Se system, as observed by the present study, are summarized
in Table VIII and FIG. 3. 6. The latter shows the general ternary system Cu — In — Se and the
enlargement of the ternary triangle in the region of 0.15-0.4 Cu and In [molar fraction] and

0.45-0.7 Se [molar fraction], including the samples investigated here.

P1 Culn,Se,
P2 Culn_Se,

Cu0.15 _, Se 0.7

m  single phase chalcopyrite
ch+Cu, Se+CuSe

ch+Culn3 Se s

7.0, L L L ya ya yi

€ 0,0 I
Cu 00 01 02 03 04 05 06 07 08 09 1,0 n

[¢]

>

pseudo-binary tie line

{ Se 0.45
In0.15 In 0.4

FIG. 3. 6 The Cu— In— Se system and the enlargement of the region of 0.15-0.4 Cu; In and
0.45-0.7 Se [molar fraction]. The solid line corresponds to the pseudo-binary tie line
Cu,Se — InsSe;. The intersection between the pseudo-binary tie line and the dotted line marks
the point of stoichiometry for the stoichiometric compound CulnSe;
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Table VIII Phase relations in the Cu— In — Se system around the HR region of the Ch-type
phase

Cu/In Present phases Remarks

1.038 Ch; Cuy«Se, CuSe

0.949 Ch

0.947 Ch

0.943 Ch

0.841 Ch Orientation domains

0.754 Ch; CulnsSes Possible CuAu(I)-type cation ordering

The examination of FIG. 3. 6 revealed clearly that all samples prepared in this system show a
slight selenium deficit, which increases with increasing copper deficiency. A similar observa-
tion has been made on CIGSe thin films *. During thin film preparation often selenium gets
lost in form of indium selenide. For the powder synthesis route applied here, no loss of indium
selenide was monitored.

Probably the selenium partial pressure has not been high enough, in the present case, during
sample synthesis for a complete integration of the offered selenium into the chalcopyrite type
phase. The selenium, which is not present in the sample, could have been situated at the walls
of the synthesis tube. This could not be proven after the synthesis, because the walls of the tube
break, when opening the tube, and the substances which are present there intermix with the
sample.

Nevertheless, samples within 0.841 < Cu/In <0.949 are single phase with chalcopyrite type
crystal structure. The sample with Cu/In=1.038 (# 001) shows secondary phases like CuSe and
Cuy«Se. In the Cu-poor region the sample with Cu/In=0.754 (# 007) exhibits Culns;Ses as sec-
ondary phase.

Summarizing the phase relations in the (Cu,Se);.y — (InoSes), pseudo-binary, the samples are

single phase between:

0.513< y <0.543

0.949 > Cu >0.841

In

This result confirms the existing knowledge about the pseudo-binary (Cu,Se) - (InpSes) sys-

tem *', which is the basis for the further structural analysis.
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3.1.2 The Cu - Ga — Se ternary subsystem

The phase relations within the pseudo-binary system (Cu,Se);.y — (Ga,Ses), were reported by
Mikkelsen *. The author showed that, compared to the (CuzSe)i.y — (InxSes3)y pseudo-binary
phase diagram, the HR for the ch-type phase on the (CusSe)i., — (GaSes)y tie line is broader
than for CulnSe, **°'. The broadness of the HR in terms of y in the (CuzSe)i.y — (GaySes)y sys-

tem for the ch-type phase is summarized in Table IX.

Table IX Homogeneity region of the ch-type phase in the pseudo-binary system
(CusSe) ., — (GasSes), V.

System Homogeneity region of the ch-type phase in (CusSe);., - (GasSes),
Cu-Ga-Se 0.500 <y <0.58

Seven samples with off stoichiometric composition, with respect to the ideal chalcopyrite stoi-
chiometry, were prepared and their microstructure and phase relations were studied by means

of XRD and microprobe analysis.

Microstructure

The examination of the BSE micrograph of the Cu-rich sample with Cu/Ga=1.059 (# 008) re-
veals an exsolution of Cu,Se within a Cuy.yGaySe s+, chalcopyrite type matrix, as observed by
a darker grey contrast (see FIG. 3. 7 (a)). Some Cu,Se precipitates are marked by black circles,
surrounding them. In the copper-poor sample displayed in FIG. 3. 7 (b), with Cu/Ga=0.814 (#
013), the homogenous grey BSE contrast indicates single phase behavior of the sample. The
microstructure of copper-poor Cu;.,Ga,Seq s+, 15 characterized by smaller grains, compared to
the grains in copper-poor Cuj.yInySegs+y. This behaivor is probably related with the tetragonal
distortion, which is higher in Cu;,Ga,Ses+y than in Cu;_yInySeqs+y. The examination of this
theory is not topic of this chapter and will be discussed later in another section. As seen in FIG.
3. 7 (c), the BSE image of the very copper-poor sample (Cu/Ga=0.681; # 014) exhibits small
regions with a darker grey contrast indexing precipitates of a CuGasSes vacancy phase. The
precipitates of the vacancy phase are formed within the chalcopyrite type phase, which gives a
hint for an enhanced diffusion of copper from insight of the original ckA-type grain to the grain

boundaries, during sample preparation.
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FIG. 3. 7 BSE micrograph of (a) a Cu-rich Cu;.,Ga,Sey s+, sample with secondary Cu;..Se
phase, observed by the darker grey contrast and marked by the black circles (b) Cu-poor sam-
ple with Cu/Ga=0.814 (# 013) without any secondary phases. (c) Shows a BSE image of a very
Cu-poor CGSe sample (Cu/Ga=0.681; # 014). Within the big, homogenous grey, chalcopyrite
grain, darker grey areas, indexing precipitates of CuGasSescan be observed.

CuAu(l)-type ordering and vacancy phases

The BSE micrograph in FIG. 3. 7 (c) revealed the presence of precipitates of the CuGasSes
vacancy phase within a ch-type matrix. The phase analysis performed by microprobe analysis
has been revised by the complementary use of X-ray diffraction.

FIG. 3. 8 shows the XRD pattern of the very Cu-poor sample (Cu/Ga=0.681; #014). One can
see at e.g. 20 = 22° an additional reflection attributed to secondary phases with CuGasSes or

CuGasSeg composition.
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FIG. 3. 8 The XRD pattern of the sample with Cu/Ga=0.81 (#014), exhibiting additional re-
flections related to CuGasSes and CuGasSes.

Both phases crystallize in a modified stannite type crystal structure with space group / 2m,

32.90.92 and the lattice constants.

differing just by the occupation factors of the cation sites
Therefore it is difficult to distinguish the two vacancy phases by the use of X-ray diffraction. It
is not clear, either the one or the other vacancy phase is present in the analyzed sample. The
composition of this sample, with Cu/Ga=0.681 (y=0.587), leads after Mikkelsen *” % to the
expectation of a sample situated in the field where besides the chalcopyrite type phase vacancy
phases are present. The WDX analysis performed on the precipitates in the sample presented in
FIG. 3. 7 (c) confirms the existence of the CuGasSeg phase, whereas the exact identification of
the CuGazSes phase is not possible.

The existence of an isomorphic chalcogenide which exhibits cation ordering of CuAu(I)-type
can most likely excluded for the Cu,.,Ga,Seo 5+, samples, due to the higher formation energy of

this metastable phase in Cu;.,Ga,Seg s+, compared to Cu;_yIn,Seq sy 15,94

Phase relations in the ternary system Cu — Ga — Se

The composition of the chalcopyrite type phase of the samples prepared here within the ternary
Cu — Ga - Se system is displayed in FIG. 3. 9 . It is shown that the Cu;,Ga,Seg s+, samples

were found to be single chalcopyrite type phase within the following composition range:

0.506 < y < 0.560

0.976 = Cu >0.814

Ga
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The HR of the ch-type phase on the pseudo binary section (Cu,Se)i.y — (GasSes)y 1s increased
into Ga,Se; direction, compared to the HR of the ch- type phase on the (Cu,Se)i.y — (InaSes)y
tie line. The ch- type structure of Cu;yGaySegs+y accepts a higher amount of intrinsic point
defects by deviation from stoichiometry into Ga,Se; direction. On the other hand an additional
incorporation of copper cations (Cu-rich composition) into the structure is not accepted. At
y < 0.5 the amount of Cu,Se cannot be dissolved in Ga,Ses to form a homogeneous, single

chalcopyrite type phase material.
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FIG. 3. 9 The ternary system Cu— Ga— Se and its enlargement in the region of 0.15-0.4 Cu;
Ga and 0.45-0.7 Se [molar fraction]. The intersection between the pseudo-binary tie line and
the dotted line marks the point of stoichiometry of the stoichiometric compound CuGasSe:.

In summary, the phase analysis of the samples on the (Cu,Se)i., — (Ga,Ses)y pseudo-binary
section revealed a broader homogeneity region of the chalcopyrite type phase into the Ga,Ses
direction, compared to the observations made within the (Cu,Se);.y — (In»Ses), pseudo-binary

diagram.

3.1.3 The ternary system Cu,Se — In,Se; — Ga,Se;

The previous studies on ternary off stoichiometric Cu.yIn,Seos+y and Cu;,Ga,Segs+y com-
pounds have been extended by intermixing the isovalent cations indium und gallium and in-
cluding a systematic variation of the copper content. The chemical formula of samples of this

type can be expressed by Cuj.y(InyGaj)ySeo s+y.
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Some studies concerning the phase relations within this quaternary system have been reported
by Beilharz *° and Souilah et al. *>. They observed a broadening of the HR of the cA-type phase
with increasing Ga-content (decrease of x=In/(In+Ga)). The results of their studies, concerning

the HR at various y and x, are summarized in Table X.

T ab4{$695X Homogeneity region of the ch-type phase as observed by Beilharz and Souilah et
al. >

xin HR of the ch-type phase according HR of the ch-type phase ac-
Cuy,(InyGa,.),Sey s+, to reference * cording to reference 93

0 0.500 <y <0.525 0.500 <y <0.525

0.25 0.500 <y <0.530 0.500 <y <0.570

0.50 0.500 <y <0.540 0.500 <y <0.580

0.75 0.500 <y <0.555 0.500 <y <0.580

1 0.500 <y <0.580 0.500 <y <0.580

The examination of Table X reveals for x =0 and x =1 a consistent prediction for the HR of
the ch-type phase within the two pseudo-binary diagrams (CusSe)i.,—(GaxSe;)y and
(CuzSe)i.y — (InxSe3)y. But the broadness of the HR of the ch-type phase, as observed by
Beilharz *® and Souilah et al. **, is different for the compositional region 0.25 < x < 0.75.

To study the phase relations and structural trends, a series of samples within a compositional
range of 0.46 <y <0.59 and 0.19 <x < 0.90 has been prepared.

At first the microstructure and phase relations of the specimens were studied by means of
EMPA and X-ray powder diffraction.

Microstructure

The BSE micrographs of the Cu;_y(InGaj_y)ySeo s+, samples shown in FIG. 3. 10 (a)-(d), exhib-
it the same microstructural characteristics for copper-poor and copper-rich compounds like
observed in the ternary systems. The images on the left side (FIG. 3. 10 (a) and (c)) show two
copper-poor samples with Cu/B"=0.793 (#042; (a)) and Cu/B"'=0.796 (#041(c)). Both sam-
ples achieve Cu/(In+Ga) < 1 and exhibit a different In/(In+Ga) ratio, which explains the small-
er grains in (c) compared to the grains in (a). The different grain sizes are correlated with the
different tetragonal distortion of CGSe and CISe. This will be explained in another section (see
5.2).
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Cu poor (Cu/(In+Ga)<l) Cu-rich (Cu/(IntGa)>1)

In-rich )
(In/(In+Ga)>0.5) {

Ga-rich

FIG. 3. 10 BSE micrographs of (a) and (c) copper-poor and (b) and (d) copper-rich
Cury(IncGa,)i.,Sep s+, samples. In the samples in (b) and (d) secondary copper-selenide phas-
es are observed, which are marked by black circles.

In general a more porous microstructure is observed for the copper-poor specimen in (a) and
(c) than for the samples in FIG. 3. 10 (b) and (d). The latter are Cu-rich specimens with
Cu/(In+Ga)>1. The darker grey contrasts within these micrographs are demonstrating second-
ary phases of type Cu,xSe and CuSe. Independent from the In/(In+Ga) ratio, the copper-rich
samples have a very homogenous microstructure, where grain boundaries are almost not visible
and the whole matrix seems to be fused together. This behavior gives rise to the expectation of
a stronger influence of the copper content on the microstructure than the In/(In+Ga) ratio.
Schlenker et al. °® noticed that the copper-content in Cu(In, Ga)Se, thin films defines the acti-
vation energy for grain boundary motion. A higher copper-content decreases the activation
energy and enhances the formation of larger grains. The same effect can be assumed in the

powder samples shown here.
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Vacancy phases

The presence of vacancy phases with Cu(In,Ga);Ses or Cu(In,Ga)sSeg composition could not
be proved by the examination of the BSE micrographs.

In FIG. 3. 11 the Rietveld refinement of an X-ray powder diffraction pattern of a very cop-
per-poor CIGSe sample with Cu/B™=0.700 and In/(In+Ga)=0.713 (# 046) is shown. In contrast
to the BSE analysis, the XRD analysis revealed the presence of vacancy phases in very copper-
poor CIGSe, due to the appearance of additional reflections in the XRD pattern, which are not
correlated to the ch-type crystal structure (see FIG. 3. 11; e.g. the 110 Bragg reflection at
20=22.09° and the 114 Bragg reflection at 260=38.72°).

For the quantitative analysis by Rietveld refinement it has been assumed that two phases, the
ch-type (s.g. 1 ZZd) and a vacancy phase with Cu(In,Ga);Ses composition (s.g. / 4_12m) coexist
within this specimen. The refinement confirmed an amount of 12.8 (7) weight-% of

Cu(In,Ga);Ses in the analyzed sample.
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FIG. 3. 11 Rietveld refinement of an X-ray powder diffraction pattern of the CIGSe sample
with Cu/B™=0.700 and In/(In+Ga)=0.713 (# 046). Two phases (Ch-type and the

Cu(In,Ga)sSes vacancy phase) were assumed for the refinement. The agreement factors of the
fit were: Rpyage=5.99 and y'=1.29.
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Phase relations

Analyzing the results of the phase analysis obtained from X-ray powder diffraction and micro-
probe analysis, the phase relations were established.

In FIG. 3. 12 the ternary Cu,Se — In;Ses; — Ga,Se; system is illustrated, including the synthe-
sized and studied samples. The dotted line in black is indexing the stoichiometry point for stoi-
chiometric Cu(InyGa;4)Se,. All samples on the left side of this line are copper-rich with
Cu/(In+Ga) > 1. Therefore, the ones on the right side of the dotted line are copper-poor sam-
ples with Cu/(In+Ga) < 1. Moreover, the existence lines of the vacancy phases with stoichio-
metric composition Cu(InyGa,4)3;Ses and Cu(InyGa,x)sSes are displayed by a blue and a yellow
dotted line.

The Cu,Se — In,Se; — Ga,Ses triangle (FIG. 3. 12) makes it obvious that the very In,Ses-rich
ch-type compounds (In/(In+Ga) > 0.8) accepts y < 0.5 (Cu/In > 1) without a formation of sec-
ondary copper selenides. Whereas all copper-rich samples with In/(In+Ga) < 0.8, exhibit cop-

per selenides as secondary phases.

Ga2$e3

P1: Cu(In Ga, )C)'
P2: Cu(In Ga,_).C.'

PL:y=0.5 AVAVAVAVAVAY o  Ch+Cu,_Se+CuSe

®  single phase ch-type
A Ch+Cu(In,Ga),Se,

1,0¢ 0,0
Cu Se 00 01 02 03 04 05 0,6 07 08 09 10 In_Se,

FIG. 3. 12 Synthesized and studied Cu,.,(In,Ga;.),Seo 5+, samples implemented into the ternary
Cu,Se-In;ySez-GasSe; system. The black dashed line indexes y=0.5, where the stoichiometric
compound Cu(In,Gaj.,)Se; exists. The blue and the ellow dashed Zmes are the existence lines
for the two vacancy phases with stoichiometric CuB" 3Se5 and CuB" 5Se8 composition.
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It is shown that on the pseudo-binary section [CusSe]i.y — [(InaSes)«(GazSes)i«]y the chalcopy-

rite type phase is stable in the following compositional region:

x <0.8:
0.47<y<0.56

Cu 5 078

L1320

x>0.8:

0.50< y<0.56

Cu . 078

Bl[] -

1.00 =

The homogeneity region into B",Se; direction (Cu-poor) is in general larger if gallium is in-
troduced into CulnSe,, but CIGSe does not accept a higher incorporation of copper compared
to CISe, without forming secondary copper selenides.

The question occurs, why only copper-rich samples with a higher Ga,Ses content contain the
secondary copper selenides, and not the copper-rich ones with high In,Ses-content?

An answer for the present problem could be given by an oxidation mechanism during sample
preparation. Lehmann %7 studied the surface oxidation of gallium-rich Cu(Ing7,Gag29)Se; thin
films, as a function of dwell time of the films in laboratory air, by X-ray photoelectron spec-
troscopy. With increasing dwell time the surface oxidzies by forming Ga,0Os;, which leads to
the formation of Cu,.<Se between the Cu(Ing7;Gag29)Se; thin film and the gallium oxide. The
same work revealed a faster oxidation of gallium in the chalcopyrite type layer to Ga,O; than
from indium to In,Os.

The samples studied in the present work are powder samples, whereas every grain has its own
surface. Therefore a large surface area, sensitive for oxidation, exists. During preparation, be-
tween the annealing steps, the samples have been ground in air in an agate mortar. During this
process an oxidation of the samples cannot be excluded. Therefore, one can assume an oxida-
tion effect with formation of Ga,Os. This leads to a decreased content of trivalent cations
(Ga®") and therefore to an excess of negative charges in the compound, which has to be com-
pensated. If enough selenium is present within the synthesis environment, the formation of

Cu,«xSe can compensate the ch-type compound, to aim charge neutrality.
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To avoid selenium evaporation out of the sample during the annealing steps in the synthesis
route, a pellet of selenium was added into the silica tube, before annealing the samples. Thus,
enough selenium has been present during annealing to compensate the chalcopyrite compound
by an exsolution of Cu,.«Se.

It can be concluded, that an oxidation of gallium would explain an enhanced formation of
Cuy.,Se in copper-rich and Ga,Ses-rich Cu;.y(InyGa;)ySeos+y. Due to the fact that indium is
not oxidizing as fast as gallium, the existence of single chalcopyrite phase samples in the cop-
per-rich, In,Ses-rich compounds is reliable.

To prove the existence of Ga;Os on the surface of copper- and gallium-rich CIGSe material, X-
ray photoelectron spectroscopy under complete UHV conditions has been applied to the sam-
ples with Cu/B"=1.104 and In/(In+Ga)=0.096 (# 032).

The resulting XPS survey is displayed in FIG. 3. 13 (a). The peak positions of the Ga-2p, Cu-
2p and Se-3d correspond well to the data reported by other authors before **. Moreover a
strong presence of oxygen on the sample surface can be observed. To get more detailed infor-
mations about the bond conditions of the gallium atom, the Ga-2ps/, signal was recorded with a
higher counting rate. The recorded peak has been fitted using a Gaussian peak shape with an
overlaying of two contributions, which stem from a chalcopyrite and a Ga,O3 phase. The re-
sulting calculated curve corresponds well to the measured signal (see FIG. 3. 13 (b)). Within
FIG. 3. 13 (b), the smaller contribution stems from the chalcopyrite type phase, whereas the

large contribution has its origin in the presence of Ga;0s.
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FIG. 3. 13 XPS survey for a CIGSe sample with Cu/B"'=1.104 and In/(In+Ga)=0.096 (# 032)
and in (b) the XPS signal of the Ga-2ps,, peak. The blue line corresponds to a peak fit with a
Gaussian profile function and two overlaying signals, related to a chalcopyrite (small peak)
and to a Ga,0; (large peak) contribution.
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FIG. 3. 14 The gallium Auger-peak of the sample with Cu/B"'=1.104 and In/B"=0.096. The
blue line corresponds to a single peak fit.

To confirm the result of the peak fit, the gallium Auger-peak has been recorded, as well (see
FIG. 3. 14.).

The blue line corresponds to a single peak fit in order to determine the exact peak position. The
resulting peak position of Ex;,=1062.4 eV is characteristic for Ga,O; °° and thus confirms the
presence of gallium oxide on the surface of the analyzed sample.

It can be concluded that the enhanced formation of copper selenides can be explained with the
high susceptibility of copper- and gallium-rich CIGSe, to form Ga,Os. Moreover a high indium

amount in CIGSe acts as oxidation prevention.
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3.2 The Cu,S — In,S;/Ga,S; system

Since the beginning of the research of chalcopyrite type compound semiconductors, CulnS,
has been a promising material for application as absorber material in thin film solar cells. Pho-
tovoltaic devices with a CulnS, absorber have recently achieved an efficiency of 1= 12 % **:
By replacing indium by the isovalent gallium various benefits are observable. One advantage is
an increase of the energy gap from Eg= 1.48 eV ' (CulnS,) to Eg =2.45 ¢V '"(CuGaS,),
resulting in a higher open circuit voltage ' for the final Cu(In,Ga)S, (CIGS) thin film solar
cell. This leads to a higher efficiency of currently n =~ 13.1 % '®. For a further understanding of
the peculiarities of growth, a detailed knowledge about structural changes with composition
and the phase relations in the ternary systems Cu—In—S and Cu— Ga— S, as well as in the
quaternary Cu — In — Ga — S system, is a crucial aspect.

The following section will discuss the classification of the prepared and studied

Cu — (In,Ga) — S samples into the existing knowledge within these systems.

3.2.1 The Cu—-In - S ternary subsystem

The pseudo-binary section (Cu;S)i.y — (In,S3), within the ternary system Cu—1In—S has been
studied, for instance, by Binsma et al. >*. The broadness of the HR of the ch-type phase was
found to be as narrow as in the (CusSe);.y — (InoSes), system. The region where the ch-type
phase in the (CuyS)1.y — (InzS3)y pseudo-binary system is stable as a single phase 1s summarized
in Table XI.

Table XI Homogeneity region of the ch-type phase in the (CusS).., — (In»S3), pseudo-binary
diagram as reported by Binsma et al.’

System Homogeneity region of the ch-type phase in (Cu,S) ., — (In;S3),
Cu-1In-S 0.50<y<0.52

Off  stoichiometric CIS samples within a compositional range of
0.49 (Cu/In=1.04) <y <0.55 (Cu/In=0.84) were synthesized and pre-characterized in detail by
means of XRD and EMPA. The detailed characterization is crucial for the observation of struc-

tural trends, e.g. cation distribution in off stoichiometric CIS compounds.
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Microstructural and phase analysis

In FIG. 3. 15 (a) and (b) the BSE micrographs of a more copper-rich (Cu/In=0.993; # 017) and
a very copper-poor sample with Cu/In=0.844 (# 021) are displayed.

The sample with Cu/In=0.993 exhibits the same microstructural characteristic like the more
Cu-rich selenide samples, analyzed in the previous sections. All grains seem like they have
been fused together and no grain boundaries are visible.

In general the microstructural characteristics of the samples in terms of their behavior in the
copper-poor or copper-rich region are similar to the observations made in the ternary selenium
systems, previously. They are explained in detail already there and will not be discussed again
(see section 3.1.1.).

The Cu-rich sample was found to consist of a single ch-type phase. Secondary copper sulphide
phases were observed in a sample with Cu/In >1 (Cu/In=1.035 in sample # 015), but not in the
sample shown in FIG. 3. 15 (a). The observation of the BSE micrograph of the very copper-
poor sample revealed two different grey contrasts, which demonstrate the presence of a sec-
ondary phase coexisting with the ch- type phase. The darker grey contrast corresponds to the
chalcopyrite phase (Cugsln; 04S2.04) and the bright grey contrast, is associated with a vacancy
phase (with Cu; j5Ing 34S7.84 composition). This phase separation of the spinel type phase insight
of the chalcopyrite grains gives rise for a copper diffusion from insight, of the original chalco-

pyrite grain, to the grain boundaries.
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FIG. 3. 15 BSE micrographs of (a) a more Cu-rich sample with Cu/In=0.993 and (b) a copper-
poor sample with Cu/In=0.844 and with secondary CulnsSs phase with spinel type structure.
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The phase relations and phase boundaries for the ch- type phase as observed by microprobe
analysis have been confirmed by the complementary use of X-ray diffraction.

In the BSE micrographs it is obvious that the copper-poor sample with Cu/In=0.844 (# 021)
exhibits a significant amount of the spinel type phase. The XRD analysis (see FIG. 3. 16) re-
vealed that the specimen with Cu/In=0.967 (# 018) already shows small additional reflections
at. 20 = 23.5° and 26 = 48° in the XRD pattern which are attributed to the 220 and 440 Bragg
reflections of a copper-poor CulnsSg spinel type phase, respectively.

The intensity of these reflections increase with increasing copper-deficiency, due to a larger
fractional amount of the CulnsSg phase in the sample with Cu/In=0.967, compared to the sam-
ple with Cu/In=0.911. The XRD pattern shown in FIG. 3. 16 were refined by the Rietveld
method to quantify the amount of the secondary CulnsSg phase. The amount of this phase in-
creases from 1.95 (9) weight-% in the sample with Cu/In=0.967 to 7.59 (4) weight-% in the
sample with Cu/In=0.911.
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FIG. 3. 16 X-ray powder diffraction patterns of two copper-poor Cu;,In,Sy s+, powders in the

region of 15°< 20 <90°. The tickmarks correspond to the positions of the Bragg reflections of
the ch-type and the CulnsSs phase
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Phase relations

The studied specimens are located in the ternary Cu — In — S system as displayed in FIG. 3. 17.
The solid line, going from 0.40 indium/0.60 sulfur to 0.66 copper/0.33 sulfur (molar fraction)
marks the pseudo-binary (Cu,S);.y — (In2S3)y section.

Cu0.15 _, S0.7

1,0‘ L L L L L L L L L 0’0 I
Cu 00 01 02 03 04 05 06 07 08 09 1,0 n

®  single phase chalcopyrite
© ch+Cu, S

A ch+CuIr1588

pseudo-binary tie line

Cu04 S 0.45
In0.15 In04

FIG. 3. 17 The ternary system Cu—In—S and its enlargement in the region between
0.15<Cu/In<0.4 and 0.45<S<0.7. The intersection between the pseudo-binary tie line and the
dotted line marks the point of stoichiometry for the stoichiometric compound CulnsS..

Samples with:

1>0.513

Cu/In<0.949

were found to be multiphase samples, which exhibit the chalcopyrite and the CulnsSg phase,
which could be proved by X-ray powder diffraction and EMPA.

The HR of the ch- type phase within the Cu — In — S system has the phase boundary to the cop-
per-rich sight in common with the other systems, studied previously. The homogeneity region
of the chalcopyrite type phase on the (Cu,S)i.y — (In,S3), pseudo-binary section into copper-

poor In,Ss-direction was found to be smaller than observed in the selenide compounds before.
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3.2.2 The Cu - Ga - S ternary subsystem

Knowledge of the phase relations in the Cu— Ga — S system is scarce and partly contradictory
in terms of the existing and stable phases especially on the pseudo-binary (Cu;S)i.y — (GasS3)y
section. In the Cu — In — S system in the In,S;-rich section a phase with CulnsSg composition,
and spinel type crystal structure, exists. The existence of such a phase in the Ga,S;-rich section
is doubtful and will be proved in the samples studied in the present work >® '**.

The specimen prepared here are within a compositional range of 0.501 <y <0.559 and there-
fore close to and within the HR of the chalcopyrite type phase as known from literature and

summarirzed in Table XII.

Table XII Homogeneity region of the ch-type phase as reported by Kokta et al. **'"

System Homogeneity region of the ch-type phase in References
(CugSe)J_y - (Ga2S3)y
Cu-Ga-S 0.490 <y <0.510 Kokta et al. >% '

Microstructure and phase analysis

The microstructural behavior for Cu-poor and Cu-rich samples was found to be similar to the
observations made in the other previously studied systems. Samples which are more Cu-rich
exhibit a homogenous microstructure with non-visible grain boundaries. The samples which
are more Cu-poor show a porous microstructure.

A secondary phase has been observed in copper-poor samples by means of EMPA and XRD,
which exhibits a different composition compared to the secondary phases in the Cu-poor region
of the other investigated systems.

In FIG. 3. 18 the X-ray diffraction pattern of the almost stoichiometric sample with
Cu/Ga=0.995 (# 022) and the copper-poor specimen with Cu/Ga=0.926 (# 024) are displayed.
The XRD pattern of the sample with Cu/Ga=0.995 exhibits at 26=11° and 23° additional peaks,
which can be indexed as 002 and 004 Bragg-reflections of a GaS phase crystallizing in space

group P 63/mmc.
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FIG. 3. 18 X-ray diffraction pattern of stoichiometric and copper-poor Cu;,Ga,Sy s+, samples
recorded at 10°< 260 <90°. The points, below the diffractograms, present the theoretical posi-

tions of the Bragg-reflections of the chalcopyrite type phase (top) and a hexagonal GaS phase
(bottom).

The existence of GaS precipitates within a chalcopyrite type matrix has been confirmed by
microprobe analysis. In FIG. 3. 19 the backscattered electron micrograph and the elemental
distribution maps of the sample exhibiting Cu/Ga=0.926 is shown.

high
concentration

low
concentration

FIG. 3. 19 BSE micrograph and the corresponding elemental maps for a sample exhibiting
Cu/Ga=0.926. Especially in the Ga- and Cu-map the differences from a homogenous distribu-
tion of the elements can be seen clearly, by a dark (copper) and bright (gallium) contrast with-
in the maps. These regions correspond to the GaS precipitates.
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In the BSE picture small regions with a different contrast are observed, which seem to be crys-
tals with a different composition within the surrounding chalcopyrite grain. The elemental dis-
tribution maps (see FIG. 3. 19) revealed in the corresponding regions a dark contrast in the Cu-
and a bright contrast in the Ga-map. Moreover a point elemental analysis revealed a GaS com-
position of the precipitates, which confirms the result of the XRD analysis. Comparing this
result with the observations made in the Cu — In — S system, a phase segregation of GaS insight
of the original chalcopyrite type grain is obtained.

In summary, in copper-poor Cui.yGaySegs+y, CuiyInySps+y and Cu;yGaySos+y the copper dif-
fuses from insight of the ch- type grain to the grain boundaries. This causes within a ch- type
matrix a phase segregation of the 1 —3 — 5, 1 — 5 — 8 vacancy phases or the GaS phase, respec-

tively.

Phase relations

In FIG. 3. 20 the position of the samples in the ternary Cu — Ga — S system is shown. With in-

creasing copper-deficiency the sulfur deficiency increases as well, as seen in FIG. 3. 20.

Cu0.15 ,, S0.7

yi L yi L

single phase chalcopyrite
chp+Cu, S

chp+GaS

. 0,0 G
0,0 0,1 02 03 04 05 06 0,7 08 09 1,0 a

@)

pseudo-binary tie line

Cu 0.4 S 0.45

Ga0.15 Ga 0.4

FIG. 3. 20 The ternary system Cu—Ga-—S and the enlargement in the region
0.15 < Cu/Ga < 0.4 and 0.45 < S <0.7. The intersection between the pseudo-binary tie line
and the dotted line marks the point of stoichiometry for the stoichiometric compound CuGasS,.
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The phase analysis of the samples prepared in the Ga,Ss-rich part revealed, in contrast to the

Cu—In-S system, no secondary CuGasSg phase. Haeuseler et al. °" '

proposed, based on
pseudopotential-radii after Zunger '”, a thiogallate type crystal structure for a CuGasSg com-
pound. Moreover, they proved that the spinel type crystal structure in the system CuGaylIns.Sg
is stable only with x < 2. Therefore an existence of a CuGasSg phase with a spinel type crystal
structure is unreasonable.

In the Ga,Ss-rich region the secondary phase next to the chalcopyrite phase was found to be
GaS, crystallizing in a hexagonal crystal structure with space group P 65 /mmc. The existence
of this phase has been verified by means of XRD and EMPA studies.

In summary, the phase relations in the Cu— Ga— S system were found to be different com-
pared to the other studied ternary diagrams. The homogeneity region of the chalcopyrite type
phase is very narrow and the boundaries to the multiphase field in the Ga,S;- rich region (cop-
per-poor) can not be identified, clearly.

In the copper-poor region of the pseudo-binary section no vacancy compound of type CuGasSg

could be observed, like proposed by other authors before .

3.2.3 The ternary system Cu,S — In,S; — Ga,S;

The previously presented studies on ternary off stoichiometric Cuy.yInySo 5+y and Cu;.yGaySo s+y
compounds were extended by intermix the isovalent cations indium und gallium and including
a systematic variation of the copper content. The general chemical formula of such samples is
expressed by Cui.y(InyGaj«)ySos+y. The quaternary Cu —In — Ga - S system is a system rarely
studied until now. Thus, no theoretical values for the homogeneity region of the chalcopyrite
type phase can be found in literature.

In the present study 12 Cu-In-Ga-S samples with composition within and close to the expected
HR of the ch-type phase, with respect to the observations made in the Cu—In—S and
Cu— Ga - S system, were synthesized to study the structural changes which proceed with a
variation of the composition. As basis for the structural analysis, the samples were checked for
phase homogeneity and composition by means of EMPA and XRD, as well.

Analyzing the microstructure of the Cu;.y(InyGa;),So s+ samples depending on the copper-
content leads to the same results like in the other chalcopyrite type compounds studied before.
In the copper-rich region the grain boundaries are not clearly visible, and all grains seem to be
fused together anyway, whereas the copper-poor samples show a more porous microstructure.
Finally, it can be concluded that the copper-content is influencing the grain size and form, in-
dependent of observing samples containing indium or gallium, selenium or sulfur.

In FIG. 3. 21 the ternary Cu,S — In,S; — Ga,S; system is shown as a simplified demonstration

of the Cu — In — Ga — S quaternary.
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FIG. 3. 21 The ternary Cu,S-In;S3-GasS; system including the synthesized samples. The dotted
line indexes the position, where the stoichiometric compound Culn,Ga,.,S; is situated.

The open circels represent the samples which were found to be multiphase, containing binary
copper-sulphides and the chalcopyrite type phase. These samples are found to be arranged
around y=0.5 on the [Cu,S]i.y — [(In2S3)x(Ga2S3)1-x)1y tie line, as well in the In,S;- and in the
Ga,Ss- rich region of the triangle. No trend for a dependency of the phase segregation of binary
copper-sulphides on the indium content could be observed. Hence one has to take into account
that all samples studied here were prepared without a control of the sulfur fugacity. Controlling
the sulfur partial pressure in a solid state reaction of such compounds is possible by introducing
sulphide buffers in the sample environment during synthesis.

1. "7 revealed a dependency of the solubility of ZnS in FeS on the sulfur fugacity at

Lepetit et a
a fixed temperature. Therefore an influence of the sulfur partial pressure on the formation of
binary copper-sulphides cannot be excluded. Furthermore the phase relations in the
Cu—1In—Ga—S system found in the present study can just be assumed for the sample envi-
ronment applied here, without controlling the sulfur fugacity.

Samples in the copper-poor region, up to y=0.527 (Cu/(In+Ga) = 0.90) in Cu;_y(InGai_x)ySo 5+y
with various In/(In+Ga) ratios were found to be single ch-type phase. It was not possible to
synthesize homogenous samples with (InyGa;x),S; =y > 0.53 by the synthesis method used in
the present work. These samples contained after several annealing steps and homogenisation in
between still elemental copper or indium/gallium, as well as Cu-Ga/In alloys, which should not
be present under equilibrium conditions. Therefore, it can be concluded that an alloying of

Cu — Ga — In and S with a high (In,Ga),S; content (copper-poor) , was not possible by a simple
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50 al-

solid state reaction of the pure elements. For the similar Cu — Ga — Se system, Lehmann
ready showed that successful synthesis of homogenous, very copper-poor samples on the
Cu;Se — Ga,Se; pseudo-binary section is a complex problem and depend strongly on the syn-
thesis route. The preparation of homogenous samples in this region in the Cu,S — (InyGa;«)>S3
section was not the main topic of this work. Thus, the synthesis problem in this composition

region will not be pursued in the present work anymore.

3.3 Conclusion of the phase relations in the pseudo-binary system
(CuCY)py — BCMY),

The previous sections discussed the phase relations in several (Cu2CVI)1_y — (BHIzCVIg)y pseudo-
binary systems in relation to the homogeneity region of the chalcopyrite type phase. The ob-

servations made in these studies are summarized in Table XIII.

Table XIII Phase relations and homogeneity regions of the ch-type phase in various
(Cu,C") 1y - (. "y ,, diagrams as observed in this work.

System

Cu1 _yIHyS€0,5+y

CuyyInySo sty

HR

secondary
phases  in
the Cu-poor
region

0.513<y<0.543

CuIn3 Se 5

0.50<y<0.51

CuIn5Sg

System

Cuyy(InyGaj.x)ySep 54y

Cuy.y(InyGaj.)ySo 5+y

HR

secondary
phases  in
the Cu-poor
region

x>0.8  0.47<y<0.56
x>0.8  0.50<y<0.56

Cu(In,Ga);Ses

very small

System

Cul.yGaySeo,5+y

Cul-yGaySo,5+y

HR

secondary
phases  in
the Cu-poor
region

0.506<y<0.560

CuGa3Se5
CuGasseg

very small

GaS
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Comparing the stability region of the chalcopyrite type phase in the four investigated pseudo-
binary systems, the (Cu,Se)i.y — (Ga,Ses), system allows the largest deviation in stoichiometry
by keeping the chalcopyrite type crystal structure. Thus, the single phase region for the chalco-
pyrite Cuy.,In,Seg s+, phase can be enlarged by the substitution of indium by gallium. The sta-
bility region of the ch-type phase within the sulphide systems was found to be very narrow,
compared to the HR of this phase in the selenide systems.

In the Cu-poor regions of the (CuxSe)iy— (In2CV13)y, (CuzSe) iy — (GaySes)y,
(CuzSe) 1.y — (InzS3)y and (Cu,Se)i.y-((In,Ga),Ses), systems the phases next to the ch-type phase
are vacancy phases with 1 —3 —5 or 1 — 5 — 8 composition. In contrast to this result, the phase
next to ch-type phase in the (Cu,Se);.y-(Ga,S3), system was found to be GaS, crystallizing in a
hexagonal crystal structure.






4 Structural trends at high and low temperatures

4.1 Structural phase transitions

The chalcopyrite type compound semiconductors CISe, CGSe and CIS show at high tempera-
tures (T > 800 °C) structural phase transitions from the ordered tetragonal chalcopyrite type to
the disordered cubic sphalerite type crystal structure *"**"**. This high temperature modifica-
tion is crystallizing in space group F 43m and characterized by cationic disorder, with a ran-
dom occupation of the 2a (0 0 0) site by the two different cations. The ternary compound CIS
even undergoes a second structural phase transition from the cubic sphalerite type structure to
the hexagonal wurtzite type structure, whereas the latter is characterized by a statistical distri-
bution of the cations on 2b (!5 % 0) site. These both high temperature modifications are repre-

sented, together with the chalcopyrite type crystal structure as comparison, in FIG. 4.1.
(b) (c)

2a: Cu
Bl[[

2b: Cu
In

chalcopyrite 7424 sphalerite F43m wurtzite P6, me
'

increasing temperature

FIG. 4.1 Modifications of CuB"'C"", (B"'=In, Ga; C"'=Se, S). (b) and (c) represent the high
temperature modifications, which are characterized by cationic disorder. (b) shows two unit
cells of the cubic sph- type crystal structure. The wurtzite type structure in (c) occurs only in
CulnsS,..

75
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In FIG. 4.1(b) and (c) the structures are characterized by a statistical distribution of the cations,
wherefore the red atoms in the picture symbolize both, the monovalent as well as the trivalent
cations.

The character of these structural phase transitions depend on the tetragonal deformation and
therefore on composition. Garbato et al. ' reported that tetrahedral coordinated compounds,
like compounds of the chalcopyrite family, remain stable up to the melting point Ty, without
any phase transition if A= 1-1= 1-¢/2a >23 - 10~ (with ¢ and a are the lattice constants). The
correlation between A of different stoichiometric chalcopyrite type compounds and their differ-
ence of the ratio of the cation to anion radii (A;) is presented in FIG. 4.2. (the ionic radii corre-

spond to references '+ ' 1%

). FIG. 4.2. shows that all compounds which are stable up to the
melting point, without undergoing a structural phase transition, have a A;>0 and exhibit

A >23 - 10, This is the case for CuGaS,, CuAlS, and CuAlSe,.
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FIG. 4.2 Classification of the temperature defendent structural phase transition of ternary

CuB™C"y compounds (B"'=trivalent cation) """,

Compounds like CulnSe, and CulnS; with A <23 107 and A, < 0 show a structural phase tran-
sition from ch- to sph-type crystal structure with a Cu-In anti-site occupation as driving
force °!. In contrast to that stands CuAlTe,, which undergoes the order-disorder transition but
with an occurrence of a small two phase region and without any anti-site occupation of the
cations which could introduce the transition >2. As obvious in FIG. 4.2, CuGaSe, is situated at
an interesting point. It exhibits A=0 and lies directly on the stability line, where A is equal
t0 23-107.
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Therefore the following questions occur:

I. What is the character of the phase transition of CuGaSe,?
II. What is the effect on the phase transition in CulnSe, when substituting In>" by Ga®" in the
structure?

Both questions will be answered in the following sections. For this purpose two types of exper-
iments have been performed. At first the phase transitions in off stoichiometric CGSe and
CIGSe were studied by in-situ high energy X-ray diffraction using synchrotron radiation at the
ESRF. Details of the experimental setup can be found in section 2.2.1. The phase transition of
CGSe has been studied in detail on the basis of in-sifu neutron diffraction at the high intensity
two-axis neutron diffractometer D20 at the /LL in high resolution mode. The application of
neutrons is indispensible for the analysis of cation site occupation factors of the two isovalent
cations Cu” and Ga®" on the specific Wyckoff positions.

Nevertheless, all collected pattern were treated by Rietveld refinement, to obtain the change in
cation site occupation factors, the lattice parameters, as well as the anion position parameter
x(CY.

4.1.1 Order-disorder transition in CGSe

The structural phase transition from the ordered ch- to the disordered sph- type phase in stoi-
chiometric CGSe has first been studied by Schorr et al. >*. This study revealed that CGSe un-
dergoes a structural order-disorder transition but without being characterized by another fea-
ture. Moreover between 1002 °C and 1004 °C a formation of another, unknown phase or phase
separation has been detected. The specimen studied there exhibits an almost stoichiometric
CuGaSe, composition and was studied on the basis of in-situ X-ray diffraction experiments
with high energy synchrotron radiation. Therefore the study of the phase transition of this
compound has been extended to off stoichiometric CGSe. The experiment has been performed
on a copper-poor CGSe sample, exhibiting Cu/Ga=0.852 (#012). At first the phase transition
has been followed in-situ with high energy synchrotron radiation, to locate the temperature
region of the phase transition.

An occurrence of an unknown phase or phase separation, as observed by Schorr et al. >,
not detected between 997 °C and 1009 °C.

In FIG. 4.3 one can follow the structural phase transition in Cu-poor CGSe, proceeding be-
tween 1031 °C and 1042 °C. At T=1031 °C only reflections correlated to the chalcopyrite type

crystal structure can be observed.

was
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FIG. 4.3 Part of synchrotron X-ray diffraction pattern of the Cu-poor CGSe sample
(Cu/Ga=0.852) in the range 1031 °C < T < 1042 °C. The temperature difference between each
pattern is 1 K and the horizontal dotted lines mark the two phase field.

With increasing temperature additional reflections occur (e. g. 8005y, at 26=5.8 ©) and become
intense, whereas others decrease (e. g. 400, at 26=5.75 ° and 008, at 26=5.9°) and vanish at
T=Tc=1042 °C.

The diffraction patterns change from a chalcopyrite to a sphalerite type characteristic with a
10 K broad two-phase region in between. Within the temperature region from
1032 C<T <1042 °C the Rietveld analysis was performed introducing two phases, the ch-
and the sph- type phase. The resulting weight fractions of the two phases with increasing tem-
perature are seen in FIG. 4.4
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FIG. 4.4 The weight fractions of the ch- and the sph- phase as a function of temperature within
the observed two phase field. The vertical dotted line marks Tc. The error bars are within the
symbols.

The transition starts at 10 K before T¢ (T¢=1042 °C), which has already been observed in the
diffraction pattern. Step by step the amount of the ch- type phase decreases whereas in return
the sph- phase increases. At 4 K before T¢ the cubic sphalerite type phase is in excess present
in the sample, and at T=1042 °C the transition is completed.

The solid-solid phase transition from the tetragonal to the cubic structure can be followed by
the changes of the lattice constants (see FIG. 4.5). The lattice constants a and ¢ of the ch- phase
increase linearly with increasing temperature, as expected.
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FIG. 4.5 Lattice parameters as a function of temperature for Cu-poor CGSe (Cu/Ga=0.852).
The dotted lines mark the two phase field, where the ch-phase coexists with the sph- type
phase.
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Shortly before the phase transition is completed a decreases and ¢ increases drastically, which
results in a change of A=1-1, which becomes zero at 2K before T¢. From the resulting lattice

constants the linear thermal expansion coefficients can be determined by eq. 4.1 and 4.2:

a,(T)= _1 da(T) and o (T) = 1 4D for the ch-type structure (4.1
a(T)y dT c(T) dT
1 dasph
=a for the sph-type structure (4.2)

a(Ty dr

On the basis of a, and a. the average linear thermal expansion was also determined, defined as:

a, :§(2aa +a.) (4.3)
For CulnSe, and CuGaSe; it was found that a, and a. vary independent with temperature St
The same can be reported in the present work. In the analyzed Cu-poor CGSe sample, from
room temperature up to 1295 K, the average linear thermal expansion coefficient increases
weakly from 12.87-10° K" at 315 K to 16.25-10° K™ at 1295 K, which is in good agreement
with data published by other authors before '''. Approximately 10 K before the phase transition
is completed, at the point where the sph- phase occurs, a, decreases strongly and goes negative
just 3 K before the phase transition is fulfilled. In return a. increases drastically at this point,
which results in a strong increase of the average linear thermal expansion coefficient, and in a
negative value for a;, at the point where the phase transition is almost fulfilled. This behavior
of a; can be followed in FIG. 4.6.
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FIG. 4.6 The average linear thermal expansion coefficient o; as a function of the temperature
for Cu-poor CGSe. The transition temperature is marked by the vertical dashed line.
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This anomaly of the average linear thermal expansion coefficient, characterizing the phase
transition, was reported for chalcopyrite type compounds before >' '

The behavior of the free parameters of the chalcopyrite type crystal structure, 4 and u, at the
phase transition in CGSe were revealed from the in-situ diffraction experiments by Rietveld
refinement of the data. The comparison of both parameters is shown in FIG. 4.7.

The ratio of the lattice parameters (#) slightly decreases from room temperature to the region of
10 K before the phase transition is completed. From 10 K before T¢, # keeps constant until it
increases drastically at 2 K before the transition. The temperature dependence of x(Se) is rather
weak and revealed a slight linear increase until 70 K before Tc¢, whereas from 70 K until T¢
x(Se) even stays constant. A similar behavior has been theoretically predicted and and experi-
mentally verified for CulnSe, in terms of the individual bond expansion coefficients asc and
agc of A'BM'CYY, chalcopyrite type compounds °" ''2. At 4 K before T¢ the cubic phase already
dominates in the sample (see FIG. 4.4), which makes a separation between the ch- and sph-
phase in the Rietveld refinement difficult. In this case it is especially complex, due the high
similarities of these two connate structures. Thus, the refined x(Se)-parameters in the region of
0 <Tc-T <4 K are not presented here.

It can be summarized that the phase transition in copper-poor CGSe is accompanied by the
presence of a two phase region between the ordered and the disordered phase. The same has
been reported for CuAlTe, >2. This leads to the expectation of more similarities of CGSe with
this compound. Therefore the site occupation factors of the two cation sites 4a and 4b of the
chalcopyrite type crystal structure were studied as a function of increasing temperature, to see

whether an anti-site occupation is introducing the phase transition or not.
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FIG. 4.7 The tetragonal deformation (u=0.25-x(Se)) and the tetragonal distortion (A=1-n) as a
function of Tc-T (with Tc= temperature at the phase transition). The horizontal line corre-
sponds to the ideal values for n and u. The vertical dotted lines, mark the two phase field be-
fore the phase transition is completed.
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To determine the cation site occupation factors of copper and gallium on the two possible cati-
on sites in the chalcopyrite type crystal structure, neutron diffraction has been used. The obser-
vation of an anti-site occupation of type Gac, - Cug, can only be observed by neutron diffrac-
tion, due to the different scattering lengths of neutrons for copper and gallium. All pattern col-
lected have been analyzed by the Rietveld method with cation site occupation factors as free
parameters of the refinement. The resulting cation site occupation factors for the 4a site are
represented in FIG. 4.8.

It is obvious that the values are almost constant up to the temperature where the critical region
(the two phase field) of the phase transition is reached. At this point the values decrease, which
can only be caused by an anti-site occupation of Ga>" on 4a site (bga<bcy). A quantitative eval-
uation of the amount of gallium on copper site is not possible, due to the large error bars
caused by the still small difference in the neutron scattering lengths for gallium and copper.
Nevertheless, it is shown that an anti-site occupation maybe introduce the phase transition, as
previously reported for CulnSe, and CulnS, >

In summary, it is observed that the character of the order-disorder transition in CGSe is a mix-
ture of the transition in Culn(Se, S); and CuAlTe,. The latter is characterized by a two phase
field between the cubic and the tetragonal phase. The same is present in the Cu-poor CGSe
sample analyzed here. The study of CGSe in this work revealed an anti-site occupation as driv-
ing force of the phase transition as observed for stoichiometric CulnSe, and CulnS, 1 Such a
behavior of the structural parameters at the phase transition could have been expected by the

110

classification adapted from Schorr '~ (see FIG. 4.2), but was never proved experimentally be-

fore.
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FIG. 4.8 Cation site occupation factors of the 4a site as a function of Tc-T. The vertical dotted
lines index the two phase field, whereas the horizontal line mark the value for a full occupation
of Cu" on this site.
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4.1.2 Order-disorder transition in CuyggIng 773Gag.2675€2.040

The solid-solid phase transition from the ordered, tetragonal chalcopyrite to the disordered,
cubic sphalerite crystal structure has previously been studied in detail for several chalcopyrite
type compound semiconductors " **. Until now the transition in CulnSe,, CulnS, and
CuGaSe, were reported to be introduced by a cation anti-site occupation of type BIHCu and Cuy,
or Cug,, respectively. The transition in CGSe is characterized by the occurrence of a 10 K
broad two-phase field, where the c/- coexists with the sph- phase.

The influence of gallium, partially substituting indium, on the phase transition in CulnSe, was
never studied before. Therefore the phase transition in CIGSe has been studied by in-situ X-ray
diffraction for the first time. In FIG. 4.9 a sequence of X-ray diffraction pattern collected be-
tween 842.5°C and 848 °C of a Cu-poor CIGSe sample (Cu/(In+Ga)=0.923 and
In/(In+Ga)=0.745 (# 038)) is shown. The main reflections of the chalcopyrite type crystal
structure are indexed. Every two patterns refer to 1 K temperature difference.

The phase transition becomes visible by the vanishing of specific reflections, which correspond
only to the ch- phase, like e.g. the 101 peak at 26=1.6 °and the 211 reflection at 20=3.3 °. All

patterns were analyzed by sequential Rietveld refinement.
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FIG. 4.9 Sequence of X-ray diffraction patterns of a Cu-poor CIGSe sample
(Cu/In+Ga)=0.923; In/(In+Ga)=0.745), recorded in-situ during the phase transition. The
temperature difference between two measurements is 0.5 K. The first strongest and the 101 and

211 Bragg reflections are indexed. The phase transition becomes visible by the vanishing e.g.
of the 101 and 211 reflections.
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It is observed that the phase transition is characterized by a 4.5 K broad two phase field, where
the ch- type phase coexists together with the sph- type phase. This two phase region is smaller
in terms of temperature than the one monitored in CGSe, due to the high indium amount in the
sample. Moreover the transition temperature T¢ is increased from 809 °C for stoichiometric
CISe to 846 °C for the analyzed Cu-poor CIGSe sample.

The temperature dependence of the lattice parameters, as displayed in FIG. 4.10 (a), shows a
linear increase of @ and ¢ with temperature until the sph- type phase occurs in the diffraction
pattern at (T=843 °C). At this point a decreases and ¢ increases drastically, and result at T¢ in

the value of the lattice parameter of the cubic phase.
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FIG. 4.10 (a) The lattice parameters and (b) the average linear thermal expansion coefficient
as a function of temperature in Cu-poor CIGSe (Cu/(In+Ga)=0.923; In/(In+Ga)=0.745). The
vertical dashed line indexes Tc, the point where the phase transition is completed. In (b) the
solid line should guide the eyes.
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With the refined lattice parameters the linear thermal expansion coefficients o, and o, were
calculated according to eq. 4.1 and 4.2. On this basis the average linear thermal expansion co-
efficient o, was evaluated and is displayed in FIG. 4.10 (b). It is observed that o, shows the
same anomaly at the phase transition like the studied ternaries CISe and CGSe before. In the
range between room temperature and 573 K, o increases slightly from 10.03 x 10°K™ to
12.80 x 10°K™" at 773 K. Shortly before Tc, o increases strongly and decreases again after the
phase transition is completed. This behavior has already been reported for stoichiometric CISe,
CIS °! and in the previous section for CGSe as well.

Moreover the behavior of the two independent parameters A and u of the chalcopyrite type
crystal structure with increasing temperature have been studied and are presented in FIG. 4.11.
It is demonstrated that the tetragonal deformation parameter # remains constant until 12 K be-
fore the phase transition is completed. This behavior has been previously reported for Cu-poor
CISe and is related to the individual bond expansion coefficients asc and opc of AIBIHCVIz
chalcopyrite type compounds. From 12 K before T the tetragonal deformation u and the te-
tragonal distortion A decrease strongly until the cubic phase starts to form. Within the two
phase region u remains constant again until the tetragonal phase is fully vanished at Tc. As
indicated before, a decreases and c increases strongly at the beginning of the two phase field,

which results in the trend that A=1-n approaches zero.
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FIG. 4.11 The independent parameters of the chalcopyrite type crystal structure as a function
of Tc-T. The vertical dotted lines mark the two phase field. At the horizontal solid line A=1-n
and u=0.25-x(Se) are equal to zero.
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Due to the high amount of indium in the sample it was possible to use the X-ray data to refine
the cation site occupation factors of the 4a and the 4b position close to the phase transition,
using the ch-type crystal structure, with copper occupying 4a and indium and gallium occupy-
ing the 4b site, as structural model. The resulting factors were used to calculate the number of

electrons per cation site, according to eq. 4.4 and 4.5:

e  / Mel =28 occg, (4.4)

e /Me2=46-occ,, +28 occ, (4.5)

FIG. 4.12 shows the number of electrons per cation site as a function of T¢-T. The red and
black horizontal dotted lines mark the theoretical value for the number of electrons for the case
that the Mel (4a) site is fully occupied by copper and the Me2 (4b) position is fully occupied
by the trivalent cations indium and gallium with In/(In+Ga)=0.745, as observed by microprobe

analysis.
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FIG. 4.12 The average number of electrons per cation site as a function of Tc-T. Mel refers to
Cut and Me2 to In>" and Ga’" site. The vertical black dashed line marks Tc. The red dotted
line mark the average number of electrons for the full occupation of the Me2 (4b) site by indi-
um and gallium, calculated with the corresponding molar fractions, as determined by WDX
analysis. The black dotted line mark the number of electrons on the Mel (4a) site for the case
of a full occupation of this position by copper. In the sph- type structure, Cu', In’" and
Ga’*are disordered on 2a site. The blue, horizontal dotted line marks the average number of
electrons for the sph- type phase.
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The experimentally observed average number of electrons of the Mel (4a) and Me2 (4b) site of
the chalcopyrite type crystal structure is lower than the theoretical values. The sample analyzed
here is a Cu-poor sample (Cu/(In+Ga)=0.923), where point defects of type Ve, B¢y or Cug™
should be expected. The presence of such point defects changes the average number of elec-
trons per cation site, which explains the difference between experimental and theoretical data
here. The study of intrinsic point defects in off stoichiometric CIGSe will be presented and
discussed in section 5.3.3

As shown in FIG. 4.12 the occupation of the Mel (4a) and Me2 (4b) site of the chalcopyrite
type crystal structure remain constant until nearly 12 K before T¢. At 12 K before T¢ is reached
the number of electrons on the Mel (4a) site increase strongly, accompanied by a decrease of
the number of electrons on the Me2 (4b) site, indicating a Cu-B™ anti-site occupation. In the
sph- type structure the three cations copper, gallium and indium are disordered at the structural

site 4a. Thus, the average number of electrons at this cation site can be calculated by eq. 4.6:

—— 28. 46- 28.
¢ (da),, = &8N, +( 62N,n+ 8-Ng,)

(4.6)

Within eq. 4.6 N¢,, Ni, and Ng, are the molar fractions for copper, indium and gallium as ob-
served by EMPA and WDX. The quantification of the fraction of copper occupying 4b, and
indium and gallium occupying 4a site can not be revealed on the basis of these X-ray diffrac-
tion experiments, due to the inaccuracy in the resulting site occupation factors caused by the
similar scattering power for X-rays for Cu” and Ga**. Nevertheless, the qualitative inspection
of the trend of the number of electrons on the two cation sites in the chalcopyrite type crystal
structure showed that a Cu-In/Ga anti-site occupation takes place at the phase transition in
Cu-poor and In-rich CIGSe.

4.1.3 Conclusion of order-disorder transitions in CGSe and CIGSe

In the previous section the temperature dependent structural phase transition in CGSe and
CIGSe has been evaluated on the basis of in-situ X-ray and neutron powder diffraction experi-
ments. In both compounds it can be seen as an order-disorder process, due to cation anti-site
occupation and a displacement process within the anion sublattice. Specific values like T¢ and
oy for CISe, CGSe and In-rich CIGSe are summarized in Table XIV.
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Table X1V Distinctions in the characteristics of temperature dependence of structural parame-

ters of Cu-poor CGSe and CIGSe

CISe CGSe Cug.960ln9.773Gag.2675€2.040
(Cu/ln=1)) (Cu/Ga=0.852) (Cu/(In+Ga)=0.923)
Te 806 °C ! 1042 °C 846 °C
Critical region 10K"! 10K 45K
ar (RT-573 K) 7.95x 10° K" 12.61 x 10° K 10.03x 10° K"

The definition for the critical region is different in these compounds:
It means for
CISe: 10 K before Tg, structural parameters vary strongly >’
CGSe and CIGSe: 10 K and 4.5 K before T¢ a two phase field where the ch- and sph type
phases coexist.
Within the critical region of Cu-poor CGSe and CIGSe the tetragonal deformation u and te-
tragonal distortion A=1-n strongly tend to zero approaching the transition temperature
(see FIG. 4.7).
The transition occurs in Cu-poor CGSe at Tc=1042 °C and in Cu-poor CIGSe with
In/(In+Ga)=0.745 at Tc=846 °C. The transition temperature for CulnSe; has been reported as
Tc=806 °C °', which explains the lower transition temperature for CIGSe compared to CGSe,
because the first exhibits a high amount of indium. On the other hand the value reported for
CISe has been observed by an experiment on a stoichiometric CISe sample (Cu/In = 1). Com-
paring the transition temperature of Cu-poor CGSe (Tc= 1042 °C) with stoichiometric CGSe
(Tc=1004 °C)** a 38 °C temperature difference between both transition temperatures is recog-
nized. The influence of the copper-deficiency on the transition temperature should not be ne-
glected and further experiments on Cu-poor CISe are necessary, to know if T¢ in Cu-poor
CIGSe is decreased so much due to the In/(In+Ga) ratio or due to the copper-deficiency.
Using the experimentally determined lattice constants, the linear thermal expansion coeffi-
cients a, and a. as well as the average linear thermal expansion coefficient a; have been ob-
tained. The latter is higher for Cu-poor CGSe than for Cug.gs0lng.773Gag 267S€2.040 but shows for
both compounds a strong anomaly at the transition temperature (see Table XIV).
The analysis of the behavior of the cation site occupation factors with increasing temperature
revealed a constant behavior until 10 K (CGSe) and 12 K (CIGS) before T¢. From this point on
a significant change in the cation site occupation factors for the both cation sites in the chalco-
pyrite type crystal structure is observed. This indexes a Cu-In/Ga anti-site occupation, which
introduces the solid-solid transition. The quantification of the fractions of the cation anti-site

occupation was not possible on the basis of these experiments.
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4.2 Low-temperature thermal expansion

The low temperature structural behavior of quaternary chalcopyrite type compound semicon-
ductors is especially of interest in terms of the interpretation of results made by opto-electronic
characterisation methods on thin film solar cells, which are often performed at low tempera-
tures to minimize lattice vibrations.

The crystal structure of chalcopyrite type compound semiconductors are based on tetrahedrally
coordinated ions. One of the most intriguing properties of such compounds is their negative
thermal expansion at low temperature. The determination of linear thermal expansion coeffi-
cients by dilatometry or X-ray diffraction ''"* '*® have shown that a, and . vary inde-
pendently with temperature due to the axial symmetry of the chalcopyrite type crystal structure
and the difference in strength of the Cu- C"' and B"™ - C"" cation-anion bonds. The thermal
expansion properties of solids are usually described in terms of the Griineisen parameters y '’
whereas a negative thermal expansion gives rise to negative Griineisen parameters. The uniaxi-
al chalcopyrite type crystal structure exhibits two independent Griineisen parameters y, and v,

which are directly related to the principal thermal expansion coefficients a, and o, via ''*

Vv
)/a = (:,m [(CISI +C1S3)aa +c§1ac] (47)
p

V
7/0 = C_m[(zclb;aa +c§3ac] (4'8)

P

In eq. 4.7 and 4.8 V,, is the molar volume, C, the molar specific heat at constant pressure and
the ¢; are the adiabatic elastic stiffness coefficients. Furthermore Smith et al. ''* reported that
with increasing bond ionicity the Griineisen parameter becomes more negative. Therefore a
strong influence of the covalent character on the mixed ionic-covalent bonds in chalcopyrite
type compounds on the Griineisen parameter is anticipated.

In the present section the results of a low temperature (temperature range 1.5 K — 300 K) neu-
tron diffraction study on two almost stoichiometric Cu(InyGa;«)Se, samples with
In/(In+Ga)=0.918 and In/(In+Ga)=0.096, performed at the high resolution powder diffractome-
ter HRPT at SINQ, will be presented.
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4.2.1 Lattice parameters at low temperatures

The behavior of the lattice constants as a function of temperature in the range of 1.5 K—-300 K
is displayed in FIG. 4.13 (a) and (b). The lattice constants decrease with decreasing tempera-
ture, but show a flat minimum between 1.5 K and 50 K, indexing a change in sign of the linear
thermal expansion coefficients. A strong anisotropy, in terms of the temperature dependent
behavior for a and ¢ in the Ga-rich sample with In/(In+Ga)=0.096 (# 032) compared to the
behavior in the In-rich sample with In/(In+Ga)=0.918 (#028), can be noticed.

The high gallium amount in the ch-type phase with In/(In+Ga)=0.096 leads to a higher tetrago-
nal distortion in comparison to the In-rich ci-type phase, which is reflected in a strong aniso-
tropic behavior of @ and ¢ with decreasing temperature. As mentioned before, the anisotropy of
the linear thermal expansion coefficients a, and a. is caused by the different bond ionicities of
the cation-anion bonds, which can be calculated following Phillips’ definition '*° (eq. 4.9):

-(X,~Xp)

fi=l-e * (4.9)

with X, and X are the electronegativities of the elements A and B (X¢,~=1.9; X5,=1.81;
X;,=1.78). On the basis of eq. 4.9 the bond ionicities for the cation-anion bonds increase from
Cu-Se (fi=0.1002) to In-Se (f;=0.115) and Ga-Se (f;=0.128). Thus the ionicity of the B — Se
cation-anion bond is increasing with increasing substitution of indium by gallium. From this it
follows that with a high amount of gallium the difference in bond ionicity between the Cu — Se

I . . . . . .
and B™ — Se cation-anion bond increases, which lead to an increased anisotropy.
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FIG. 4.13 The temperature dependence of the lattice constants a and c for (a) the In-rich sam-
ple with In/(In+Ga)=0.918 and (b) the Ga-rich sample with In/(In+Ga)=0.096.
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This explains the higher anisotropy of the lattice constants as a function of temperature in the
gallium-rich sample compared to the anisotropy of a and ¢ of the In-rich sample.

The determined lattice constants were used to calculate the linear thermal expansion coeffi-
cients a, and a,, according to eq. (4.1.) (see section 4.1.1.)

A third order polynomial fit has been applied to the curves shown in FIG. 4.13 (a) and (b). The
linear thermal expansion coefficients a, and o, for both samples decrease with decreasing
temperature and become negative at a critical temperature Ty (see FIG. 4.14 (a) and (b)).
Below the critical temperature Ty (the point where a,, a. and a; become zero) the determina-
tion of the linear thermal expansion coefficients becomes less accurate, because the error of the
determined lattice constants is in the same order of magnitude like the change in the lattice
parameters itself. Both specimen show that in general a, < a,, which has been observed in oth-
er chalcopyrite type compounds before ''*. This means that 7=c/2a has a positive linear thermal

expansion a,,.
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FIG. 4.14 Temperature dependence of the linear thermal expansion coefficients o, (a) and o,
(b) for both considered quaternary Cu(In,Ga,.)Se; samples.

On the basis of the experimentally determined linear thermal expansion coefficients a, and a,
the average linear thermal expansion coefficient o, has been calculated according to eq. (4.3)

and is illustrated as a function of temperature in FIG. 4.15.
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FIG. 4.15 The average linear thermal expansion coefficient as a function of temperature of
both considered Cu(In,Ga;.,)Se; samples

It is observed that the temperature, where the linear thermal expansion becomes negative (Tj),
varies with the chemical composition. This effect should be discussed in terms of the bond
ionicity of the cation-anion bonds. As mentioned before the ionicity of the B™ - Se bond in-
creases with increasing substitution of indium by gallium.

It is expected that with increasing ionicity the Griineisen parameter becomes more negative.
Thus with increasing gallium content the ionicity increases and the temperature, for which the
linear thermal expansion coefficient changes its sign, increases. This effect can be observed in

the samples analyzed here as summarized in Table XV.

Table XV The average bond ionicity of the B™ — Se cation-anion bond and the critical tem-
perature

In/(In+Ga) fi B"-Se Ty aq [K] Ty a. [K] Tyas [K]
0.918 0.116 24.05 10.94 20.19
0.096 0.127 26.65 52.27 32.11

Due to the lack of experimental values for the adiabatic stiffnesses c¢; and the molar specific
heat at constant pressures (C,), it is not possible to quantify the temperature dependence of the
Griineisen parameters y, and y.. Nevertheless, from FIG. 4.13 and FIG. 4.14 one can assume
positive values for 7y, and y. above T=75 K (In/(IntGa)=0.918) and T=90 K
(In/(In+Ga)=0.096) and negative values for temperatures below T= 25 K (In/(In+Ga)=0.918)
and T= 50 K (In/(In+Ga)=0.096). The occurrence of negative values for y, and y. implies the

existence of low energy lattice vibrational modes at low temperatures.
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It can be concluded that the In/(In+Ga) ratio influences strongly the character of the covalent-
ionic B"™ - Se cation-anion bond and therefore the behavior of the linear thermal expansion
coefficients of the two lattice constants @, and a.. In the following section the behavior of the
two independent parameters of the chalcoypite type crystal structure with decreasing tempera-
ture will be presented and discussed in detail.

4.2.2 Low temperature behaviour of # and 4

The results presented in the previous section have been obtained on the basis of neutron pow-
der diffraction experiments with subsequent Rietveld refinement. The application of neutrons
gives the intrinsic advantage of an accurate determination of the anion position parameter x(Se)
due to the high intensity of reflections at high 20 angles. The two independent parameters of
the chalcopyrite type crystal structure for the two analyzed samples as a function of tempera-
ture are shown in FIG. 4.16.

In general a decrease of the tetragonal distortion 4=17-5 with decreasing temperature is obvious
in FIG. 4.16 (a), which indexes the positive thermal expansion of n=c/2a, as mentioned in the
previous section. In the Ga-rich sample the tetragonal deformation u=0.25-x(Se) strongly tends
to zero with decreasing temperature, whereas it stays almost constant for the In-rich sample.
This is once more a hint for the strong influence of the bond ionicity of the B™ - Se cation-

anion bond on the low temperature behavior of chalcopyrite type compounds.
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FIG. 4.16 The behavior of (a) the tetragonal distortion and (b) the tetragonal deformation as a
function of temperature.
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The average bond distances of the cation-anion bonds as well as the angle of the Cu-Se-Cu and
the B"-Se-B" tetrahedra have been obtained. An illustration for the tetrahedron formed around
the Se anions and the cation-anion-cation angles are illustrated in FIG. 4.17. The Wyckoff sites
within the ch- type crystal structure, where copper (4a) and the trivalent cations (4b) are situat-

ed, are marked as well.

(4a)

Cu-Se-Cu

(4b)

(4a)
BIlI _ Se _ BIII
(4b)

FIG. 4.17 The tetrahedra formed around the selenium anion including the cation-anion-cation
angles. 4a and 4b mark the Wyckoff sites of the ch- type crystal structure, where copper (4a)
and the trivalent cations B"™ (4b) are situated.

The change of the average cation-anion bond distances and angles is shown in FIG. 4.18 (a)-
(d), whereas the initial values for the calculation of the difference, are the values obtained at
room temperature. These parameters are summarized for both samples in Table XVI. The aver-
age bond ionicity of the B"' - Se cation-anion bond is higher for the Ga-rich sample compared
to the In-rich specimen. The increased ionicity causes a stronger displacement of the anion x-
coordinate to the ideal position of x;4.,=0.25, and therefore a decrease of the tetragonal defor-

mation u with decreasing temperature.

Table XVI Cation-anion bond distances and angles at room temperature as obtained by
Rietveld analysis.

x in Cu(In.Ga,.)Se;  dy Cu-Se[A] dy B"-Se[A] Cu-Se-Cu [°]  B"™-Se-B™ [°]
0.918 2437 (2) 2.573 (2) 114.2 (1) 105.2 (1)
0.096 2.406 (2) 2.450 (2) 110.5 (1) 107.6 (1)

The change of the tetragonal distortion and the anion position parameter x(Se) is directly corre-
lated to a change in the average cation-anion bond distances and angles. The analysis of the
change of the difference of the average cation-anion distances and angles, with decreasing
temperature, revealed a strong change for the Ga-rich sample compared to In-rich sample (see
FIG. 4.18 (b) and (d)). This is due to the difference in the average bond ionicity of the B — Se
cation anion bond ( f2" % (Ga —rich) > [~ (In—rich)).
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FIG. 4.18 The change of (a)-(b) the average cation-anion bonds and (c)-(d) the avgerage cati-
on-anion-cation bond angle as a function of temperature.

Especially the change in the tetrahedra angles reflects the change of the anion position parame-
ter. In the In-rich sample only a small change of the average bond distances and angles is ob-
served. In contrast to that the Ga-rich sample shows a strong change of the average cation-
anion-cation angles and distances

It can be concluded that the average bond ionicity of the B™
the Ga-rich sample compared to the In-rich sample ( f.2" =5 (Ga —rich) > f" =% (In—rich)),

which causes a stronger change in the tetrahedra angles for the Ga-rich sample. As a result of

— Se cation anion bond is higher in

the strong change of the tetrahedra angle in the Ga-rich sample the tetragonal deformation

u=0.25-x(Se) strongly changes in this sample with decreasing temperature.
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4.2.3 Conclusion of low-temperature thermal expansion

The character of the low-temperature thermal expansion in stoichiometric Cu(InyGa;.x)Se, with
In/(In+Ga)=0.918 and In/(In+Ga)=0.096 has been studied by means of neutron powder diffrac-
tion and full pattern Rietveld refinement. The analyzed samples exhibit a negative thermal ex-
pansion below a critical temperature, whereas the value for Ty depends on the chemical com-
position, i.e. the In/(In+Ga) ratio (see Table XV). The chemical composition influences the
covalent character of the mixed covalent-ionic cation-anion bonds strongly. The observed val-
ues for the linear thermal expansion coefficients o, and a. exhibit for both samples a,>a. and
stand in good agreement with the values observed by other authors for the ternary compounds
CISe and CGSe ' "%, The strength of the anisotropy of ¢, and a. depends on the composition
(In/(In+Ga) ratio) and therefore the average ionicity of the B"'-Se bonds as well. The latter
causes a strong change in the anion position parameter x(Se) at low temperatures for the
Ga-rich sample which exhibits a higher average bond ionicity of the B"-Se cation-anion bonds.
This change of x(Se) is accompanied by a distortion of the tetrahedron which is demonstrated

by the increase and decrease of the Cu — Se — Cu and B"™ — Se — B" angles.



S Structural trends in off stoichiometric chalcopy-
rites

The present work focuses on the effect of off stoichiometry on the crystal structural in several
chalcopyrite type compound semiconductors. Therefore, samples with defined composition
were intensively studied by neutron powder diffraction to analyze the change of structural
parameters, which are important for the resulting solar cell, like the tetragonal distortion
A=1-n, the anion position parameter x(C"") and the site occupation factors of the two cation
sites 4a and 4b of the ch- type crystal structure. The structural parameters were obtained from
full pattern Rietveld refinement of the neutron powder diffraction data. Neutron powder dif-
fraction gives the advantage that the intensity of reflections is not decreasing with increasing
20. For an exact determination of cation site occupation factors and position parameters, high
intensities at high 260 angles are crucial.

The following section will present the results obtained by this study, and discuss the role of
structural changes in terms of their impact on the performance of a solar absorber, exhibiting
a similar composition. Parts of the following section are published and can be found in
Stephan et al. ?’.

5.1 4 and u in off stoichiometric ternary ch-type compounds

The independent parameters of the chalcopyrite type crystal structure, the tetragonal distortion
A=1-n as well as the tetragonal deformation u=0.25-x are strongly influenced by the compo-
sition of the chalcopyrite type phase. The following section will compare the structural trends
of these two independent parameters with off stoichiometry in the investigated ternary (CISe,
CGSe, CIS, CGS) systems.

Many efforts have been made in terms of calculating the change of the electronic band gap
with a change of x(C") by first principle methods. According to the calculations of Jaffe and

Zunger * as well as Vidal '*', using different ab-initio methods, the optical band gap Eq of

97
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CulnSe, decreases with increasing deviation of the anion x-coordinate from its ideal position
(Xidea=0.25).

The anion position parameters as well as the lattice constants were determined by Rietveld
analysis of the neutron powder diffraction data. The behavior of the tetragonal deformation
() and the tetragonal distortion (4) as a function of the Cu/In ratio in Cu;.yIn,Seg 5+y is shown
in FIG. 5.1. The tetragonal deformation u increases with decreasing Cu/In ratio. This means,
the displacement of the Se-anion from its ideal position increases with increasing copper defi-
ciency.

Jaffe and Zunger * as well as Vidal '*', reported that the anion-position parameter controls the
position of the valence band maximum and conduction band minimum and therefore the opti-
cal bandgap. Thus, the increasing deviation of the anion-position parameter from its ideal po-

sition with increasing copper-deficiency (decrease of Cu/In ratio) may decrease the optical

band gap as well.
Eg decreases
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L Ch & u=0.25-x(Se) |
_ | Culn_Se 3 i
0’0045 37s *4 ........ v A 07024
I ] v ‘
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FIG. 5.1 The tetragonal distortion (4) and the tetragonal deformation (u) as a function of the

Cu/In ratio in Cu;In,Sey 5+, The dotted lines are guide to the eyes, whereas the vertical solid
lines correspond to the boundaries between the single ch- type and the multi-phase fields.

In contrast to the change of the anion position parameter with Cu/In ratio, the tetragonal dis-
tortion keeps constant in CulnSe; until the secondary Culns;Ses vacancy phase occurs. This
phase separation seems to cause an elastic deformation within the chalcopyrite type crystal
structure.

The trends of the tetragonal distortion A and the tetragonal deformation u of CISe, CIS, CGSe

and CGS as a function of the Cu/B"" ratio are summarized for all the compounds in FIG. 5.2.
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FIG. 5.2 The change of A and u as a function of the Cu/B" ratio for (a) CISe (b) CIS
(c) CGSe and (d) CGS. The y-scales are for every compound the same. At the horizontal lines
the tetragonal distortion A and the tetragonal deformation u are zero. The vertical solid lines
correspond to the boundaries between the single ch-type and the multi-phase fields.

The CISe and CGSe samples (see FIG. 5.2 (a) and (c)) have in common that the tetragonal
deformation u increases with increasing copper-deficiency and the tetragonal distortion 4 re-
mains almost constant until secondary phases like the vacancy phases with 1 -3 -5o0r1-5-8
composition are formed. The sulphide samples (see FIG. 5.2 (b) and (d)) demonstrate with
increasing copper-deficiency a different behavior. In CIS the tetragonal deformation is slight-
ly increasing with decreasing Cu/In ratio and the tetragonal distortion remains almost constant
over the studied compositional range. The tetragonal distortion behaves similar in CGS,
whereas the tetragonal deformation is strongly changing with decreasing Cu/Ga ratio.

Therefore, it can be concluded that in all compounds the present copper vacancies in the
structure introduce a deformation of the tetrahedra, noticed by the change of the x-parameter.
The effect of an anion x-parameter away from ideal position in terms of the band structure has
been discussed in detail in section 1.1.1 and previously within this section. Thus, a change of

I

the optical bandgap with decreasing Cu/B™ may be taken into account.
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The tetragonal distortion 4 remains constant over the whole compositional range in all four
investigated compounds (see FIG. 5.2 (a)-(d)), caused by an isotropic decrease of the lattice
parameters a and ¢ with increasing off stoichiometry. It is demonstrated that the tetragonal
distortion is much higher for CuGaSe, than for CulnSe; and CulnS, (see FIG. 5.2 (a)-(d)).
This affects both, the microstructure of the powder samples, as well as the absorber layers

used in thin film solar cells. Abou-Ras et al. '*

studied the impact of the tetragonal distortion
in Cu(InyGa, 4)Se; thin films with various x on grain sizes and grain size distribution. A clear
dependence of the grain size from the gallium content within the absorber layers has been
observed. The maximum grain sizes have been revealed in indium-rich samples with x=0.77,
whereas the tetragonal distortion A=1-1 is equal to zero at In/(In+Ga)=0.78. Thus it can be
assumed that the pseudo-cubic unit cell, revealed at In/(In+Ga) = 0.8, leads to a reduced stain
within the growing layer and therefore to larger grain sizes. A similar behavior is observed in
the powder samples analyzed here. FIG. 5.3 (a)-(d) shows the micrographs of a copper-poor
(Cu/B™) < 1) CISe, CIS, CGSe and CGS sample. The largest grain sizes can be observed in
the CISe- (a) and CIS- (b) sample, whereas the smallest grains are present in the copper-poor
CGS sample (d).

5 SR

; : 1
e FUB 100)m FUB : Dy

FIG. 5.3 BSE micrographs of Cu-poor samples of (a) CISe with Cu/In=0.841 (# 005) (b) CIS
with Cu/In=0.947 (# 019) (c) CGSe with Cu/Ga=0.814 (# 013) and (d) CGS with
Cu/Ga=0.991 (#023).
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It seems that the microstructural behavior in powders is correlated with the tetragonal distor-
tion, as well.

Nevertheless, it can be seen that the tetragonal deformation u and the tetragonal distortion A
behave different with off stoichiometry and their behavior cannot connected to each other.
This documents one time more that they are independent parameters of the chalcopyrite type

crystal structure.

5.2 4 and u in quaternary ch-type compounds

The previous section compared the behavior of the independent parameters u and A, of the
chalcopyrite type crystal structure, with off stoichiometry, between the different ternary com-
pounds CISe, CIS, CGSe and CGS. It has been observed that the tetragonal distortion A=/-#
1s almost not affected by the copper content of the chalcopyrite type phase. The lattice param-
eters a and ¢ decrease isotropic with increasing copper-deficiency, which results in a constant
tetragonal distortion over the whole analyzed stoichiometry range. Therefore the focus of the
analysis of the tetragonal distortion lied on the comparison of the sulphide with the selenide
system, with similar copper content and different In/(In+Ga) ratios.

In FIG. 5.4 the trends of A=1- and u=0.25-x(C"") with varying In/(In+Ga) in (a) CIGSe and
(b) CIGS are displayed. All samples plotted there exhibit Cu/(In+Ga)=1, which corresponds
to almost stoichiometric composition. In both systems it is observed that the tetragonal distor-
tion 4 decreases almost linearly with increasing indium content. This behavior correlates with
Vegards Law, which describes the linear development of lattice constants with composition in

a solid solution.

(a) CIGSe Cu/B"=1 (b) CIGS Cu/B"=1
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FIG. 5.4 A=1- and u=0.25-x(C"") as a function of the In/(In+Ga) ratio in (a) CIGSe and (b)
CIGS. At the horizontal solid lines u and A are zero, whereas the dotted lines are just guide to
the eyes to follow the trends.
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The indium concentration, where the tetragonal distortion becomes zero (ideal ratio of a and
c; A=1-n=1-c/2a=0; c=2a), is in Cu(InyGa,)Se, observed at In/(In+Ga)=0.77. A similar val-
ue in CIGSe has been reported by Abou-Ras et al. '**, where the impact of the gallium con-
centration on the microstructure in Cu(InyGa;x)Se, thin film absorber layers has been studied.
A Cu(InyGa;)Se; layer with In/(In+Ga)=0.77 exhibit 4=0 and, as a results of this, large grain
sizes. In the Cu(InyGa;)S, samples studied here, the ideal value for A is detected at
In/(In+Ga)=0.65 (see FIG. 5.4 (b)). Therefore one can assume larger grains in CIGS absorbers
with such indium content as well.

As reported in literature *, the anion position parameter controls the optical band gap of these
materials sensitively. The specimen analyzed here (Cu/B"=constant~1; In/(In+Ga)=variable)
exhibit an increased deviation from ideal position of the anion with increasing In/(In+Ga)
ratio. This leads to a decrease in the bandgap due to the decrease of the conduction band min-
imum and an increase of the valence band maximum *. The study of the behavior of the te-
tragonal deformation u=0.25-x as a function of the Cu/B™ ratio revealed an increased devia-
tion from the ideal position with increasing copper-deficiency in the ternary compounds.
Therefore the same behavior can be assumed for the quaternary CIGSe and CIGS compounds.
Based on the calculations made by Jaffe et al. * the bandgap of samples exhibiting a constant
In/(In+Ga) but different Cu/(In+Ga) ratios should change in the same way, and a decrease of
E, with increasing Cu-deficiency can be expected.

Nevertheless the two independent parameters of the chalcopyrite type crystal structure 4 and
u behave similar in the selenide and sulphide system, in dependence on the In/(In+Ga) ratio. It
can be concluded, that 4 and u are independent parameters of the chalcopyrite type crystal
structure, but behave analogical in terms of their dependency from the Cu/B™ and In/(In+Ga)
ratio. This opens the opportunity to make predictions about the bandgap and microstructural
characteristics of chalcopyrite type compounds with various Cu- and In-contents. Such
knowledge is crucial to understand optical and electronic properties of thin film solar devices

made of such absorbers.
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5.3 Off stoichiometry and intrinsic point defect formation

Off stoichiometry does not only affect the lattice- and anion position parameters of the chal-
copyrite type crystal structure. Furthermore a change of the cation site occupation of the two
possible cation sites (4a and 4b) is expected by deviation from stoichiometry. A copper defi-
ciency and an excess of trivalent cations can create various intrinsic point defects, like copper
vacancies (V) or trivalent cations on copper anti-site defects (B"'cy).

In general twelve intrinsic point defects are possible:

e Three vacancies on the two cation and one anion positions (Vcy, VBIH, VCVI)
e Six anti-site defects (B"'¢y, Cug™, CV'cy, Cuc¥’, BY¢Y!, Vg™

e Three interstitial defects, (Cu;, Bmi, CVIi)

This work studied only possible cationic point defects. The possibility of anion defects like
the CVICu defect has not been taken into account.

Present intrinsic point defects and their clustering to neutral defect complexes in off stoichio-
metric Cul_yBHIyCVI().5+y (BIHZIn, Ga; CVIZSe, S) is discussed since several years of photovol-
taic research on this compounds " '# 124,
According to Zhang et al. '* the defect formation energies of cation point defects depend on
the chemical potential of the materials. The defect energies of some defects for Cu-poor/In-

rich and Cu-rich/In-poor material are summarized in Table XVII.

Table XVII Cation point defect formation energies for off stoichiometric Cu;In,Se s+, 25

Defect Formation energy [eV]
Cu-poor/In-rich Cu-rich/In-poor

Ve, -1.4 0.5
Veu 2.4 -0.5
Vin' 3.0 1.0
Vi 1.2 -1.7
Cuyy’ 3.5 0.5
Cupy” 2.3 1.7
Inc,’ 1.3 53
Ing,” -0.1 3.9
Cu;’ 5 3

Cuf’ 4
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From Table XVII it is obvious that some formation energies from isolated point defects are
extraordinary low, e.g. the formation energy for the generation of Ve''=-14 eV in
Cu-poor/In-rich CISe.

Based on the formation energies for isolated cation point defects Zhang et al. '*> proposed for
copper-poor CISe a very low formation energy (-1.46 eV) for the formation of a defect com-
plex of type 2V, +Ine,”". Moreover this defect complex is predicted to be electrically inac-
tive and may be already exists in copper-poor single ci-type phase Cu;.yInySegs+y. This may
explain the high electrical tolerance of off stoichiometric CISe to its structural defects '*°.
Furthermore they assumed a periodic sequence of 2Vc“'+1nc/ "in Cu-poor CISe, which leads
to the formation of Culns;Ses. The clustering of defects in very copper-poor Cu;.,GaySeq s+y to

1. **? revealed by neutron

arrays, which form CuGasSes, was also assumed. Lehmann et a
diffraction experiments and Rietveld refinements, CuGasSes is not a compound built of an
ordering of defects of type 2V, +Gac,, but a modified stannite type crystal structure. Within
this structure the vacancies prefer the 2a and 4d position. A similar structure is assumed for
CulnsSes, whereas the formation mechanism for this compound will be discussed in section
5.3.1. The following section will compare present native defects and possible clustering of
them to neutral defect complexes in various chalcopyrite type compounds and discuss their
role in terms of device performance of a solar cell, made of absorbers with similar composi-

tion.

5.3.1 [Intrinsic point defects and defect clustering in Cul_yIny(CVl)O_sJry

Neutron diffraction and the method of average neutron scattering length on off stoichio-

metric CujyIn,Se s+,

To figure out the type of intrinsic point defects in off stoichiometric Cu;_yInySeg s+, neutron
powder diffraction was applied. The chemical formula, the Cu/In ratio as well as the present

phases within the studied samples are summarized in Table XVIII.

Table XVIII Chemical formula, Cu/In ratio and present phases of the off stoichiometric CISe
samples, studied by neutron powder diffraction.

Formula Cu/In Phases
Cui.019In9.981S€1.981 1.038 Ch, Cu,.,Se, CuSe
Cuo.974In1 0265€2.026 0.949 Ch
Cuo.970In1.0305€2.030 0.943 Ch
Cuo.913In 0875€2.087 0.841 Ch

Cu0,8591n1,141$ez,141 0.754 Ch, CuIIl3S€5
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The neutron data were refined by the Rietveld method, using the sequence explained in sec-
tion 2.2.2. Furthermore the method of average neutron scattering length was applied.

The experimentally average neutron scattering length, 1. e. bia and EZP, were calculated ac-
cording to eq. 2.11 using the cation site occupation parameters of the chalcopyrite type crystal
structure, determined by Rietveld analysis of the neutron diffraction data. Parts of the results
presented in this section are published in ®'.

The method of average neutron scattering lengths has been explained in detail in section 2.2.2.
This straight forward method compares the experimentally observed values of the average
neutron scattering lengths with calculated values, which were determined on the basis of the
chemical composition and the application of different cation distribution models.

In a first step, a simple cation distribution model will be assumed, supposing each cation on
its site, 1. e. copper on 4a (0 0 0) and indium on 4b (0 0 ’2). Taking into account the chemical
composition of the samples, determined by WDX microprobe analysis, the average neutron
scattering lengths are calculated (EZZZC and Z:Zlc) according to eq. 2.12 and 2.13.

FIG. 5.5 (a) shows the experimentally observed average neutron scattering lengths for the 4a
and 4b site of the ch- type crystal structure and (b) displays the difference between this calcu-
lated and the experimental average neutron scattering length of both cation sites, 1. e.
AG™ =b™) in CuyyIn,Ses-y as a function of the Cu/In ratio

The values of the experimentally determined average neutron scattering length of the 4a site
(ZZZP), where normally Cu is situated, decrease with increasing copper deficiency and in re-

7 eXp . .
turn the values of b4y are increasing.

(a) (b)
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FIG. 5.5 (a) The experimentally observed average neutron scattering lengths as a function of
the Cu/In ratio for off stoichiometric ClSe. The dotted lines show the neutron scattering
length for copper and indium for comparison (b) The difference of the calculated and experi-
mentally observed average neutron scattering lengths of the two possible cation sites (4a and
4b). The calculated values were obtained using eq. 2.12 and 2.13. The vertical solid lines cor-
respond to the boundaries between the single ch- type and the multi-phase fields.
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This decrease of ba. can be caused by the formation of copper vacancies (V) and/or an Inc,
anti-site defect. On the other hand, the simultaneous increase of the ba values can only be
caused by the formation of a Cuy, anti-site defect. Due to the larger neutron scattering length
of copper in comparison to indium (b, > b, ), a Cuy, anti-site occupation causes an increase
of l;?;p Therefore the necessary amount of Cuy, defects for the increase of EZZ" can be calcu-
lated. Regarding the 4a site, this amount of copper is now missing and the site has to be filled
with indium or copper vacancies. Both will cause a decrease of the ba values. Taking into
account again the chemical composition, the amount of Inc,, necessary for this decrease, can
be derived in the next step. Thereby, the total amount of copper in the chalcopyrite phase,
known from the WDX analysis, could completely be divided on the two possible cation posi-
tions. Deriving the cation site fraction in this way, it was assumed that all of the 4b positions
are completely occupied by indium only or indium and copper, thus no indium vacancies and
no copper on interstitial positions are existent. The amount of indium, which has to be placed
on the 4a site, due to the assumption of the Cuy, point defects, is not sufficient to decrease the
average neutron scattering length of the 4a site as much as the ba value decreases. Therefore,
copper vacancies have to be introduced into the cation distribution model to aim BZZPZEZZ/C.
Especially for the very copper-poor chalcopyrite phase in the sample with Cu/In=0.75 (# 007)
the copper vacancies have to be included into the calculations of point defect concentration.
The visual impression of the behavior of bsa and ba in the copper-rich sample with
Cu/In=1.038 (# 001) already shows no indication for an Inc, anti-site defect, because no de-
crease of the ba, value is observed. The 4a site seems to be fully occupied by copper. In con-
trast to the 4a site, a slight increase of the b value can be seen. Taking into account the
chemical composition of the sample, it can be concluded that a Cuy, anti-site defect with a
maximal site fraction of (3+2) % of the 4b site has to be the reason for the increase of
ba .This means the chalcopyrite crystal structure tolerates an additional copper incorporation
in copper-rich Cuy.yInySeg 5+, (Cu/In>1) of up to 3 % into the cation substructure.

The fractional amount of cation point defects in off stoichiometric Cu;_yInySeg s+, (y#0.5), has
been revealed by the method of average neutron scattering length. Using the obtained site
fractions and the lattice constants as determined by the Rietveld refinement, the defect con-
centration per cm’ can be calculated. The different kinds of intrinsic point defects are present-
ed as a function of the Cu/In ratio in FIG. 5.6.
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FIG. 5.6 Concentration of different kinds of intrinsic point defects as a function of the Cu/ln
ratio. The defect concentrations always refer to the ch- phase in the samples. The vertical
solid lines correspond to the boundaries between the single ch-type and the multi-phase

fields.

For summarizing the existing defects also the selenium deficiency in the samples should be
considered. The selenium deficiency is increasing with decreasing copper content, as reported
in section 3.1.1. This leads to the generation of additive selenium vacancies in copper-poor
Cui.yIn,Seo 5+, additional to the formation of copper vacancies. The question, whether indium
ions are occupying copper and selenium vacancies is not answered. The observed trend of an
increasing amount of copper vacancies with increasing copper deficiency corresponds to the
defect formation energies calculated by Zhang et al. '**, by keeping the ch-type crystal struc-
ture. Due to the negative defect formation energy of V¢, (-1.4 eV) in copper-poor
Cui.yInySeo s+y 1t 1s traceable to observe a concentration of about 15+5 % site fraction of cop-
per vacancies in copper-poor samples. Furthermore, the number of Inc, anti-site defects is
increasing with decreasing Cu/In ratio.

This behavior confirms the expectation of a high degree of disorder in the cation substructure
in CISe with increasing copper deficiency. With decreasing Cu/In ratio the concentration of
V¢y increases which gives rise to the formation of the ordered vacancy compound Culn;Ses.
The latter appears as secondary phase besides the chalcopyrite type phase in the very copper-
poor sample with Cu/In=0.754 (# 007). The formation of the this phase can be regarded as an
accumulation of copper vacancies, leading to the generation of very small Culns;Ses exsolu-
tions like domains within the chalcopyrite type phase, resulting in more complex structural
properties. A model for the formation of the Culns;Ses vacancy phase has been developed and

is explained in detail in the following.
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Formation of the Culn;Ses vacancy phase

The formation of the Culn;Ses phase in copper-poor samples can be understood in the follow-
ing way. With increasing copper deficiency the concentration of isolated intrinsic point de-
fects, like copper vacancies (V¢y), indium on copper 4a position (Inc,) and copper on indium
4b position (Cuy,), increases. This leads to an increased disordered character of the chalcopy-
rite type crystal structure. At a specific point, the disordering of the cations causes a symmetry
reduction in the tetragonal structure and therefore domains, crystallizing in the space group
142m , are formed in a chalcopyrite type matrix. As proposed by Zhang et al. ', the increas-
ing copper deficiency could lead to a sequence of defect clusters of type 2V, +Ing,, statistical
distributed over the whole sample. This explains the fact that the Culns;Ses phase is not ob-
servable in the BSE micrographs but clearly in the XRD and neutron diffraction patterns.
These domains cause the additional reflections in the diffraction patterns. An illustration
about the formation mechanism of the modified stannite type phase out of the chalcopyrite

phase, due to deviation from the CulnSe; stoichiometry is shown in FIG. 5.7.

CulnSe, Poini defects Culn,Se,
142d - 142m
defect pairs

FIG. 5.7 The transformation from the chalcopyrite to the modified stannite type phase due to
increasing deviation from the chalcopyrite stoichiometry in Cu;.In,Sey s+,.

With increasing off stoichiometry into the copper-poor direction, more and more defects are
present in the structure. The existence of point defects within the ch-type crystal structure can
be seen as a deviation from the originally ordered cation distribution to a higher degree of
disorder. The original copper (4a) and indium (4b) site are, due to the symmetry reduction,
changed to the 2a, 2b and 4d position. The second position (2b) is occupied by copper and
vacancies, whereas copper, indium and vacancies share the 4d position. The largest amount of
vacancies within the modified stannite type crystal structure is present on the copper site (2a).
This process is accompanied by the presence of a two phase field, where both phases coexist
together, but the vacancy phase consists just of small exsolutions like domains. With increas-

ing copper deficiency the 1 —3 — 5 phase forms at the cost of the ch-type phase. At a certain
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point on the pseudo-binary section (Cu,Se)i.y — (InoSes)y (=0.75) the chalcopyrite type phase
1s completely vanished. From there on the Culns;Ses phase is stable as a single phase. Thus the
increasing amount of intrinsic point defects leads to a symmetry reduction and to the for-

mation of the Culn;Ses vacancy phase.

Clustering of point defects to defect complexes

The calculated defect concentrations increase with increasing deviation from stoichiometry.
On the other hand, high efficient devices exhibit a copper-poor composition of the CISe ab-
sorber layer, especially the very copper-deficient CISe surface *°. Thus a clustering of native

point defects as proposed by Zhang et al. ' '%

can be considered to explain the functionality
of CISe absorbers with Cu/In < 1. They showed by first-principle calculations, that the defect
pairs (ZVC’H + ]né;) and (Cu,z,,’ + Iné;) in CISe have very low formation energies, moreover these
defect pairs are predicted to be electrical inactive. Therefore the calculated defect concentra-
tions were used to estimate the defect pair density and the resulting carrier type (Table XIX).
It is shown, that assuming the spontaneous formation of defect pairs of type (2VEM +Iné;)
and (Cu,z’ +Iné;), the density of native defects is reduced significantly by an order of magni-

tude.

Table XIX Estimated defect pair density and residual concentration of native point defects in
the chalcopyrite type phase (normalized to the total defect concentration).

Cu/ln 0.754 0.841 0.943 0.947 1.038
defect pairs 96% 90% 60% 0 0
native defects 4 % Cuy, 10% Inc, 40% Cuy, 100 % Vcu 100% Cuy,
type p-type n-type p-type p-type p-type

The reduction of isolated point defects due to the formation of neutral defect complexes is
demonstrated in FIG. 5.8. In this figure, the concentration of defect clusters and the remaining

1solated point defects (empty symbols) are shown as a function of the Cu/In ratio.
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FIG. 5.8 The clustering of isolated point defects to neutral defect complexes as a function of
the Cu/In ratio in CISe. The vertical solid lines correspond to the boundaries between the
single ch-type and the multi-phase fields.

For the sample with Cu/In=0.949 (#002) the remaining intrinsic defects are a higher amount
of copper vacancies and a small amount of Cuy,, which would explain the p-type conductivity
of an absorber with similar composition. The very copper-poor and single phase chalcopyrite
sample with Cu/In=0.841 (#005) has mainly Inc, point defects left, which would lead to a
n-type semiconductor.

Thus, the concept of clustering of electrical active point defects to neutral defect complexes
could explain the surprising electrical tolerance of CISe to its huge concentrations of native
defects. This result supports the theory given by Zhang et al. ' '** and gives an experimental
evidence of possible defect pairs in off-stoichiometric CISe bulk material, even with large
deviations of stoichiometry well performing as absorber material in thin film solar cells.

The depicted experimental correlation between composition of CISe polycrystalline bulk ma-
terial and the concentration of native point defects can be used to get an impression about the

situation in off stoichiometric CISe thin films.

Point defects and their correlation to the average Cu-Se bond distance

Merino et al. ” discussed the role of the V¢, concentration on the change of the anion-position
parameter x(Se) and therefore on the optical bandgap E,. They reported an increase of the
average Cu-Se and a decrease of the average In-Se bond length with decreasing copper con-
tent and correlated this effect with the presence of V,, but without experimental evidence.
Moreover, they proposed that the change of the anion-position parameter x(Se) is mainly

caused by the existence of V¢, which changes the average Cu-Se bond length.
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FIG. 5.9 The average Cu-Se bond length (d(Cu-Se)) and the concentration of V¢, and Inc, in
dependence on the Cu/In ratio in off stoichiometric CISe. The dotted line is just a guide to the
eye to follow the trend, whereas the solid vertical lines index the phase boundaries between
the single ch- type and the multiphase fields.

The study performed in this work revealed a different behavior. FIG. 5.9 shows the average
Cu-Se bond lengths, obtained by Rietveld refinement, as well as the concentration of V¢, and
Inc, as a function of the Cu/In ratio.

The appearance of V¢, and In¢, affects the average Cu-Se bond length, whereas in the copper-
poor region it is observed that neither the concentration of V¢, nor Inc, cause an effect on the

average Cu-Se bond length anymore.

Conclusion of point defects and clustering of defects in off stoichiometric Cuy.,In,Sey s,

In conclusion it was shown by neutron powder diffraction and the method of average neutron
scattering length that off stoichiometric CISe exhibits high concentrations of isolated point
defects. Assuming the formation of defect pairs it is possible to reduce the amount of isolated
point defects by an order of magnitude and to deduce a change in the carrier type character.
Assuming a similar scenario for CISe thin films, it is possible to realize that off stoichiometric
CISe is well performing as absorber material in thin film solar cells despite a high concentra-

tion of native defects.
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Neutron diffraction and the method of average neutron scattering length on off stoichio-

metric CujyIn,Sy s+,

The structural trends and the presence of point defects in off stoichiometric CIS were studied
by neutron powder diffraction. The chemical formula, the Cu/In ratio as well as the present

phases of the samples studied by neutron powder diffraction are summarized in Table XX.

Table XX Chemical Formula, Cu/ln ratio and present phases of the off stoichiometric CIS
samples studied by neutron powder diffraction

Formula Cu/In Present phases
Cuo.993In1.007S52.007 0.993 Ch
Cuo.994In1.00652.006 0.988 Ch
Cuo.953In1,04752.047 0.911 Ch, CulnsSsg
Cug 897In1.10352.103 0.844 Ch, CulnsSsg

FIG. 5.10 represents the neutron powder diffraction pattern in the region of 50° < 26 < 100°
of four CIS samples with different composition. One can recognize two aspects by compari-
son of the different pattern. At first a clear peak shift to higher angles and therefore a decrease
of the lattice parameters a and ¢ with increasing copper-deficiency can be observed. As se-
cond additional reflections occur in sample with Cu/In=0.911 (#020) and Cu/In=0.844 (# 021)
e.g. at 20 = 57° and 20 = 98° .
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FIG. 5.10 Part of the neutron powder diffraction patterns of samples with Cu/In=0.993
(#016), Cu/In=0.988 (#017),Cu/In=0.911 (#020) and Cu/In=0.844 (#021) from top to bottom.
The tickmarks represent the Bragg-positions of the reflections for the chalcopyrit (top) and
the spinel type (bottom) phase
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These additional Bragg peaks cannot be indexed with the chalcopyrite type crystal structure,
but with the spinel type structure corresponding to the CulnsSg phase. This phase has already
been detected by XRD and electron microprobe analysis and mentioned in section 3.2.1. For
the Rietveld analysis of these samples, the additional crystal phase was included in the re-
finement procedure.

The resulting cation site occupation factors of the Rietveld refinement were used to apply the
method of average neutron scattering length. The experimental average neutron scattering
length as a function of the Cu/In ratio is displayed in FIG. 5.11.

The graph of FIG. 5.11 displays that the sample with a composition close to stoichiometry
and Cu/In=0.993 (# 016) shows no change of b, and ba, from full occupation of the two
cation sites with copper and indium, respectively (dotted lines). Therefore, copper is fully
occupying 4a and indium 4b position. And no defects like Inc,/Cuy, anti-sites, copper vacan-
cies or Cu; can be detected. The experimental average neutron scattering lengths of the 4a
position show a strong decrease with decreasing Cu/In ratio. This can be caused by cation
vacancies on this position or by an indium on copper anti-site occupation.

In the sample with Cu/In=0.988 (# 017), simultaneous comparison of bisa and by led to the
conclusion that the additional indium in the ck- type phase, known from the WDX analysis, is
occupying the 4a position, whereas also vacancies are present on the copper (4a) site. The 4b
position is completely occupied by indium.
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FIG. 5.11 Average neutron scattering length of the two cation sites 4a and 4b in dependence
on the Cu/In ratio. The horizontal dotted lines index the b values for the case of a full occupa-
tion of copper on 4a and indium on 4b position. The error bars are within the symbols. The

vertical solid lines correspond to the boundaries between the single ch-type and the multi-
phase fields.
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The ba, value of the copper-poor samples with Cu/In=0.911 (#020) and Cu/In=0.844 (#021)
are strongly decreased compared to the full occupation by copper on this position. Therefore
at first the same cation distribution model like for the sample with Cu/In=0.988, with copper
vacancies, Inc, and the 4b position fully occupied by indium, is assumed. Observing the
ba values of these two samples, just a very small increase can be assumed, which would be
caused by a Cuy, anti-site occupation. Therefore at first a Cuy, anti-site occupation was disre-
garded. The comparison of the experimental average neutron scattering lengths of both cation
positions results in the following:

The decrease of the ba, value can be explained by the presence of vacancies on this site and
Inc, anti-site occupation. Calculating the amount of V¢, and Inc, with respect to the molar
fraction of Cu and In of the ch-type phase (as determined by WDX analysis), the resulting
BTZC value remains higher than the baa value. This can be explained by additional V¢,. As a
result, the copper which is not situated on 4a position has to be on the indium 4b or on an in-
terstitial position (Cu;). The ba shows a small hint for a Cuy, anti-site occupation, due to a
very slight increase of this value. Therefore, a maximal amount of 1% site fraction of the in-
dium site can be occupied by copper. The remaining copper has to be on an interstitial posi-
tion. The defect concentrations in CIS as a function of the Cu/In ratio are summarized in FIG.

5.12.
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FIG. 5.12 The concentration of different point defects as a function of the Cu/ln ratio. The
vertical lines index the boundaries to the multi-phase fields.

The concentration of Inc, and V¢, is clearly increasing with increasing copper-deficiency,
whereas the amount of Cu; and Cuy, remains almost constant. In the single phase chalcopyrite
sample with Cu/In=0.988 (#017) the only present defects are V¢, and Inc,. Therefore a neu-
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tralization of these defects by a clustering to defect complexes of type (2Vgu +Iné;), like ob-

served in off stoichiometric CISe, can be assumed as well.

Summary of intrinsic point defects in off stoichiometric Cuj.In,(C "o, sS4y

This section presented a detailed evaluation of present intrinsic point defects in off stoichio-
metric Cuy.yIn,Segs+y and CuyyInySgs+y. Table XXI shows the determined point defect types
as observed by neutron powder diffraction and the method of average neutron scattering
length. The main existent defects in off stoichiometric CISe and CIS are copper vacancies and
Inc, anti-site defects. The existence of Cuy, anti-site defects has been proven in both com-
pounds as well. The main difference concerning the present defect types between the two ana-

lyzed systems is the presence of copper on interstitial position within very Cu-poor CIS.

Table XXI Summary of present isolated point defects in off stoichiometric Cu;.In,Seq s+, and
Cu1_ylnyS0,5+y

Very Cu-poor with secondary Cu-poor single ch- Cu-rich secondary binary

ternary phase type phase phases
ClSe VCua Culm InCu VCLb Culna InCu CuIn
CIS Veu Cup, Incy, Cu; Veu Incy No samples

On the basis of the method of average neutron scattering length the concentrations of the iso-
lated point defects has been determined. FIG. 5.13 (a) and (b) shows the defect concentrations

for both studied systems as comparison.
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FIG. 5.13 Comparative summary of present isolated point defects and their concentration as
a function of the Cu/In ratio in off stoichiometric (a) CISe and (b) CIS. The vertical solid lines
correspond to the boundaries between the single ch-type and the multi-phase fields.



116 CHAPTER 5 STRUCTURAL TRENDS IN OFF STOICHIOMETRIC CHALCOPYRITES

It is obvious, that the concentrations of V¢, and Inc, are in the same dimension in both com-
pounds.

In conclusion it was shown that off stoichiometric Cul-ylny(CVI)o.5+y reference powder samples
exhibit high concentrations of native defects. Assuming a similar situation in thin film ab-
sorber materials, the functionality can only be explained by a neutralization of the intrinsic
point defects due to clustering to electrically inactive defect complexes. This may explain
while even ch-type absorbers exhibiting a high deviation from the Culn(C""), stoichiometry

are well performing in thin film solar devices.

5.3.2 Cation distribution in Cu;.,Ga,C""y 5.,

Neutron diffraction and the method of average neutron scattering length on off stoichio-

metric Cuj,Ga,Sey sy

In order to determine the cation distribution in off stoichiometric CGSe, neutron and anoma-
lous X-ray diffraction experiments were performed. As commented before, neutron diffrac-
tion offers the intrinsic advantage to distinguish between isoelectronic species like Cu” and
Ga’". Especially in Cu-poor Cu;yGaySeos+y, where an excess of gallium is within the struc-
ture, the possibility of Ga®" occupying also 4a position has to be taken into account. To de-
code if gallium prefers to occupy 4a or 4b position, neutron diffraction is the key technique in
the first step, because of the different neutron scattering lengths for copper (b=7.718 (4)fm)
and gallium (b=7.288 (2)fm).

The chemical formula, the Cu/Ga ratios as well as the present phases of the samples studied

by neutron powder diffraction are summarized in Table XXII.

Table XXII Chemical formula, Cu/Ga ratio and the present phases within the off stoichio-
metric CGSe samples studied by neutron powder diffraction.

Formula Cu/Ga Present phases
Cuy.280Gag 7115€1.711 1.059 Ch, Cuy.,Se
Cuo.995Gay.0055€2.005 0.997 Ch
Cuy.007Ga0.9935€1.993 1.015 Ch
Cuo.994Ga1.0065€2.006 0.987 Ch
Cuo.921Ga1.0795€2.079 0.852 Ch
Cuo.397Gay.1035€2.103 0.814 Ch

CU(),316Ga1,184S€2.184 0.681 Ch, CuGagses, CuGa5Seg
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Neutron powder patterns of off stoichiometric CGSe were collected on the high resolution
neutron powder diffractometer E9 at BENSC and full pattern Rietveld refinement, following
the sequence described in section 2.2.2, has been applied. With the resulting cation site occu-
pation factors of the ch-type crystal structure the average neutron scattering lengths for the 4a
and 4b positions were determined. In FIG. 5.14 the trend of the average neutron scattering
lengths bas and bay with increasing Cu-deficiency is presented.

All copper-poor samples show bas values strongly below 7.718 fm, what leads to the as-
sumption that this site is not occupied by copper only. The lower ba value can be caused by
the presence of copper vacancies or Gac, anti-site defects, because of bs,<b¢, an occupation
of Ga on 4a site would decrease b, , as well. On the other hand the b stays almost con-
stant over the whole analyzed compositional range. It has to be taken into account that the
bas and bas values exhibit a large error bar, thus it is a challenging task to decide about the
cation distribution model just by the simultaneous comparison of bas and by, with EZZIC and
b .

Nevertheless, an existence of V¢, can be assumed for all Cu-poor CGSe samples, due to
baa is always smaller than b¢,. If bas = bc, the 4a site would be fully occupied by copper.
The very copper-poor sample Cu/Ga=0.814 (#013) deviate from the general trend (see FIG.

5.14).
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FIG. 5.14 Experimentally observed average neutron scattering length of the two cation sites
4a and 4b of the chalcopyrite type crystal structure in dependence on the Cu/Ga ratio. The
horizontal lines index a full occupation of Cu (bc,) on 4a and Ga (bg,) on 4b position. The
vertical solid lines correspond to the boundaries between the single ch-type and the multi-
phase fields.
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For the sample with Cu/Ga=0.814 different cation distribution models have been developed
by the method of average neutron scattering length. Five of these possible models are summa-
rized in Table XXIII.

Table XXIII Possible cation distribution models for the very copper-poor CGSe sample with
Cu/Ga=0.814, as revealed by neutron powder diffraction.

Model Species 4a (000) 4b (00 %) interstitial
1 Cu 0.9
Ga 0.1 1.0
\Y
2 Cu 0.45 0.45
Ga 0.55 0.55
v
3 Cu 0.9 Ga; 0.1
Ga 1.0
\Y 0.1
4 Cu 0.845 0.055 Ga; 0.1
Ga 0.055 0.945
\Y 0.1
5 Cu 0.79 0.11 Ga; 0.1
Ga 0.11 0.89
\Y 0.1

All models have a full occupation of the 4b position in common. No vacancies are present on
this site.

In a first approach model I has been developed with Cu” and Ga’" located on the specific
Wyckoff sites (Cu” on 4a and Ga’* on 4b), whereas the additional gallium in the structure is
filling the vacancies on 4a position.

The gallium amount on 4a position can be calculated by eq. (5.1):

Ga,, =Ga"" -1 (5.1)

With Ga"P* is the molar fraction of gallium as revealed by WDX analysis.

In summary, neither vacancies on 4a or 4b, nor anti-site or interstitial defects are present in
model 1.

Model 2 assumes full disordering of the cations and therefore a large concentration of anti-site
defects of type Cug, and Gac,. A complete disordered, statistical distribution of Cu" and Ga**
within the cation sublattice would lead to a sphalerite type crystal structure with space group

F43m and therefore to an extinction of specific reflections in a diffraction pattern. Assuming
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this model, Cu” and Ga’" are sharing 4a and 4b position with about 55% site fraction, both
positions are fully occupied and no vacancies or interstitials are present.

Model 3, 4 and 5 have been extended by introducing vacancies on 4a position and the distri-
bution of the excess gallium on interstitial position. In model 3 the possibility of gallium is
sharing 4a position has been excluded. Whereas in contrast to this, in model 4 and 5, 5.5%
(model 4) and 11% (model 5) of Cu” and Ga’" share the same position (4b) but full disorder-
ing is not reached.

In summary all these five models are possible, but on the basis of the average neutron scatter-
ing length it cannot be decided, which model has to be preferred. To distinguish, which model

1s the present case in copper-poor CGSe, another comparative technique has to be applied.

Anomalous X-ray diffraction on off stoichiometric Cu;.,Ga,Sey s+,

Anomalous X-ray diffraction experiments were performed to evaluate the models explained
above. This technique uses the energy dependence of the X-ray scattering factors of
individual atoms like copper and gallium, and is explained in detail in section 2.2.3.

In advance of these experiments a few preliminary considerations were necessary to deter-
mine the reflections in the pattern which are sensible to anomalous diffraction. X-ray pattern
simulations were performed, using the atomic scattering factor according to eq. 2.15 (includ-
ing /" and /) and the five different cation distribution models.

The estimated scattering factors for Cu” and Ga®" used for the simulations are summarized in
Table XXIV for the energies close to and off the Ga-K absorption edge (10367 eV).

Table XXIV X-ray scattering factor contributions f;" and f; for Ga’*, Cu" and Se’ as used in
the si;olu%ations of the anomalous X-ray diffraction pattern, following the Cromer-Libermann
code ™"

Energy [eV] Ga’ [ Ga f” Cu'f Cu 1 Se” f° Se” [
10365 -8.29 0.491 -0.91 3.00 -1.40 0.73
10100 -3.22 0.515 -1.17 3.20 -1.34 0.76

In accordance to eq. 2.3 and 2.4 the 101 Bragg reflection was identified to be most suitable
for anomalous X-ray diffraction. Therefore the 101 Bragg peak was used to identify the cation
distribution model present in very copper-poor CGSe.

A part of the diffraction pattern, where the 101 Bragg peak occurs, of the sample with
Cu/Ga=0.814 (#013) measured with two different wavelengths (10365 eV and 10100 eV) is
illustrated in FIG. 5.15. The pattern were corrected by the ring current of the synchrotron and
normalized to the silicon 111 reflection. The silicon powder has been mixed with the sample

for this experiment to act as an internal reference material.
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FIG. 5.15 Part of the synchrotron X-ray diffraction pattern of the Cu-poor CGSe sample with
Cu/Ga=0.814 (#013) measured with two different wavelengths, according to 10365 eV and
10100 eV. The measured peak corresponds to the 101 Bragg-reflection.

The peak shown corresponds to the 101 Bragg-reflection of the chalcopyrite type crystal
structure. One can observe a decrease in intensity of this reflection measured at 10100 eV
compared to the one at 10365 eV.

The intensity of the 101 Bragg reflection measured at 10100 eV is clearly decreased com-
pared to the intensity of this peak collected at 10365 eV. To evaluate the measured diffraction
signal in more detail, the 101 Bragg-reflection has been simulated applying the five different
cation distribution models (see Table XXIII) and the two different wavelengths as used for the
experiment. The simulations are displayed in FIG. 5.16.

Model 1 and 2, both assuming a full occupation of the 4a and 4b position, can be distin-
guished very easy, due to the extinction of the 101 reflection in case of a complete disordered
distribution of the cations (model 2). Model 1 is characterized by a strong decrease of intensi-
ty when going off the gallium K-edge (10100 eV).

The simulations of the 101 reflection for model 3-5 look at first quite similar. Nevertheless a
distinction between the models 3-5 is possible by the application of single peak fits assuming
a Pseudo-voigt peak shape to the simulations, to compare the intensity ratio I'*°¢V/1'01%%¢V of
the 101 Bragg peak between the different cation distribution models. By visual inspection of
the intensity ratios (see FIG. 5.15 and FIG. 5.16) and taking into account that the b values

give rise for the presence of copper vacancies, model 1 can be excluded.
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FIG. 5.16 Simulations of the 101 Bragg-reflection at excitation energies close to and of the
gallium K-edge over Q. The calculations assume the chalcopyrite type crystal structure and

five different cation distribution models.

The intensity for the reflection collected at 10100 eV decreases not as much as it should de-

crease for a distribution of the cations just on their specific positions (model 1), and without

the presence of copper vacancies. Model 2 of the cation distribution models can be excluded

as well, due to the non-extinction of this reflection. The 101 reflection would be extinguished

for all applied energies, if a complete statistical distribution is assumed.

The cation distribution models which are still possible are the models 3-5. To evaluate which

model is the present case, single peak fits assuming a Pseudo-voigt peak shape have been ap-

plied to the experimentally recorded reflections, as well. The intensity ratio

10365¢V 101006V
7YY for

the simulated and the experimentally observed 101 reflection is shown as a function of the

Gagy site fraction in FIG. 5.17.
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FIG. 5.17 Intensity ratio of the measured (solid line) and simulated (points) 101 Bragg reflec-
tion for the two different energies as a function of Gac, anti-site occupation. The horizontal
dotted lines mark the error bar.

The experimentally observed intensities correspond well to the ratio of the simulations of
model 3. Therefore it can be concluded that the additional gallium in ch-type phase, as ob-
served by microprobe analysis, occupies not the 4a position of the ch-type structure but pre-
fers to occupy an interstitial position, which is reasonable for CGSe because of the small radi-
us of Ga®* (see Table II). With respect to the error bar of the experimental intensities a maxi-
mal Gac, anti-site occupation of about 4 % site fraction (21020 Gacy -cm'3) could be assumed.
Nevertheless around 10 % of the copper 4a site is vacant (V).

Finally it was shown that the quantification of intrinsic point defects in off stoichiometric
CGSe was not possible. But due to the complementary use of neutron powder and anomalous
X-ray diffraction a qualitative proposition has been made. It is shown that the excess gallium
in the structure prefers to go on an interstitial position and occupies just to small parts the
copper 4a site. The remaining 4a sites are empty and around 10 % of copper vacancies
(~9x10%° V¢, -cm™) are observed. In conclusion, the main existing defects in Cu-poor CGSe
are V¢, and Ga;, whereas an anti-site defect of type Gac, could not be clearly proven.

The preferable occupation of the additional gallium ions of the ch-type phase on an interstitial
position is different to the results made on Cu-poor CISe and was never shown experimentally

before.
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Neutron diffraction and the method of average neutron scattering length on off stoichio-

metric Cu;,Ga,Sy.5+y

Neutron powder diffraction and the method of average neutron scattering length were applied
to off stoichiometric CGS, as well.
The chemical formula, the Cu/Ga ratio as well as the present phases within the off stoichio-

metric CGS samples studied by neutron powder diffraction are summarized in Table XXV.

Table XXV Chemical formula, Cu/Ga ratio and the present phases within the off stoichio-
metric CGS samples studied by neutron powder diffraction.

Formula Cu/Ga Present phases
Cu0.997Ga1.00352.003 0.995 Ch
Cu.995Ga1.005S2.005 0.991 Ch
Cup.961Gay.039S2.039 0.923 Ch, GaS
Cug.894Gay.10652.106 0.835 Ch, GaS
Cuo.381Ga;.11952.119 0.817 Ch, GaS

The experimentally observed average neutron scattering length of the two cation sites 4a and
4b of the ch-type structure as a function of the Cu/Ga ratio are displayed in FIG. 5.18.
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FIG. 5.18 Experimentally observed average neutron scattering length of the two cation sites
4a and 4b of the chalcopyrite type crystal structure as a function of the Cu/Ga ratio in off
stoichiometric CGS. The vertical solid lines correspond to the boundaries between the single
ch-type and the multi-phase fields.

The b4y value of the two single ch-type phase samples with almost stoichiometric composi-
tion with Cu/Ga=0.995 (# 022) and Cu/Ga=0.991 (# 023) is lower than 7.288 fm. This value
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would assume a full occupation of the 4b site of the ck- type structure by gallium. A lower
value of bay than 7.288 fm can only be caused by the presence of cation vacancies on this site
(VGa). As revealed by microprobe analysis the molar fraction of gallium within these two
samples exhibits a small excess of gallium compared to the molar fraction of copper
(Ga“P*>1, Cu/Ga<l, slightly Cu-poor). Thus, one would expect that the 4b site is fully occu-
pied by gallium and the additional gallium is situated on the copper (4a) site or on an intersti-
tial position. The baa value of these two samples lies almost directly at 7.718 fm, what would
assume a full occupation of this site only by copper. This result gives a hint that the small
amount of copper vacancies, which could be present in Cu-poor material, are filled up by ad-
ditional gallium ions and a small amount (0.3-0.5 % site fraction) of Gac, anti-site defects are
present. But due to the error bars of the bsa and by values it is difficult to decide about the
cation distribution model only by simultaneous comparison of bsa and bz with B:Z/c and
b .

Nevertheless, an existence of Vg, and Ga; can be assumed in these two slightly copper-poor
single ch-type phase CGS samples due to the low b value.

The bas and bas values of the three analyzed Cu-poor samples which exhibit GaS as second-
ary phase show no clear trend. By simultaneous comparison of bsa and by, with EZL;/C and
B:‘ZC different cation distribution models have been developed for each of these three samples.
Table XXVI gives an overview about the fractional amount of point defects within these sam-

ples as revealed by the method of average neutron scattering length.

Table XXVI Possible cation distribution models for the three very Cu-poor CGS samples.

Cu/Ga Vg, [site fraction]  Gagy, [site fraction]  Ga; [site fraction]  Vg,[site fraction]

0.926 0 4% 6 % 6 %
0.835 10 % 11 %
0.817 0 13 % 4% 4%

All models have an anti-site defect of type Gac, in common and two of the three samples ex-
hibit Vg, and Ga;. Only one Cu-poor sample may exhibit copper vacancies (Vcy).

As mentioned previously, all of these three samples exhibit a secondary GaS phase next to the
ch- type phase. The coexistence of the ch-type phase with the GaS phase results in much more
complex structural properties. Thus, the values mentioned here for the fractional amount of
point defects of the ch-type crystal structure within multiphase samples should be considered
carefully. To determine more exact cation distribution models another comparative technique

like anomalous X-ray diffraction should be applied in future.
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Summary of intrinsic defects in off stoichiometric Cu;.,Ga,(C Vl)a 54y

The present section showed a detailed study about possible cation distribution models in off
stoichiometric Cul_yGay(CVI)o_5+y. In both analyzed compounds Ga; and Gac, have been de-
termined as the existent point defects. In CGS the presence of Vg, may be assumed as well. In
Table XXVII the present isolated point defects in off stoichiometric CGSe and CGS are

summarized.

Table XXVII Present isolated point defects in off stoichiometric Cu;.,Ga,(C V1)0_5+y.

Very Cu-poor with secondary ternary phase Cu-poor single ch-type phase

CGSe Gacy, Ga;, Ve Gacy, Ga;, Veu
CGS Gacy, Gaj, Vg, Gacy, Gai, Vga

From Table XXVII it is obvious that the main difference between the two compounds lies in
the type of cation vacancies. In Cu-poor CGSe the 4a position exhibits vacancies (V) in all
analyzed samples, whereas in Cu-poor CGS the 4b position (Vg,) is vacant in almost every
sample except one. Within this one sample the existence of V¢, is assumed.

In summary, the similarity of Cu” and Ga’" made it in both compounds a challenging task to
decide about the present cation distribution model by means of neutron diffraction and the
method of average neutron scattering length. Due to the complementary use of anomalous X-
ray diffraction in Cu-poor CGSe a more detailed knowledge about the cation distribution has
been obtained.

Nevertheless, the study presented here gives a qualitative declaration about the present cation
distribution and type of intrinsic point defects in off stoichiometric Cul-yGay(CVI)o.5+y, which

has never been studied before.
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5.3.3 Native defects in non-stoichiometric CIG(Se, S)

The evaluation of the cation distribution in off stoichiometric chalcopyrite type compound
semiconductors was extended to the quaternary Cu - In - Ga - selenide and sulphide systems.
For this purpose the same techniques as used for the analysis of the ternary systems were ap-
plied. The neutron powder diffraction data for the selenide samples were collected at the E9
diffractometer at BENSC, whereas the sulphide samples were studied at the high resolution

two-axis powder diffractometer D2B at the Institute Laue-Langevin in Grenoble/France.
Neutron diffraction and the method of average neutron scattering length on off stoichio-
metric Cujy(In,Gaj.,),Sep.s+y

Six different off stoichiometric CIGSe samples were studied by neutron powder diffraction,

whose chemical formula, Cu/B"™ and In/(In+Ga) ratios are summarized in Table XXVIIL

Table XXVIII Chemical formula, Cu/B" and In/(In+Ga) ratio of the ch-type phase of the Cu-
poor CIGSe samples studied by neutron powder diffraction.

Formula Cu/B"™ In/(In+Ga)
Cuy.036In0.558Ga0.4065€1.964 1.065 0.579
Cuo.960In0.773Ga0 2675€2.040 0.923 0.745
Cuo.933In0.530Gag 5375€2.067 0.871 0.498
Cuo.384In0.800Gag 3075€2.116 0.793 0.725
Cuo.s23In0.840Gag 3375€2.177 0.700 0.713
Cuo.309In0.584Ga0.6075€2.191 0.679 0.490

FIG. 5.19 shows the experimental average neutron scattering lengths for the studied CIGSe
samples as a function of the Cu/B™ ratio (with B" are (In+Ga)). A full occupation of the 4a
position by Cu" is indexed by the horizontal dotted line, whereas the vertical lines index the
boundaries to the multiphase fields (Cu-poor: Ch+Cu(In,Ga);Ses and Cu-rich:
Ch+CuSe+Cuy.«Se).

The cation distribution model was developed by the application of the method of average neu-
tron scattering lengths as follows:

The empty stars symbolize B:Z[C , the calculated average neutron scattering lengths for the case
all copper ions present in the ch-type phase (according to the molar fraction of copper as ob-
served by WDX analysis) occupy the 4a position. Thus, the theoretically amount of vacancies
on this position for this model can be calculated by:

V. =1-Cu"™ (5.2)
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FIG. 5.19 The average neutron scattering lengths as a function of the Cu/(In+Ga) ratio in off
stoichiometric CIGSe. The horizontal solid lines index the values b . The vertical solid lines
correspond to the boundaries between the single ch- type and the multi-phase fields. T he hor-
zzontal dotted lines index a full occupatzon of the 4a site by Cu”, and the 4b site by In’" and
Ga’", with In/B™ =0.25 and In/B" =0.50.

Moreover, the 4b position is fully occupied by trivalent cations (In’", Ga®"). In copper-poor
material the sum of the molar fractions of indium and gallium, as observed by microprobe
analysis, is higher than one (N;, + Ng, > I; Nj, and Ng, are the molar fractions of indium and
gallium, as observed by WDX analysis). The excess amount of trivalent cations in Cu-poor
CIGSe, as observed by microprobe analysis, i1s assumed to be in same parts on an interstitial
position ((N,, + N, )—1=B").

Therefore the b4 value, with N m, T Ng,, =1 as requirement, is calculated according to:

—calc

by = Nln 'b,n +NGa 'bGa ( 5.3)

Within eq. (5.3) b, and bg, are the neutrons scattering lengths for indium and gallium.

Cation point defects in Cu-poor CIGSe

In all Cu-poor samples a decrease of the bia value with decreasing Cu/B"" ratio is observed
(see FIG. 5.19). Comparing the average neutron scattering lengths of both positions, the by
values agree satisfactory to the experimental values in all samples, except the sample with
Cu/B"=0.871 and In/B"™ =0.498 (#040). The ba, value of these samples is almost equal to
l_viilc (solid lines), which leads to the conclusion that only In* and Ga*" occupy the 4b site. No
indication for a Cug" anti-site occupation is given. This would increase the ba value com-

—calc
pared to b4y ,dueto b, >b,, >b,, .
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The equivalency of the theoretical and experimental average neutron scattering lengths
BZZ/C ~bi, , assuming only Cu" and V¢, according to eq. (5.2) on 4a site, can exclude the pos-
sibility of an anti-site occupation of trivalent cations on 4a site. It can be concluded that the
effective V¢, site fraction in these samples can be evaluated from the molar fraction of cop-
per, as determined by WDX analysis, according to eq. (5.2). No anti-site defects of type Cuy,
or Cug, can be observed. Moreover the additional indium and gallium cations in the phase, as
observed by WDX analysis, are on an interstitial position within the ch-type structure in the
samples with Cu/B"'=0.923 (#038); 0.793 (#042); 0.700 (#046) and 0.679 (#047).

In comparison to this result, in ternary Cu-poor CISe no In; defects could be observed, where-
as in Cu-poor CGSe the dominant point defect is Ga;. This can be explained by the smaller
ionic radius of gallium compared to indium. The presence of Ga; in Cu-poor CGSe leads to
the assumption that the interstitial defect in quaternary CIGSe may be Ga;, as well. However
the cation distribution model confirmed here by the method of average neutron lengths re-
vealed that the excess amount of indium and gallium within the ch-type phase are in same
parts on an interstitial position. In summary, In; and Ga; defects are present in Cu-poor CIGSe.
One has to take into account that the sample with Cu/B"'=0.679 and In/B"'=0.490 is a multi-
phase sample, where the cation distribution in the ch-type phase, as determined by the method
of average neutron scattering length, has to be considered carefully. The coexistence of the
chalcopyrite type with the Cu(In,Ga);Ses vacancy phase results in much more complex struc-
tural properties. Nevertheless, the calculated values for 4a and 4b position are in good agree-
ment with the experimental observed ones. This behavior confirms the cation distribution

model built up on the basis of eq. (5.3) in this sample.

Cation point defects within the Cu-poor sample Cuy.933Ing s30Gag s378€2.067

The sample with Cw/B™=0.87 and In/B"=0.498 (#040) exhibits by, >b4s . This can be
caused by the presence of a higher amount of copper vacancies than calculated by eq. (5.2) or
an Inc, anti-site occupation. Both would cause a decrease of the b value (BZZIC >baa ). The
simultaneous comparison of the average neutron scattering length of the 4b position leads to
the following:

For the 4b position it is assumed that only indium and gallium share this position. The
B:ilc value calculated by the use of eq. (5.3) for this model is in agreement with the experi-
mental observed average neutron scattering length. Moreover the additional trivalent cations
which are within the structure (0.07 molar fraction in total) can occupy to same parts (0.035
molar fraction indium and 0.035 molar fraction gallium) an interstitial or the 4a position. An
interstitial occupation in same parts by indium and gallium has already been confirmed in the
other analyzed samples (with Cu/B"'=0.923; 0.793; 0.700 and 0.679) within this series.
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In the next step it was assumed, that 0.035 molar fraction of additional indium occupies the 4a
site and the same amount of copper has to be on an interstitial position. The calculated aver-
age neutron scattering length for such case converges to the experimental observed one.
Therefore this model is possible, as well as the model, assuming copper on interstitial position
and a higher vacancy concentration (V¢,) than calculated by eq. (5.2).

In summary the possible native defects in this sample are V¢, Incy, Cu, In; and Ga;.

Cation point defects within the Cu-rich sample Cuj g36Ing.sssGag.4065€1.964

The Cu-rich sample Cu; o36Ing.sssGaoosSer 064 With Cu/B"=1.065 and In/B™ =0.579 (# 036)
shows BZ‘Z" < bay (see FIG. 5.19). This is a hint for copper ions, occupying the 4b position,
forming a Cug'" anti-site defect. A similar behavior has already been observed in copper-rich
CISe, where an additional copper incorporation into the chalcopyrite structure of up to 3 %
site fraction has been proven. The amount of CuBIII can be verified in the Cu-rich CIGSe sam-
ple in the following way.

The calculated average neutron scattering length for the case that In*", Ga®" and Cu” share the
4b position, can be derived using eq. (5.4):

—calc

by =In, -b, +Ga,, b, +(1-1In, —Ga,,) b, (54)

The application of eq. (5.4) revealed a copper on 4b anti-site occupation of about 4 % site

I 1t can be concluded that in

111

fraction, which leads to a concentration of 4.32 x 10 cm™ Cug
Cu-rich CIGSe In*", Ga’" and Cu” share the 4b position. No vacancies of this site (Vg

be detected. A comparison of the experimental average neutron scattering length of the 4a

) can

—calc

position with the calculated one, results in a full occupation of Cu” of this site (EZ’;" =baa ).

Defect concentration in off stoichiometric CIGSe

The concentration of copper vacancies was calculated using the extracted values of the frac-
tional amount of V¢, and the lattice constants determined by the Rietveld analysis. In FIG.
5.20 the defect concentration within off stoichiometric CIGSe is displayed as a function of
Cw/B".
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FIG. 5.20 The concentration of Ve, and B"; as a function of the Cu/(In+Ga) ratio. The verti-
cal solid lines correspond to the phase boundaries between the single ch-type phase and the
multiphase fields.

The Vcy-concentration is clearly increasing with increasing Cu-deficiency, which is reliable
due to the negative defect formation energy of V¢, in Cu-poor CISe as calculated by Zhang et
al. '*. For the sample with Cu/(In+Ga)=0.871 one has to take into account that the decrease
of the b4 value can be caused by the formation of copper vacancies but also by an anti-site
occupation of type B¢, which cannot be distinguished only on the basis of neutron diffrac-

tion experiments. The concentration of B

is based on the assumption that the excess indium
and gallium of the ch-type phase, as known from the WDX anaylsis, are on interstitial posi-
tion within the ch-type crystal structure. An anti-site occupation of type Cug' is only ob-
served in the Cu-rich sample studied here.

A clustering of defects to neutral defect complexes as detected for off-stoichiometric CIGSe

cannot be verified reliable.

Neutron diffraction and the method of average neutron scattering length on off stoichio-
metric Cup,(InyGa;.),So.s+y

A similar study about the cation distribution has been performed on off stoichiomtric CIGS
powder samples. Thin film solar cell absorbers made of this compound exhibit after the depo-
sition process a more copper-rich composition. Therefore more Cu-rich samples (Cu/B">1)
have been studied compared to the other investigated systems.

Six different off stoichiometric CIGS samples were studied by neutron powder diffraction,

whose chemical formula, Cu/B™ and In/(In+Ga) ratios are summarized in Table XXIX
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Table XXIX Chemical formula, Cu/B"™ and In/(In+Ga) ratio of the ch-type phase of the CIGS
samples studied by neutron powder diffraction.

Formula Cu/B"™ In/(In+Ga)
Cuy 044In0.280Ga0.66751.956 1.097 0.302
Cuy.034In0.215Gag.75151.966 1.070 0.222
Cuy.013In0.761Ga0.22651.987 1.028 0.771
Cuo.993IN0.200Ga0.71552.007 0.986 0.290
Cuo.9611n0.820G20.21052.039 0.926 0.797
Cuo.9461N0.795Ga0.25952.0941 0.898 0.754

The resulting average neutron scattering lengths for the six investigated samples are displayed
in FIG. 5.21.
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FIG. 5.21 Average neutron scattering lengths as a function of the Cu/B™ ratio of off stoichi-

ometric CIGS. The vertical solid line indexes the point of stoichiometry, were the stoichio-
metric compound Culn,Ga,..S> is situated. The horizontal dotted lines index a full occupation
of the 4a site by Cu", and the 4b site by In®* and Ga’ " with In/B"=0.25 and In/B™=0.75, re-
spectively.

Cation point defects in Cu-poor Cuj.,(In,Ga.),So.5+,

The analysis of the experimental average neutron scattering lengths of the 4a position in the
Cu-poor samples shows a trend to decrease, but not as strong as expected from the calculated
values (empty stars). For the calculated values it was assumed, that the whole amount of cop-
per, as determined by WDX analysis, is occupying the 4a position and the amount of vacan-
cies is calculated by eq. (5.2). FIG. 5.21 shows (EZZ">1§ZZZ") for the Cu-poor samples, which
gives the hint that less copper vacancies are present in the structure than expected from the
chemical composition. Therefore the cation distribution model has been extended by introduc-
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ing an anti-site occupation of Indium and gallium, which is in excess (molar fractions of
WDX 4 (5, WDX

position to same parts and increase the experimentally observed average neutron scattering

In >1 ) present in the ch-type phase, on 4a site. They fill up the vacancies of this
length. The estimation of the fractional amount of vacancies on this position is possible by an
analysis of the experimental (full symbols) and calculated (horizontal lines) average neutron
scattering length of the 4b position. The cation distribution model applied for the calculation
is the same like in CIGSe, assuming a full occupation of the 4b position by indium and galli-
um only. Thus the calculation of BZZZC has to be performed according to eq. (5.3). In the pre-
sent case (CIGS), for the samples with Cu/(In+Ga)=0.986 and 0.898 an agreement of
by Zbﬁk is observed. This means that the 4b site is completely occupied by indium and gal-
lium only. No vacancies or Cug'" anti-site defects are present on this position.

The ba, value for the sample with Cu/B™=0.926 and In/B"'=0.797 (# 058) is increased com-

pared to the calculated value. This increase can be caused by a Cug™

anti-site occupation, at
which in return the b4, value should be decreased. This is not the case in the present sample.
The b, value observed here can only be achieved, if all the copper (molar fraction as deter-
mined by WDX analysis) is situated on 4a site and the vacancies, which would be present, are
filled up by trivalent cations, which are in excess in the structure. The question is, which triva-
lent cation is occupying the vacancies, and to which parts indium and gallium are occupying
the 4b position. Simultaneous comparison of the experimental and calculated average neutron
scattering length of the two cation sites revealed an anti-site occupation of indium on 4a site.
If the excess trivalent cation, occupying 4a position, is indium, the condition bia %E:Z/C and
—exp —calc

bay =bay 1s fulfilled. Therefore for this sample the following cation distribution model can
be proposed (Table XXX):

Table XXX Cation distribution for the sample with Cu/B"'=0.926 and In/B"=0.797 and the
common formula Cug.gslng s3Gap 218204

Cation site Cu' [site fraction] I’ [site fraction] Ga’* [site fraction]

4a 0.96 0.04 0
4b 0.79 0.21
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It can be summarized that also in this sample no vacancies, neither on the 4a (copper-) nor on
the 4b (indium/gallium) site can be observed. A similar result has been observed in the ternary
Cu-poor CGS compounds. Within the CGS series only one sample gave a hint for the pres-
ence of copper vacancies. The other analyzed samples showed Gac, and Ga; as main defects.

In summary, in Cu-poor CIGS both positions are fully occupied, with an anti-site occupation
of 4 % site fraction of indium on 4a position (Incy,). This cation distribution is possible due to
the higher amount of indium compared to gallium in the present sample. An anti-site occupa-

tion of indium on 4a site has already been observed in copper-poor CISe and CIS.

Cation point defects in Cu-rich Cuy,(In.Ga;.x),So.5+,

—calc

The samples with 1 < Cu/In < 1.07 exhibit a full occupation of copper on 4a site (Z:Zp ~baa ).
The 4b position is only occupied by indium and gallium (BZPZBZ;/C ), which are less in the ch-
type structure in this compositional range. Therefore also vacancies are present on this site,
because they are not occupied by the additional copper ions, which would cause an increase
of the bs value. These additional copper ions have to be situated on interstitial positions.
The sample which exhibits Cu/B"=1.07; In/B"'=0.22 (#048) shows an increased experimental
average neutron scattering length parameter for the 4b position. This increase can only be
caused by a copper on 4b anti-site occupation of up to 3 % site fraction. A similar amount of

Cug™ has been evaluated in copper-rich CISe.

Defect concentration in off stoichiometric CIGS

In the Cu — In — Ga - S system in the copper-poor region no vacancies of the 4a site have been
observed, which is in contrast to the observations made in the selenide system. Moreover an
increased anti-site occupation of the trivalent cations In’" and Ga’" on 4a site has been no-
ticed. These cations occupy the vacancies of the original copper position and reduce the
amount of vacancies there. The existence of a defect complex of type (2Vc,+B"¢,) cannot be

proved, due to the absence of copper vacancies.
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FIG. 5.22 Defect concentrations as a function Cu/(In+Ga) ratio in off stoichiometric CIGS.
The vertical solid line indexes the point, where stoichiometric compound Cu(In,Ga;.)S> is
observed.

The defect concentrations in CIGS with increasing copper-deficiency are displayed in FIG.
5.22. In the copper-rich region the existence of vacancies on the 4b (In*"/Ga’") site is ob-
served, which come along with an additional incorporation of copper on interstitial position.
Moreover in the very Cu-rich sample with Cu/B™=1.097 (#048) a Cug'" anti-site occupation

has been proven.

Conclusion of intrinsic point defects in off stoichiometric Cu;.,(In.Ga;..)( ), S4p

Both quaternary compounds exhibit high concentrations of native point defects. The behavior
of sulfides and selenides differ in terms of the kind of dominant point defects in the Cu-poor
region. In CIGSe, high concentrations of copper vacancies (V¢,) have been noticed, whereas
the dominant point defect in CIGS in this region is a B"'¢, anti-site defect. A clustering of
defects in CIGSe and CIGS to neutral defect complexes, like shown for CISe, could not be
proved accurately in the present study. Nevertheless, such neutralization due to defect com-
plex formation can be assumed here as well, to explain the functionality of CIGS and CIGSe
absorbers exhibiting a degree of off stoichiometry and therefore high point defect concentra-

tions.
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5.4 Conclusion of cation distribution in off stoichiometric chalco-
pyrites

In the previous sections the cation distribution, present intrinsic point defects and the possibil-
ity of clustering of defects to neutral defect complexes has been evaluated for off stoichio-
metric CISe, CIS, CGSe, CIGSe and CIGS. The first studies on the ternary compounds have
been made to understand the more complex defect formation mechanisms in the quaternary
compounds. In Table XXXI the predominant intrinsic point defects in all investigated systems

are summarized.

Table XXXI Dominant intrinsic point defects in different off stoichiometric Cu-B"™ - C"
chalcopyrite type compound semiconductors. The bracket indicates a very low concentration.

CiSe CGSe CIS CGS CIGSe CIGS
In/B"=0.50 In/B"=0.75 In/B"=0.25 In/B"=0.75
Cu- Voo Vo Va Veu Veu
poor Ga; Ga; B", B",
Cu; Cu;
Incy  (Gacy) Incy  Gacy B"¢, B"¢,
Cup (Cup)
Vaa

Cu- Cup CuBHI CuBIH
rich Cuy;

In the Cu-poor specimens of all series, exclude CGS and CIGS, high concentrations of V¢,
have been observed. Moreover in CISe and CIS a slight anti-site occupation of indium on 4a
and copper on 4b site has been detected. This lead to the assumption of a clustering of V¢,
and Inc, to neutral defect complexes of type (2VC‘M +1né;), which are electrically inactive. An
existence of these complexes has been proved for CISe and would explain the functionality of
a solar device, with similar stoichiometry, exhibiting such high concentration of native de-

fects.

As soon as gallium is introduced into the structure the behavior changes. The trend goes to an
occupation of the excess trivalent cations on interstitial positions.

In CGSe an anti-site occupation of type Gac, was assumed at first, but the anomalous diffrac-
tion experiments revealed the contrary. On the basis of these experiments it has been estab-

lished that the excess gallium in Cu-poor ch-type CGSe prefers an interstitial position and
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only a very low amount of Gag, is present. The presence of gallium on interstitial positions in
Cu-poor CGSe and the non-presence of In; in Cu-poor CISe is a consequence of the different
ionic radii for gallium (small radius) and indium (large radius). The small gallium ions do not
need so much space within the lattice and can go on an interstitial position, whereas the large
indium ions need to occupy the vacant 4a (Cu) sites.

In Cu-poor CIGSe no BHICu anti-site defects could have been proven as well. The excess In**
and Ga’" within the ch-type phase do not occupy the 4a (Cu) site, but go on interstitial posi-
tions (Ga; and In;). Based on this result, one can make the assumption the presence of gallium
in the lattice inhibits the formation of the BIHCu anti-site defect, at least in the selenide com-

pounds.

This result may explain the broader homogeneity region of the ch-type phase on the
Cu,Se - (InyGa; x)2Se; pseudo-binary tie line into Cu-poor direction, compared to the HR of
the ch-type phase on the Cu,Se — In,Ses section. The BHICu anti-site defect is necessary to
form the CuB"3Ses vacancy phase (see section 5.3.1). The presence of gallium in CIGSe in-
hibits the generation of the BIHCu defect and therefore promotes the formation of Ga; and In;.
In conlcusion, the repression of the B"'¢, anti-site defect in Cu-poor CIGSe may suppress the

formation of the CuB"'3Ses vacancy phase, when increasing the copper-deficiency, as well.

The analysis of the present point defects in Cu-poor CGS and CIGS revealed the contrary
compared to the results of the selenide series. Within CGS and CIGS, it is observed that the
excess trivalent cations prefer to occupy the vacant copper positions (4a), which leads to a
reduction of copper vacancies with increasing copper-deficiency. Moreover, Ga; and Vg, have
been determined as dominant point defects in Cu-poor CGS.

In the analyzed Cu-rich CISe, CIGSe and CIGS samples it has been noticed that the dominant
intrinsic point defect is a Cuy, anti-site defect. The additional copper ions within the structure
occupy completely or just in some parts, like in CIGS, to 4b position. The copper amount left

occupies interstitial positions within the chalcopyrite type crystal structure.

Finally it has been demonstrated that all analyzed chalcopyrite type compound semiconduc-
tors exhibit high concentrations of various intrinsic point defects, whereas the type and densi-
ty is a function of the Cu/B™ ratio. These isolated point defects can form electrically neutral
defect complexes, whereby the amount of point defects in the material is significantly re-
duced. The functionality of a thin film solar device with a CISe absorber layer as example,
exhibiting a similar composition like in the samples analyzed here, may be explained by the
presence of neutral defect complexes ** "% A similar mechanism has to be assumed in the

other analyzed compounds (CIGSe and CIGS) as well, to explain the efficient production of
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thin film solar cells with absorbers made of them, even exhibiting high concentrations of na-

tive defects.






6 Conclusion and Outlook

This work presents a systematic study on structural variations in chalcopyrite type compound
semiconductors with composition. All investigations have been performed on reference pow-
der material, prepared by a solid state reaction of the pure elements in sealed evacuated silica
tubes.

The samples have been analyzed by X-ray diffraction and electron microprobe analysis in
order to obtain the phase relations within the pseudo-binary sections (CuzCVI)l_y - (BHIzCVIg)y,
with B"=In, Ga and C"'=Se, S. Comparing the stability region of the chalcopyrite type phase
in the four investigated pseudo-binary systems, the (Cu,Se)i.y - (GasSes)y system allows the
largest deviation off stoichiometry by keeping the chalcopyrite type crystal structure. Thus,
the single phase region for the chalcopyrite Cu,.yIn,Seo s+, phase can be enlarged by the sub-
stitution of indium by gallium.

The chemical analysis of the powder samples revealed in all samples a chalcogen deficiency,
which is increasing with decreasing Cu/B™ ratio. This deficiency may be explained by the
uncontrolled vapour partial pressure during the powder synthesis procedure. In future, the
synthesis method should be modified to a more chalcogen fugacity controlled method, by the
use of a more defined reaction volume or using an adequate chemical buffer during the pow-

der synthesis.

Additional to the structure - microstructure investigations performed at room temperature, the
temperature dependent structural changes of chalcopyrite type compound semiconductors
within a temperature range of 1.5 K <T <1330 K were studied by in-situ high energy syn-
chrotron X-ray and neutron diffraction. The structural phase transition from the ordered chal-
copyrite to the disordered sphalerite type crystal structure has been observed in copper-poor
CuiyGaySeps+y and Cugoeolng 773Gag267S€2040 at T=1315K (1042 °C) and T=1119K
(846 °C), respectively. An enhanced anti-site occupation of the type Cug'" - B¢, was found

to introduce this solid-solid transition in both compounds. Moreover, the behavior of the two

139
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independent parameters of the chalcopyrite type crystal structure, the tetragonal distortion
A = I1-n and the tetragonal deformation u = 0.25-x(C""), revealed a trend to zero when ap-
proaching the transition temperature. The study of the structural phase transitions should be
extended to Cuj.y(InGajx)ySo 5+y.

A negative linear thermal expansion coefficient has been certified in almost stoichiometric
Cu(InyGa, 4)Se; for various In/(In+Ga) ratios. The critical temperature, where the linear ther-
mal expansion coefficients change their behavior, depends on the average bond ionicity of the

B" - Se cation-anion bond.

For the determination of structural trends, advanced diffraction techniques, i.e. neutron- and
anomalous X-ray-diffraction with subsequent Rietveld analysis was applied. The study re-
vealed a high concentration of isolated point defects in off stoichiometric chalcopyrites. Their
type and density depend on the composition. The formation of electrical inactive defect com-
plexes from isolated point defects has been considered and proven in the Cu — In - Se system.
Assuming comparable structural properties for the chalcopyrite type absorber layer like in the
reference powder materials, the functionality of a solar device may be explained by the for-
mation of electrically inactive defect complexes.

In future, a similar systematic and fundamental study should be performed on Cu-poor
ch-type materials introducing defined amounts of sodium during sample preparation. A posi-
tive effect in solar cell characteristics, if sodium is co-evaporated during the multi-stage pro-
cess, was reported '2’. One reason for this positive effect could be that sodium forms defects
on the Cu (4a) and B" (4b) sites which reduce the stability of the (ZVC; + Bé:) defect complex
and thus suppress the formation of the 1 —3 —5 and 1 — 5 — 8 vacancy compounds '**. An
evaluation of this theory could be done by a systematic neutron diffraction study on Cu-poor
chalcopyrite type materials including defined amounts of sodium.

The neutron diffraction study performed here revealed a change of the anion-position parame-
ters x(C*') with increasing copper-deficiency in all studied systems. This change should di-
rectly influence the optical band gap of the material, which decreases with increasing copper-
deficiency. This theory should be proved in future by the determination of the optical band

gap of the structural and chemical well characterized samples studied here.

In summary, this work presents a systematic and detailed study on structural variations with
composition in chalcopyrite type compound semiconductors. A qualitative and more or less
quantitative analysis of type and concentration of cation defects within off stoichiometric
chalcopyrite type compound semiconductors has been performed by advanced diffraction

techniques.
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This gives an important contribution to the comprehension of crucial structure-property rela-
tions in this material, which is indispensible to tailor high efficient thin film solar cells made

of such compounds.
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A1l Samples and composition |

ClSe Long name  Mol-fraction Cu,Se  Mol-fraction In,Se; Cu/B" Phases Cu,Se (W-%)  CuSe (W-%) Culll;Vls  ClllsVig comments
001 ClSe33 0.5095 0.4905 1.038 Ch+Cu,«Se+CuSe 29.84(8) 4.21(9)
002 ClSe4.5 0.4868 0.5132 0.949 Ch
003 ClSel5 0.4863 0.5137 0.947 Ch
004 ClSel2 0.4852 0.5148 0.943 Ch
005 ClSel0 0.4564 0.5436 0.841 Ch Annealed at T=600°C
006 ClISe5 0.4565 0.5435 0.841 Ch
007 ClSel5 0.4498 0.5502 0.754 Ch+Culn;Ses 34.36(6) Annealed at T=600°C
CGSe Probe Mol-fraction Cu,Se Mol-fraction Ga,Se; Cu/B"
008 CGSe016 0.5144 0.4856 1.059 Ch+Cu,«Se 12.86(8)
009 CGSe025 0.4944 0.5056 0.997 Ch+Cu,.Se X
010 CGSe4.5 0.5037 0.4963 1.015 Ch+Cu,«Se X
011 CGSel5 0.4958 0.5042 0.987 Ch
012 CGSel5 0.4556 0.5444 0.852 Ch
013 CGSe20 0.4491 0.5509 0.814 Ch Annealed at T=600°C
014 CGSe25 0.4124 0.5876 0.681 Ch+CuGa;Ses 4.21(9)  Annealed at T=600°C
CIS Long name  Mol-fraction Cu,S  Mol-fraction In,S; Cu/B" Phases Cu,Se (W-%)  CuSe (W-%) ClllsVig comments
015 CIS3 0.5085 0.4915 1.035 Ch+Cu,S
016 CIS06 0.4969 0.5031 0.988 Ch
017 CIS 0.4964 0.5036 0.993 Ch
018 CIS9 0.4872 0.5128 0.967 Ch+CulnsSg 1.95(9)
019 CIS6 0.4736 0.5264 0.947 Ch+CulnsSg 2.85(8)
020 CIS12 0.4763 0.5237 0.911 Ch+CulnsSg 7.59(4)
021 CIS15 0.4485 0.5515 0.844 Ch+CulnsSg 8.52(3)




CGS Longname  Mol-fraction Cu,S  Mol-fraction In,S; Cu/B" Phases  Cu,S(W-%)  CuS(W-%) GaS (W-%) ClllsVig comments
022 CGS06 0.4986 0.5014 0.995 Ch
023 CGS 0.4976 0.5024 0.991 Ch
024 CGS13 0.4805 0.5195 0.926 Ch-GaS 2.13(8)
025 CGS14 0.4471 0.5529 0.835 Ch-Gas 5.75(7)
026 CGS15 0.4404 0.5596 0.817 Ch-GaS 7.46(9)
CIGSe Probe Mol-fraction Cu,Se  Mol-fraction In,Se; Mol-fraction Ga,Se;  Cu/B"'  In/(In+Ga) Cu,Se (W-%)  CuSe (W-%) CulllzVIs  ClllsVig comments
027 C_045101G045Se 0.5321 0.0972 0.3707 1.136 0.221 Cu2Se X
028 C108G02Se 0.5298 0.4060 0.0641 1.127 0.918 Ch
029 Cl04G06Se 0.5263 0.2110 0.2628 111 0.47 Ch+Cu,Se X
030 C_58125GSe 0.5258 0.1146 0.3595 1.108 0.255 Ch+Cu2Se X
031 Cl102G08Se 0.5256 0.0805 0.3938 1.107 0.177 Ch+Cu,Se+CuSe X X
032 Cl01G09Se 0.5250 0.0432 0.4317 1.104 0.096 Ch+Cu,Se X
033 Cl09G01Se 0.5203 0.4199 0.0598 1.084 0.912 Ch
Sample not
homogenous;
Problems with
034 C_58150GSe 0.5195 0.3144 0.1661 1.08 0.65 Ch+GSe+tlse synthesis
035 C-06125GSe 0.5193 0.1378 0.3429 1.08 0.287 Ch+CuSe 6.08(6)
036 C-06150GSe 0.5159 0.2804 0.2037 1.065 0.58 Ch+CuSe 8.05(9)
037 C-06175GSe 0.5056 0.4453 0.0491 1.023 0.901 Ch+Cu,Se X
038 C_58175GSe 0.4800 0.3873 0.1327 0.923 0.745 Ch
039 C_015125GSe 0.4678 0.1325 0.3998 0.88 0.248 Ch
040 C_015I50GSe 0.4664 0.2828 0.2508 0.871 0.498 Ch
Annealedone time
more at T=850°C
sample still not
homogenous Ise. Gse.
041 C_27125GSe 0.4429 0.1582 0.3989 0.796 0.284 Ch+GSe+lIse+Cu,,Se Cu,«Se
042 C_015175GSe 0.4421 0.4045 0.1535 0.793 0.725 Ch
043 C_04101G05Se 0.4425 0.1089 0.4487 0.793 0.195 Ch
044 C_04104G02Se 0.4298 0.4507 0.1194 0.755 0.693 Ch+CIG3Se5



CIGSe Probe Mol-fraction Cu,Se  Mol-fraction In,Se; Mol-fraction Ga,Se;  Cu/B"'  In/(In+Ga) CulllgVIs  ClllsVig comments
045 C_04105G01Se 0.4237 0.5744 0.0020 0.735 0.865 Ch+CIG3Se5
046 C_27175GSe 0.4114 0.4944 0.0942 0.700 0.713 Ch+Cu(In.Ga);Ses 12.84(7) annealed at T=600°C
047 C_27150GSe 0.4046 0.2919 0.3035 0.679 0.490 Ch+Cu(In.Ga)sSes 15.03 (1) annealed at T=600°C
CIGS Probe  Mol-fraction Cu,S  Mol-fraction In,S;  Mol-fraction Ga,S;  Cu/B"'  In/(In+Ga) ClllsVlg
048 C-06125GS 0.5220 0.1446 0.3334 1.097 0.302 Ch
049 C102G08S 0.5170 0.1074 0.3756 1.070 0.222 Ch+Cu2-xS
050 C104G06S 0.5165 0.2068 0.2767 1.068 0.428 Ch
051 C106G04S 0.5125 0.3117 0.1758 1.051 0.639 Ch
052 Cl08G02S 0.5067 0.3806 0.1127 1.028 0.771 Ch
053 C_58125GS 0.4963 0.1461 0.3576 0.986 0.290 Ch
054 C_015125GS 0.4955 0.0109 0.4936 0.983 0.022 Ch+Cu2Ga+Cu,,S
055 C_58150GS 0.4916 0.2050 0.5868 0.967 0.403 Ch
056 C_015175GS 0.4875 0.5058 0.0067 0.952 0.987 Ch+Cu2-xS+Culn
057 C-06150GS 0.4865 0.2634 0.2501 0.948 0.513 Ch+Cu,S
058 C-06175GS 0.4805 0.4143 0.1052 0.926 0.797 Ch
059 C_015150GS 0.4777 0.2544 0.2679 0.919 0.487 Ch
060 C_58175GS 0.4729 0.3975 0.1295 0.898 0.754 Ch




A2 Samples and Composition |1

System  Nr. Formula Am = [BC.I.J.] _1
CISe 1 Cuy.0101N0.081S€1.981 0.039
2 CUo.9741N1.0265€2.026 -0.051
3 CUo.973IN1.0275€2.027 -0.053
4 CUo.9701N1.0305€2.030 -0.058
5 Cuo.013IN1.087S€2.087 -0.160
6 Cug 0131N1.087S€2.087 -0.160
7 CUo.g501N1.1415€2 141 -0.247
CGSe 8 Cuy1.280Ga0.7115€1 711 0.813
9 CUo.995Ga1.0055€2.005 -0.010
10 CU1.007Ga0.9935€1.993 0.014
11 CUo.094Ga1.0065€2.006 -0.012
12 CU.921Ga1.0795€2.079 -0.146
13 CUo.897Ga1.1035€2.103 -0.187
14 CUo.816Ga1.1845€2 184 -0.311
CIS 15 Cuy.0171N0.08351.983 0.035
16 CUo.9941N1.00652.006 -0.012
17 CUo.9931N1.007S2.007 -0.014
18 CUo.9741N1.02652.026 -0.051
19 CUg.0471N1.05352.053 -0.101
20 CUo.0531N1.04752.047 -0.090
21 CUo.8971N1.10352.103 -0.187
CGS 22 CUo.097Ga1.00352.003 -0.006
23 CUo.095Ga1.00552.005 -0.010
24 CUo.061G21.03952.039 -0.075
25 Cup 804Ga1.10652.106 -0.192
26 Cuo.881Ga1.11952.119 -0.213
CIGSe 27 Cuy.0641N0.208G0.728S€1.936 0.137
28 Cu1.0601N0.863G20.077S€1.940 0.128
29 Cu1.0531N0.445G0.5025€1.947 0.112
30 Cu1.0521N0.242G20.706S€1.948 0.110
31 Cuy.0511N0.170G20.770S€1.949 0.107
32 CU1.0501N0.001Ga0.8505€1.950 0.105




Cu]

System  Nr. Formula Am =1L

CIGSe 33 Cu1.0411N0.875Ga0.0845€1.959 0.086
34 CUy.0391N0.620G20.33252€1.961 0.081
35 CU1.0391N0.275Ga0.6865€1.961 0.081
36 Cu1.0361N0.558G20.406S€1.964 0.075
37 Cu1.0111N0.891Ga0.008S€1.989 0.022
38 CUo.9601N0.773G20.2675€2.040 -0.077
39 CUg 9361 N0.265G20.7995€2.064 -0.120
40 CUo.0331N0.530G20.5375€2.067 -0.126
41 Cuo.861N0.316G0.7085€2.114 -0.205
42 Cuo g841N0.800G20.3075€2.116 -0.208
43 Cuo.g851N0.195G0.9205€2.115 -0.206
44 CUo.8601N0.700G0.3505€2.140 -0.246
45 CUo.8471N0.997Ga0.1565€2.153 -0.265
46 CUo.8231N0.840G20.3375€2.177 -0.301
47 CUo 8091 No.584G0.6075€2.101 -0.321

CIGS 48 CU1.0441N0.289Ga0.667S1.956 0.092
49 Cuy.0341N0.215Ga0.751S1.966 0.070
50 Cuy.0331N0.414G0 55351 967 0.068
51 Cu1.0251N0.623Ga0.35251.975 0.051
52 Cu1.0131N0.761GA0.226S1.987 0.026
53 CUg 9931N0.202G0.71552.007 -0.014
54 CUo.9911M0.022G20.98752.009 -0.018
55 CUo.9831M0.410G0.60752.017 -0.033
56 CUg.9751N1.012G0.01352.025 -0.049
57 CUo.9731N0.527Ga0 50052.027 -0.053
58 CUo.9611N0.820G20.21052.039 -0.075
59 CUo.0551N0.511Ga0.53452.045 -0.086
60 CUo.0461N0.705Ga0.25052.054 -0.102




A 3 Rietveld refinements and BSE micrographs
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Sample # 002 Cug g741N1 0265€7 026
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Sample # 004 Cug g701N1 0305€2.030
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Sample # 005 Cug g131N1 087S€7 087
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Rietveld refinement of neutron powder diffraction data collected at D2B.
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A 4 Rietveld refinement results

Nr. ClISe a [A] ¢ [A] X Occ-4a Occ-4b Rprage-Ch-phase

001 CISe33 5.786 (1) 11.628 (1) 0.238 (2) 1.07 (4) 1.02 (6) 10.4 5.87
002 CISe4 5 5.785 (1) 11.626 (1) 0.2280 (4) 0.98(2) 0.94 (3) 6.67 2.30
004 CISe12 5.786 (1) 11.626 (1) 0.2282(3)  0.24(2) 0.26 (1) 6.48 2.33
005 CISe10 5.782 (1) 11.617 (1) 0.2267(7)  0.91(2) 1.01 (3) 6.55 1.98
007 CISel5 5.777 (1) 11.629 (1) 0.2280(9)  0.26 (6) 0.28 (9) 4.85 1.70
Nr. CGSe a [A] ¢ [A] X Occ-4a Occ-4b Rprage-Ch-phase o

008 CGSe016 5.621 (1) 11.029 (1) 02491 (1) 094 (2) 0.91 (3) 2.62 1.79
009 CGSe025 5.598 (1) 11.000 (1) 0.241 (2) 0.87 (5) 0.94 (5) 7.24 6.25
010 CGSe4.5 5.621 (1) 11.028 (1) 0.246 (3) 1.01 (9) 1.13 (1) 4.06 222
011 CGSel5 56204 (1)  11.028 (1) 0.245 (2) 0.87 (3) 0.98 (3) 3.46 243
012 CGSel5 5.597 (1) 11.004 (1) 0.245 (2) 0.81 (4) 1.05 (3) 4.29 1.86
013 CGSe20 5.598 (1) 11.007 (1) 0.243 (1) 0.89 (6) 1.08 (7) 4.49 2.26
Nr. CIS a [A] ¢ [A] X Occ-4a Occ-4b Rprage-Ch-phase o’

016 CIS06 5.524 (1) 11.141 (1) 0.234 (1) 1.00 (1) 101 (1) 2.12 132
017 cIS 5.524 (1) 11.141 (1) 0.231 (2) 0.98 (2) 0.99 (2) 5.92 1.96
020 CIS12 5.524 (1) 11.138 (1) 02341 (1)  0.94(2) 1.00 (3) 6.18 1.84
021 CIS15 5.521 (1) 11.131 (1) 02347 (1)  0.93(2) 1.03 (3) 5.93 2.46




Nr. CGS a [A] ¢ [A] X Occ-4a Occ-4b Rprage-Ch-phase o

022 CGS06 5.356 (1) 10.483 (1) 0.254 (8) 0.96 (6) 1.02 (7) 3.44 2.95

023 CGS 5.355 (1) 10.485 (1) 0.253 (7) 1.00 (3) 0.97 (3) 2.58 2.17

024 CGS13 5.350 (1) 10.476 (1) 0.248 (7) 1.03 (3) 0.95 (3) 3.86 2.67

025 CGS14 5.352 (1) 10.480 (1) 0.243 (4) 0.89 (3) 1.06 (3) 3.65 221

026 CGS15 5.353 (1) 10.480 (1) 02528 (3)  1.00 (3) 0.96 (3) 3.76 2.02

Nr. CIGSe a [A] ¢ [A] X Occ-4a Occ-4b Rprage-Ch-phase o’

028 CI08G02Se 5772 (1) 11583 (1) 02296 (4) _ 026(4) In:0.23(9) 8.62 231
Ga: 0.02 (9)

032  CI01G09Se  5.636 (1) 11.089 (1) 0.2554(8)  023(7) In:0.03(1) 6.05 2.80
Ga: 0.22 (6)

037  C_06175GSe  5.780 (1) 11.529 (1) 0.241 (1) 1.05(3)  In: 0.854 (6) 10.8 4.40
Ga: 0.15 (6)

038  C_58175GSe 5738 (1) 11.466 (1) 0.2334(6)  090(2) In:0.87 (4) 5.56 1.50
Ga: 0.13 (4)

40  C_015150GSe  5.682 (1) 11.289 (1) 0.251 (1) 0.89 (1) In:053(3) 450 1.81
Ga: 0.47 (3)

42  C_01575GSe  5.724 (1) 11.430 (1) 0.2330(4)  086(1) In:0.73 (3) 252 2.69
Ga: 0.27 3)

046  C_27175GSe  5.718 (1) 11.398 (1) 0.237 (1) 0.80(2) In:0.78 (5) 3.89 1.80
Ga: 0.22 (5)

047  C_27150GSe  5.670 (1) 11.250 (1) 0.24559 (304)  0.81(4)  In: 0.48 (9) 3.79 2.12

Ga: 0.52 (9)




Nr. CIGS a [A] ¢ [A] X Occ-4a Occ-4b Rprage-Ch-phase o

048 C 06125GS 5400 (1) 10.665 (1) 0.249 (2) 0.98(6) In:0.70 (1) 1.68 4.7
Ga: 0.30 (1)

049 C102G08S 5.393 (1) 10.636 (1) 0.254 (3) 0.09(8) In:0.31 (19) 222 7.89
Ga: 0.69 (19)

052 CI08G02S 5.494 (1) 11.030 (1) 0.2360(8)  0.99(7) In:0.78 (9) 211 2.93
Ga: 0.22 (9)

053  C.58125GS  5.401 (1) 10.672 (1) 0.250 (3) 1.02(8) In:0.38 (17) 3.67 6.22
Ga: 0.67 (17)

058  C_06I75GS  5.488 (1) 11.005 (1) 0.238 (1) 0.99(7) In:0.75 (9) 1.78 2.82
Ga: 0.25 (9)

060  C 58175GS  5.473 (1) 10.973 (1) 0.2381(1)  1.00(7) In:0.73(9) 5.36 15.7

Ga: 0.27 (9)




Atomic displacement factors

Nr. CISe 4a By 4a B;, 4a Bs; 4b B1; 4b Bj; 4b Bs; Biso - Anion
001 ClSe33 0.006 (1) 0.006 (1) 0.002 (4) 0.040 (7) 0.039 (7) -0.0026 (8) 1.9(1)
002 ClISe4.5 0.016 (2) 0.016 (1) 0.002 (4) 0.007 (2) 0.007 (2) 0.001 (7) 0.90 (5)
004 ClISel2 0.0113 (6) 0.0113 (6) 0.002 (3) 0.010 (1) 0.010 (1) 0.0027 (4) 0.96 (2)
005 ClSel0 0.005 (1) 0.005 (1) 0.006 (1) -0.001(2) -0.001(2) 0.006 (1) 1.39 (8)
007 ClSel5 0.005 (1) 0.005 (1) 0.005 (6) 0.003 (2) 0.011 (3) 0.0024 (9) 0.93 (2)
Nr. CGSe 4a By 4a B;, 4a Bs; 4b B1; 4b Bj; 4b Bs; Biso - Anion
008 CGSe016 0.011 (7) 0.011 (7) -0.0004 (7) -0.002 (2) -0.002 (2) 0.002 6) 1.2 (2)
009 CGSe025 1.2 (1) 1.0 (1) 1.3(2)
010 CGSe4.5 0.0 (5) 0.7 (5) 1.3(2)
011 CGSel.5 -0.004 (1) -0.004 (1) 0.0007 (9) 0.010 (3) 0.010 (3) -0.001 (1) 1.3(2)
012 CGSel5 0.012 (3) 0.012 (3) 0.001 (1) 0.008 (3) 0.008 (3) 0.001 (1) 1.2 (2)
013 CGSe20 1.0 (4) 1.3 (4) 1.0 (2)
Nr. CIS 4a Bqq 4a B,, 4a B33 4b B11 4b B,, 4b Bs; Biso - Anion
016 CIS06 0.014 (2) 0.014 (2) 0.003 (3) 0.012 (2) 0.012 (2) 0.0027 (7) 1.2 (2)
017 CIS 0.013 (2) 0.013 (2) 0.0032 (3) 0.011 (2) 0.010 (2) 0.0014 (5) 1.3(2)
020 CIS12 0.013 (2) 0.013 (2) 0.0028 (3) 0.013 (2) 0.013 (2) 0.0016 (5) 1.8 (2)
021 CIS15 0.010 (1) 0.01 (1) 0.0029 (3) 0.011 (2) 0.011 (2) 0.001 (1) 1.4 (2)




Nr. CGS 4a By 4a B;, 4a Bs; 4b B1; 4b Bj; 4b Bs; Biso — Anion
022 CGS06 1.4 (4) 0.7 (3) 0.7 (2)
023 CGS 0.011 (5) 0.011 (5) 0.0020 (8) 0.007 (5) 0.007 (5) 0.0027 (9) 0.7 (1)
024 CGS13 0.015 (5) 0.015 (5) 0.002 (1) 0.008 (5) 0.008 (5) 0.002 (1) 0.7 (1)
025 CGS14 0.007 (3) 0.007 (3) 0.002 (2) 0.012 (4) 0.013 (4) 0.002 (2) 0.9 (2)
026 CGS15 0.011 (3) 0.011 (33) 0.002 (2) 0.008 (3) 0.008 (3) 0.002 (2) 0.8 (2)
Nr. CIGSe 4a By 4a B;, 4a Bs; 4b By 4b Bj; 4b Bs; Biso - Anion
028 C108G02Se 0.011 (2) 0.011 (2) 0.003 (2) 0.009 (3) 0.009 (3) 0.002 (2) 1.08 (6)
032 Cl101G09Se 0.008 (2) 0.008 (2) 0.003 (2) 0.010 (4) 0.010 (4) 0.002 (2) 0.89 (7)
037 C_06175GSe 0.014 (4) 0.014 (4) -0.003 (2) 0.004 (1) 0.004 (1) -0.0003 (6) 1.41 (8)
038 C_58175Gse 0.012 (4) 0.012 (4) 0.002 (2) -0.001 (4) -0.001 (4) 0.004 (2) 1.09 (7)
40 C_015150Gse 0.004 (3) 0.004 (3) 0.002 (2) 0.02 (4) 0.02 (4) 0.002 (2) 1.4 (1)
42 C_015175Gse 0.02 (1) 0.02 (1) 0.001 (1) 0.003 (4) 0.003 (4) 0.003 (2) 1.5(9)
046 C_27175Gse 0.018 (4) 0.018 (4) -0.002 (9) 0.002 (4) 0.002 (4) 0.005 (2) 1.4 (1)
047 C_27150Gse 0.015 (4) 0.015 (4) -0.002 (2) 0.018 (3) 0.018 (3) -0.002 (2) 1.48 (9)
Nr. CIGS 4a By 4a B,, 4a Bj; 4b By, 4b Bj; 4b Bs; Biso - Anion
048 C_06125GS 0.009 (2) 0.009 (2) 0.003 (2) 0.008 (3) 0.008 (3) 0.004 (3) 1.15 (6)
049 C102G08S 0.009 (2) 0.009 (2) 0.003 (2) 0.005 (3) 0.005 (3) 0.002 (2) 1.10 (8)
052 C108G02S 0.01 (1) 0.01 (1) 0.003 (1) 0.008 (3) 0.008 (3) 0.002 (2) 0.89 (7)
053 C_58125GS 0.013 (4) 0.013 (4) 0.003 (1) 0.004 (3) 0.004 (3) 0.002 (2) 1.03 (6)
058 C_06175GS 0.01 (1) 0.01 (1) 0.003 (2) 0.008 (2) 0.008 (2) 0.001 (2) 1.09 (8)
060 C_58175GS 0.01 (1) 0.01 (1) 0.004 (2) 0.008 (3) 0.008 (3) 0.001 (2) 1.05 (8)
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