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Zusammenfassung 
 
Der Verbindungshalbleiter CuInSe2 und seine multinären Legierungen werden erfolgreich als 
Absorberschicht in Dünnschichtsolarzellen eingesetzt. Bei einem der technologisch angewandten 
Herstellungsprozesse wird der Verbindungshalbleiter während eines schnell ablaufenden 
Heizprozesses aus Vorläuferschichten (sog. Präkursoren) mit den Elementen Kupfer, Indium und 
Selen  kristallisiert.  
In dieser Arbeit wurde der Kristallisationsprozess von CuInSe2-basierten Dünnschicht-
halbleitermaterialien während des Heizprozesses von unterschiedlich prozessierten und 
aufgebauten, „kostengünstigen“ Präkursoren untersucht. Dabei wurde eine Vielzahl 
unterschiedlich hergestellter Präkursoren hinsichtlich des vorliegenden Kristallisationsverhaltens 
analysiert. Es wurden drei Gruppen von Experimenten durchgeführt: 
 

(i) Untersuchungen des Kristallisationsprozesses des quaternären Chalkopyrites 
Cu(In,Al)Se2 bzw. Cu(In,Al)S2, 

(ii) Untersuchung des Bildungsmechanismus des Verbindungshalbleiters CuInSe2 unter 
Einsatz galvanisch abgeschiedener Präkursoren und 

(iii) Untersuchung der Kristallisation des quaternären Chalkopyrites Cu(In,Ga)Se2 bei 
Verwendung von Präkursoren mit thermisch aufgedampftem Indium. 

 
Ein erfolgreicher Einsatz der untersuchten „alternativen“ Präkursoren in der Produktion von 
Dünnschichtsolarzellen verspricht die Möglichkeit einer deutlichen Senkung der 
Herstellungskosten. Dieser Punkt verbindet die Experimente der Untersuchungen (i) bis (iii).  
Im Rahmen dieser Arbeit wurde eine Probenumgebung konstruiert, die eine Durchführung von 
zeitaufgelösten, winkeldispersiven Röntgenpulverbeugungsexperimenten während des 
Heizprozesses von Präkursoren ermöglicht. Eine Auswertung der während des Heizprozesses 
aufgenommenen Diffraktogramme mit Hilfe der Rietveld-Methodik ermöglicht es, ein detailliertes 
Verständnis des Halbleiterbildungsmechanismus zu erlangen. Diese Grundlagenuntersuchungen 
dienten als Basis zur Optimierung des Herstellungsprozesses der Präkursoren. Ziel dieses 
Prozesses war eine Verbesserung der resultierenden Solarzelleneigenschaften.  
Diese Methodik wird insbesondere anhand der vorgestellten Untersuchungen an galvanisch 
abgeschiedenen Präkursoren verdeutlicht. Die Analysen haben gezeigt, dass bei einem Typ von 
Präkursoren ein Halbleiterbildungsmechanismus beobachtet wird, der von vakuum-
abgeschiedenen Präkursoren bekannt ist. Weitere Untersuchungen haben gezeigt, dass eine 
Reduktion der galvanisch abgeschiedenen Selenmenge der entscheidende Parameter ist, um diesen 
Bildungsmechanismus hervorzurufen. Absorber, deren Bildung über diesen Weg erfolgt, zeigen 
eine bevorzugte Morphologie. Dünnschichtsolarzellen, die unter Einsatz dieser Präkursoren 
hergestellt wurden, zeigten deutlich verbesserte Zellwirkungsgrade. 
Die Untersuchungen des Kristallisationsprozesses des quaternären Chalkopyrites Cu(In,Al)Se2 
haben gezeigt, dass dieser Chalkopyrit bei erhöhten Prozesstemperaturen aus den Seleniden 
(Al,In)2Se3 und Cu2Se gebildet wird. Dies erklärt die von mehreren Forschergruppen beobachtete 
Phasenseparation in eine aluminiumreiche und eine indiumreiche Chalkopyritphase in 
prozessierten Cu(In,Al)Se2 Absorbern. Außerdem werden Unterschiede der Selenisierung und 
Sulfurisierung von metallischen Präkursoren gezeigt. 
Die dritte Gruppe an Experimenten hat gezeigt, dass sich das Selenisierungsverhalten von Kupfer-
Indium-Selen Präkursoren mit thermisch aufgedampftem Indium nicht unterscheidet vom 
Verhalten von Präkursoren mit gesputtertem Indium. Die auftretende Phasenseparation mit einer 
galliumreichen Chalkopyrit-Nebenphase kann mit den beobachteten Unterschieden der 
Selenisierungskinetik von galliumhaltigen und galliumfreien Metallphasen erklärt werden.  
Die Ergebnisse der drei Gruppen an Experimenten werden in einem abschließenden Kapitel 
zusammengefasst und bewertet. 
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Summary 
 
The compound semiconductor CuInSe2 and its multinary alloys are successfully applied as 
absorber material in thin-film solar cells. In one technologically realised production 
technique, the thin-film semiconductor CuInSe2 is crystallised during a fast annealing step of 
precursors, which consist of the elements copper, indium and selenium. 
This work deals with real-time investigations concerning the crystallisation process of 
CuInSe2-based thin-film solar cell absorbers while annealing differently produced and 
composed “low-cost” precursors. Various types of precursors have been investigated 
concerning their crystallisation behaviour. Three groups of experiments have been performed: 
 

(i) Investigations concerning the crystallisation process of the quaternary chalcopyrite 
Cu(In,Al)Se2 and Cu(In,Al)S2, 

(ii) investigations concerning the formation process of the compound semiconductor 
CuInSe2 from electroplated precursors, and 

(iii) investigations concerning the crystallisation of Cu(In,Ga)Se2 using precursors with 
thermally evaporated indium. 

 
All these “alternative” precursors have in common, that a distinct decrease of production costs 
has been expected from their successful application for the production of thin-film solar cells. 
A specific sample surrounding has been constructed, which enables to perform time-resolved 
angle-dispersive X-ray powder diffraction experiments during the annealing process of 
precursor samples. A thorough analysis of subsequently recorded diffraction patterns using 
the Rietveld method provides a detailed knowledge about the semiconductor crystallisation 
process while annealing. Based on these fundamental investigations, conclusions have been 
drawn concerning an adaptation of the precursor deposition process in order to optimise the 
final solar cell results.  
Especially the investigations concerning electroplated precursors could impressively show the 
importance of a fundamental understanding of the chalcopyrite crystallisation process as 
obtained by the conducted experiments. The investigations have shown, that one class of 
electroplated precursors shows a crystallisation behaviour identical to the one known for 
vacuum-deposited precursors. Further experiments could clarify, that a distinctly reduced 
amount of electrochemically deposited selenium is the decisive parameter for this formation 
behaviour, which results in an improved absorber morphology. The anticipated benefits were 
confirmed by distinctly improved solar cell results. 
The investigations concerning the crystallisation process of the quaternary chalcopyrite 
Cu(In,Al)Se2 revealed, that the chalcopyrite forms from the ternary selenide (Al,In)2Se3 and 
Cu2Se at elevated process temperatures. This result is used to explain the separation of the 
absorber layer into an aluminum-rich and an indium-rich chalcopyrite phase, which has been 
observed at processed Cu(In,Al)Se2 absorbers from several research groups. In addition, 
differences concerning the selenisation and sulfurisation of metallic precursor films are 
pointed out. 
The third group of experiments has shown, that the selenisation behaviour of copper-indium-
selenium precursors with thermally evaporated indium is similar to that using precursors with 
sputtered indium. The investigation of the selenisation process of a copper-indium-gallium-
selenium precursor revealed distinct differences concerning the selenisation kinetics of 
gallium containing and gallium free intermetallic precursor phases. These results explain the 
observed phase segregation into a gallium-rich and an indium-rich chalcopyrite phase. 
The results of the three groups of experiments are summarised and evaluated in the last 
chapter of this work.  
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1 Introduction 
 
Renewable energy is a widely discussed topic these days. In his plenary talk “Powering the 
Planet”, held at the MRS 2007 Spring Meeting, Nathan S. Lewis discussed ideas concerning 
the energy supply of the future [1-1]. It was pointed out, that current reserves of oil, natural 
gas and coal are sufficient to satisfy the energy need for another centuries. However, the 
consumption of fossil energy sources dramatically increases the level of carbon dioxide in the 
atmosphere, which should enhance public interest in renewable energy.  
The sun may be used as a powerful photon delivering energy source for solar thermal and 
photovoltaic applications – at least between sunrise and sunset. The photovoltaic industry has 
grown by more than 40% per year over the last five years [1-2]. The current shortage of solar 
grade silicon increases the interest in thin-film solar cell technologies [1-3]. Amongst the 
commonly applied thin-film technologies, solar cells based on the compound semiconductor 
CuInSe2 and its multinary alloys have shown the highest energy conversion efficiency [1-4]. 
Thin film solar cells based on the chalcopyrite CuInSe2 and its alloys have reached 
efficiencies up to 19.5% on the laboratory scale [1-5] and 13.1% on large-area solar modules 
[1-6]. In the production process as applied in [1-6], the crystallisation of the compound 
semiconductor Cu(In,Ga)(S,Se)2 is separated from the deposition process of the involved 
elements. As the absorber crystallisation is induced by a fast annealing step, this process is 
denoted as rapid thermal processing of stacked elemental layer precursors [1-7]. 
In this work, time-resolved angle-dispersive X-ray powder diffraction has been applied to 
investigate the crystallisation process of CuInSe2-based chalcopyrites during the annealing 
process of alternative low-cost precursors. A fundamental understanding of the semiconductor 
formation process is mandatory for an optimisation of the applied annealing process as well as 
for an improvement of the precursor deposition process, itself.  
Various types of differently produced precursors have been investigated in this work. All 
these “alternative” precursors have in common, that a decrease of production costs has been 
expected from their successful application. In this sense, three groups of investigations have 
been performed. The first set of experiments deals with the replacement of gallium, as 
commonly used in Cu(In,Ga)Se2 absorbers, by the much cheaper resource aluminum. Besides 
this issue concerning material costs, investment costs for production lines are expected to 
being reduced by the application of non-vacuum precursor deposition techniques. In this 
context, precursors produced by simultaneous electrochemical deposition of copper, indium 
and selenium have been analysed concerning their crystallisation behaviour. As a third topic, 
the deposition technique of indium has been investigated. Concerning the efficiency of 
material usage as well as investment costs for production lines, evaporation techniques may 
have advantages compared to commonly applied sputter processes [1-6]. For this reason, the 
chalcopyrite crystallisation behaviour of precursors with thermally evaporated indium has 
been investigated and compared to that observed for precursors with sputtered indium. 
This work contains five chapters including this introduction. In chapter 2, fundamental 
information about CuInSe2-based chalcopyrites is compiled with an emphasis on those topics, 
which are substantial for the considerations made in this work. In addition, physical and 
crystallographic properties of relevant elements and compounds are presented and a short 
introduction concerning X-ray powder diffraction and Rietveld analysis is given. In chapter 3, 
all applied experimental techniques are described and important parameters are listed. The 
experimental results of the investigations and a discussion of the observations are presented in 
chapter 4. This chapter is subdivided into three sections according to the three issues as 
mentioned above. In chapter 5, the key results of this work are summarised and conclusions 
are drawn. 
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2 Fundamentals 
 
In this chapter, fundamental information about CuInSe2-based chalcopyrites as well as 
relevant physical and crystallographic properties of involved elements and compounds are 
assembled. A short introduction concerning angle-dispersive X-ray powder diffraction and 
Rietveld refinement is given. 
 
 
2.1 CuInSe2-based chalcopyrites for thin-film solar cell absorbers 
 

The α−phase of the compound CuInSe2 [2-1] crystallises in the space group I –4 2 d of the 
chalcopyrite CuFeS2 [2-2]. The chalcopyrite α−CuInSe2 is a direct semiconductor with a 
bandgap of Eg = 1.04 eV [2-3], which makes this material interesting for photovoltaic 
applications. The light absorption coefficient of CuInSe2 exceeds the value of crystalline 
silicon by two orders of magnitude (fig. 2-1, [2-4]). The high absorbance of the chalcopyrite 
CuInSe2 enables the production of thin-film solar cells with an absorber thickness between 
1 µm and 2 µm, only. 
The short circuit current density Jsc, generated by a solar cell under illumination, is given by 
the relation 
 

∫ ⋅⋅⋅= dEEQEEbqJ ssc )()(  (eq. 2-1) 

 
where q is the electron charge, bs(E) is the number of incident photons per unit area and time 
in the energy range between E and E + dE and QE(E) is the quantum efficiency of the solar 
cell. The quantum efficiency QE(E) describes the probability, that one incoming photon with 
energy E delivers one electron to the external circuit [2-5]. A high short circuit current density 
Jsc is obtained with a high value of the product of bs(E) and QE(E). In other words, it is 
desirable to have a high quantum efficiency QE(E) at energy values E where the incident 
photon density bs(E) is high.  
A calculation of the theoretically possible upper limit of the cell efficiency in dependency of 
the bandgap Eg of the applied semiconductor material has been presented in [2-6, 2-7]. The 
consideration in [2-6] shows an optimum value of Eg = 1.15 eV or Eg = 1.37 eV, which is both 
above the bandgap of CuInSe2. Besides CuInSe2, other semiconducting materials like i.e. 
CuInS2, CuGaSe2, CuAlSe2 etc. as well crystallise in the space group I –4 2 d of the 
chalcopyrite structure [2-8]. According to [2-3], the energy bandgap Eg of these chalcopyrite 
phases is Eg(CuInS2) = 1.53 eV, Eg(CuGaSe2) = 1.68 eV and Eg(CuAlSe2) = 2.67 eV. All 
mentioned chalcopyrite phases are completely intermixable forming Cu(III1,III2)(VI1,VI2)2 
solid solutions. The bandgap of a semiconductor alloy AxB1-x can be described by the 
equation 
 

bxxBExAExxE ggg ⋅−⋅−⋅−+⋅= )1()()1()()(  (eq. 2-2) 
 
using the composition x of the alloy AxB1-x, the bandgaps Eg(A) and Eg(B) of the pure 
semiconductor material A and B and the optical bowing parameter b [2-3]. Equation 2-2 can 
be used to calculate the necessary amounts of gallium, aluminum or sulfur for an adaptation 
of Eg of the mixed crystal system Cu(III1,III2)(VI1,VI2)2. The calculated bandgap of the mixed 
crystal systems Cu(In1-xGax)Se2 and CuIn(Se1-xSx)2 is plotted in fig. 2-2 for 0 ≤ x ≤ 1 using the 
bandgaps and bowing parameters as listed in [2-3]. The bandgap of the quaternary compound 
semiconductor CuIn(Se1-xSx)2 and Cu(In1-xGax)Se2 can be adjusted in the range between 
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1.04 eV and 1.53 eV and between 1.04 eV and 1.68 eV with an increasing amount of sulfur 
and gallium, respectively. Due to the lower bowing parameter b of the CuIn(Se1-xSx)2 mixed 
crystal system (b(CuIn(Se1-xSx)2) = 0.04 eV) as compared to Cu(In1-xGax)Se2 (b = 0.21 eV), 
the bandgap increases almost linearly with an increasing sulfur content in CuIn(Se1-xSx)2. For 
crystallographic reasons, the incorporation of gallium is often accompanied by an 
incorporation of sulfur forming the pentanary chalcopyrite Cu(In1-xGax)(Se1-ySy)2 when both 
elements are supplied. In this case, both the anion and the cation sublattice are contracted. 
These considerations show, that it is possible to adapt the bandgap of chalcopyrite mixed 
crystals in order to optimise the resulting cell efficiency. The world record cell efficiency 
using chalcopyrite thin-film absorbers is 19.5%, which was achieved by Contreras et al. in 
2005 [2-9]. This efficiency has been reached using a quaternary Cu(In1-xGax)Se2 absorber 
with a bandgap of Eg = 1.14 eV. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-1: Absorption coefficient α  of 
different semiconductor materials as a 
function of the photon energy as shown in 
[2-4]. The chalcopyrite CuInSe2 has the 
highest absorption coefficient of the 
considered materials. This enables the 
realisation of thin-film solar cells with an 
absorber thickness of some microns, only.

 

 

 
 
 
Fig. 2-2: Calculated bandgap Eg of the 
quaternary chalcopyrites Cu(In1-xGax)Se2 
and CuIn(Se1-xSx)2 for different amounts 
of sulfur or gallium, x. The bandgap of 
the mixed crystal system can be adjusted 
in the range between 1.04 eV and 1.53 eV 
for CuIn(Se1-xSx)2 and between 1.04 eV 
and 1.68 eV for Cu(In1-xGax)Se2. 
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Today, three fabrication techniques of CuInSe2-based chalcopyrite thin-film absorbers have 
been realised on industrial scale. The first approach is the crystallisation of the chalcopyrite 
from stacked elemental layer precursors, containing copper, indium and selenium by an 
annealing step. This process is called “rapid thermal processing of stacked elemental layers”, 
abbreviated as SEL-RTP [2-10 – 2-12]. The selenisation and sulfurisation of metallic 
precursors containing copper, indium and gallium can also be realised by annealing in 
H2Se/Ar/H2S atmosphere [2-13, 2-14]. Another process is the evaporation of the elements 
copper, indium, (gallium) and selenium onto heated substrates at temperatures of around 
T = 823 K [2-15]. The evaporation of the elements may be realised simultaneously or in 
several stages with differing flux of the elements [2-16 – 2-19]. This process is called physical 
vapour deposition, abbreviated as PVD. 
The experiments presented in this work dealt with the first described approach (SEL-RTP), 
where the absorber crystallisation happens during an annealing step of precursors. 
 
 
2.2 Physical and crystallographic properties of involved elements 
and compounds 
 

In this section, physical and crystallographic properties, which are relevant for the 
considerations of this work, are presented. 
 
2.2.1 Vapour pressure curves of precursor elements 
 

As described above, the experiments presented in this work deal with the chalcopyrite 
formation by annealing of differently produced precursors. The chemical composition of 
investigated precursors is adjusted in advance of the annealing step, no elements are 
evaporated onto the precursors during the annealing process, itself. This means, that the 
precursor composition is determined by the deposition steps performed prior to annealing. 
Partial loss of one or more precursor elements while annealing may change the film 
composition. The evaporation rate of precursor elements is determined by the vapour pressure 
of these elements. In fig. 2-3, the vapour pressure curves of different elements are depicted 
(adapted from [2-20, 2-21]). The vapour pressure curves of the elements molybdenum, 
copper, indium, gallium, aluminum, sulfur and selenium – which are contained in different 
precursors investigated in this work – are highlighted. Regarding these elements it is obvious, 
that the chalcogens sulfur and selenium have by far the highest values of the vapour pressure. 
As a consequence, these elements are most likely to re-evaporate from the sample during the 
annealing process. At a temperature of T = 500 K, the vapour pressure of sulfur exceeds the 
vapour pressure of selenium by a factor of 103. Due to these facts, an experimental 
surrounding using an encapsulated sample sandwich has been constructed for time-resolved 
X-ray diffraction experiments. This was done to avoid chalcogen loss during the annealing 
process (see section 3.2.1 for a detailed description of the experimental setup). 
 
2.2.2 Phase diagrams 
 

In this work, the formation process of chalcopyrites from differently composed precursors has 
been investigated. Differently composed precursors have been deposited on molybdenum-
coated glass or polyimide foil. Earlier investigations have shown, that the selenium containing 
chalcopyrite CuInSe2 or CuGaSe2 finally forms from binary selenides as educt phases [2-21 –
 2-28]. For this reason, the binary metal-chalcogen phase diagrams of systems investigated in 
this work are presented in this chapter. In this context metal may stand for copper, indium, 
aluminum or gallium and chalcogen for sulfur or selenium. As a basis for further results 
presented in this work, the binary aluminum-molybdenum phase diagram as well as the 
ternary Cu-In-Se and Cu-In-S Gibbs phase triangles are presented in addition. 
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Fig. 2-3: Vapour pressure curves of different elements (figures adapted from [2-20, 2-21]). 
Elements relevant for this work are marked with accentuated circles. At a temperature of 
T = 500 K, the vapour pressure of sulfur exceeds the vapour pressure of selenium by a factor 
of 103. The conversion to SI units is given by the relation 1 Torr = 1.33·102 Pa. 
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2.2.2.1 Binary phase diagrams  
 

In this section, binary phase diagrams relevant for this work are presented. Phases and their 
existence regions will be discussed as far as they concern the results of this work. 
 
The binary phase diagram of the system Al-Mo 
 

The phase diagram of the binary system aluminum-molybdenum is shown in fig. 2-4 [2-29]. 
At a temperature of T = 673 K, the existence of five aluminum-molybdenum compounds is 
reported. The aluminum richest phase is the alloy Al12Mo, which is stable up to a temperature 
of T = 973 K. At this temperature, the peritectic decomposition of Al12Mo to Al5Mo and 
aluminum rich melt is observed. The elements aluminum and molybdenum melt at T = 934 K 
and at T = 2896 K. 
 

 

Fig. 2-4: The binary phase diagram of the system aluminum-molybdenum [2-29]. 
 
 
The binary phase diagram of the system Cu-Se 
 

In fig. 2-5, the binary phase diagram of the system copper-selenium is plotted [2-30]. The 
melting point of the elements copper and selenium is at T = 1358 K and at T = 494 K, 
respectively [2-29]. The copper-selenium phase diagram shows the existence of the copper 
selenides Cu2Se, Cu5Se3, CuSe and CuSe2. The peritectic decomposition of Cu5Se3, CuSe and 
CuSe2 takes place at temperatures of T = 393 K, T = 650 K or at T = 615 K. At temperatures 
above T = 650 K, the selenium poorest copper selenide Cu2-xSe is the only stable copper 
selenide. 
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The binary phase diagram of the system In-Se 
 

The binary phase diagram of the system indium-selenium is shown in fig. 2-6, [2-30]. The 
melting point of elemental indium is at T = 429 K. The phase diagram shows the existence of 
the indium selenide phases In4Se3, InSe, In6Se7, In9Se11, In5Se7 and In2Se3. In general, all 
these indium selenides might be formed in the temperature range considered in this work. The 
selenium richest indium selenide In2Se3 exists in four crystallographic modifications, present 
at different temperatures (α−, β−, γ− and δ−In2Se3). In the temperature range relevant for this 
work, α−, β−, γ−In2Se3 can be observed. 
 
 
The binary phase diagram of the system Ga-Se 
 

The phase diagram of the gallium-selenium system is plotted in fig. 2-7 (as shown in [2-29]). 
The diagram shows, that the metal gallium melts already at a temperature of T = 303 K. The 
gallium selenide compounds GaSe, α− and β−Ga2Se3 are described. 
 
 
 

 

Fig. 2-5: The binary phase diagram of the system copper-selenium [2-30]. 
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Fig. 2-6: The binary phase diagram of the system indium-selenium [2-30]. 
 

 

Fig. 2-7: The binary phase diagram of the system gallium-selenium [2-29]. 
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The binary phase diagram of the system Al-Se 
 

The phase diagram of the binary aluminum selenium system (fig. 2-8, [2-29]) shows that 
Al2Se3 is the only existing aluminum selenide. This aluminum selenide may exist between 
room temperature and T = 1223 K. 
 

 
Fig. 2-8: The binary phase diagram of the system aluminum-selenium [2-29]. 

 
 
The binary phase diagram of the system Cu-S 
 

The copper-sulfur phase diagram (fig. 2-9, [2-29]) shows, that elemental sulfur melts at 
T = 388 K. Concerning the chemical composition, the copper-sulfur phase diagram shows the 
existence of the phases Cu2-xS, Cu7S4 and CuS.  
The copper richest sulfide Cu2-xS exists in four crystallographic modifications. The low-
temperature phase exhibits monoclinic structure and is denoted as low-Chalcocite (“αCH” in 
fig. 2-9). This phase is stable up to temperatures between T = 363 K and T = 377 K, 
depending on the chemical composition x (fig. 2-9, bottom). At temperatures above 
T = 363 K, the hexagonal phase of Cu2-xS denoted as high-Chalcocite “βCh” is stable. At a 
composition close to x = 0, this phase is stable up to T = 708 K. The third known polytype of 
Cu2-xS is the cubic phase called Digenite (Dg-Cu2-xS). This phase is stable between 
temperatures of T = 345 K and T = 1403 K. The stability range is depending on the chemical 
composition x of Dg-Cu2-xS. The fourth known modification of Cu2-xS is an orthorhombic 
phase denoted as Djurleite (abbreviated as “Dj” in fig. 2-9, bottom), which is stable up to a 
temperature of T = 366 K.  
The compound Cu7S4, denoted as Anilite (“An” in fig. 2-9), is stable up to T = 348 K. The 
sulfur richest copper sulfide CuS (Covellite, abbreviated as “Cv”) is stable up to a 
temperature of T = 780 K. At this temperature, the peritectic decomposition of CuS to  
Dg-Cu2-xS and sulfur melt is observed. 
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Fig. 2-9: The binary phase diagram of the system copper-sulfur [2-29]. 
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The binary phase diagram of the system In-S 
 

The indium-sulfur phase diagram (fig. 2-10, [2-29]) shows the existence of the phases InS, 
In6S7, and In2S3. The indium richest indium sulfide InS exists in two modifications, α− and 
β−InS. The phase transition from α− to β−InS takes place at T = 932 K. The indium sulfide 
In6S7 is stable up to T = 1053 K. The sulfur richest indium sulfide In2S3 exists in three 
modifications, which are present at different temperatures (α−, β− and γ−In2S3). The 
tetragonal α−phase may exist from room temperature up to T = 687 K whereas the cubic 
β−phase of In2S3 may exist up to T = 1125 K. The high-temperature modification γ−In2S3 
exists in the temperature range between T = 1023 K and T = 1363 K. 
Thus, the formation of the indium sulfides α−InS, In6S7, α−In2S3 and β−In2S3 may be 
observed in the temperature range relevant for the experiments of this work (see chapters 3 
and 4). 
 

 

Fig. 2-10: The binary phase diagram of the system indium-sulfur [2-29]. 
 
 
 
The binary phase diagram of the system Al-S 
 

The aluminum-sulfur phase diagram (fig. 2-11, [2-29]) shows AlS and Al2S3 as existing 
aluminum sulfides. In the temperature range considered in this work, α−Al2S3 is the only 
existing aluminum sulfide. 
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Fig. 2-11: The binary phase diagram of the system aluminum-sulfur [2-29]. 
 
 
 
2.2.2.2 Ternary phase diagrams  
 

In this section, Gibbs phase triangles of the ternary systems copper-indium-selenium and 
copper-indium-sulfur are discussed concerning the existence of ternary phases. 
 
The ternary system Cu-In-Se 
 

An isothermal section of the ternary copper-indium-selenium phase diagram at T = 773 K is 
shown in fig. 2-12. Fig. 2-12 shows the existence regions of the ternary compounds CuInSe2, 
CuIn3Se5 (denoted as “δR” and “δH” for the room temperature and high temperature phase) 
and CuIn5S8. All these ternary copper-indium-selenium compounds are located on the 
quasibinary intersection Cu2Se-In2Se3. 
 
The ternary system Cu-In-S 
 

The phase relations in the ternary copper-indium-sulfur system have been investigated in  
[2-31, 2-32]. The room temperature Gibbs phase triangle as presented in [2-32] is plotted in 
fig. 2-13. It shows the existence of two ternary phases, CuInS2 and CuIn5S8. Both ternary 
compounds are located on the intersection of the quasibinary system Cu2S-In2S3. In contrast 
to the Cu-In-Se system, the ternary phase CuIn3S5 has not been described in [2-31, 2-32]. In 
other works, the surface-region of indium-rich CuInS2 thin films has been investigated by  
X-ray and ultraviolet photoelectron spectroscopy [2-33, 2-34]. These experiments show, that 
the cation ratio [In] / ([In]+[Cu]) is about 0.75 at the surface of indium-rich CuInS2 films. It is 
concluded that CuIn3S5 is present as secondary phase at the surface of CuInS2 thin films. 
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Fig. 2-12: Isothermal section of the copper-indium-selenium phase diagram at a temperature 
of T = 923 K as shown in [2-30]. The abbreviations “δR” and “δH” represent the room 
temperature and high temperature phase of the ternary compound CuIn3Se5, respectively. 

 
Fig. 2-13 Gibbs phase triangle of the ternary copper-indium-sulfur system at room 
temperature as shown in [2-32]. The ternary phases CuInS2 and CuIn5S8 both lie on the 
quasibinary intersection Cu2S-In2S3. 
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2.2.3 Crystallographic data of involved elements and compounds 
 

In table 2-1, space groups and lattice parameters of all crystalline phases observed in the 
experiments of this work are listed. 
 
Table 2-1: Space groups and lattice parameters of observed phases 
phase space group lattice parameters ref. 
Mo I m –3 m a = 314.72 pm [2-35] 
Cu F m –3 m a = 361.5 pm [2-36] 
In I 4/m m m a = 324.8 pm, c = 494.8 pm [2-37] 
Al F m –3 m a = 404.94 pm [2-35] 
Se P 31 2 1 a = 436.62 pm, c = 495.36 pm [2-38] 
S, monocl. P 2/c a = 844.2 pm, b = 1302.5 pm, c = 935.6 pm, 

β = 124.98° 
[2-39] 

S, orthorh. F d d d a = 1048 pm, b = 1292 pm, c = 2455 pm [2-40] 
CuIn2 I 4/m c m a = 664.5 pm, c = 537.6 pm [2-41] 
Cu11In9 C 2/m a = 1281.4 pm, b = 435.4 pm, c = 735.3 pm, 

β = 54.49° 
[2-42] 

Cu16In9 P 63/m m c a = 426.9 pm, c = 523.9 pm [2-43] 
Cu9Al4 P –4 3 m a = 870.23 pm, [2-44] 
Cu9Ga4 P –4 3 m a = 874.7 pm [2-45] 
Al12Mo I m -3 a = 758.15 pm [2-46] 
In4Se3 P n n m a = 1529.6 pm, b = 1230.8 pm, c = 408.1 pm [2-47] 
InSe R 3 m a = 400.2 pm, c = 2494.6 pm [2-48] 
β−In2Se3 R –3 m a = 405 pm, c = 2941 pm [2-49] 
γ−In2Se3 P 61 a = 712.86 pm, c = 1938.1 pm [2-50] 
CuSe2 P n n m a = 510.3 pm, b = 629.2 pm, c = 381.2 pm [2-51] 
γ−CuSe P 63/m m c a = 395.2 pm, c = 1724.4 pm [2-52] 
Cu2-xSe F –4 3 m a = 572.9 pm(1) [2-53] 
Al2Se3 C c a = 1168 pm, b = 673 pm, c = 732 pm, 

β = 121.1° 
[2-54] 

(Al,In)2Se3 P 63/m m c a = 721 pm, c = 653 pm table 4-13 
β−Ga2Se3 F –4 3 m a = 542.9 pm [2-55] 
InS P n n m a = 1064.2 pm, b = 444.3 pm, c = 394 pm [2-56] 
α−In2S3 I 41/a m d a = 762.3 pm, c = 3236 pm [2-57] 
β−In2S3 F d –3 m a = 1077.4 pm [2-58] 
CuS P 63/m m c a = 379.38 pm, c = 1634.1 pm [2-59] 
Dg-Cu2-xS F –4 3 m a = 556.4 pm(2) [2-60] 
Ch-Cu2S P 63/m m c a = 395 pm, c = 675 pm [2-61] 
CuIn5S8 F –4 3 m a = 1068.58 pm [2-62] 
α−CuInSe2 I –4 2 d a = 578.15 pm, c = 1161.88 pm [2-1] 
β−CuInSe2 F –4 3 m a = 558 pm [2-63] 
α−CuInS2 I –4 2 d a = 552.28 pm, c = 1113.30 pm [2-64]  
α−CuGaSe2 I –4 2 d a = 561.4 pm, c = 1102.2 pm [2-65] 
MoSe2 P 63/m m c  a = 328.9 pm, c = 1292.7 pm [2-66] 
In2O3 I a -3 a = 1011.7 pm [2-67] 
 

(1) lattice parameter a for Cu2-xSe with x = 0.2, and for Dg-Cu2-xS with x = 0.05 (2)
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2.3 Angle-dispersive X-ray powder diffraction 
 

Time-resolved angle-dispersive X-ray powder diffraction has been applied as an experimental 
technique to investigate the semiconductor crystallisation during the annealing process of 
thin-film precursors. This experimental method will be briefly described in the following. 
Refer to references [2-68 – 2-78] for a detailed description of these topics. 
 
The Laue equations 
 

Figure 2-14 illustrates a linear array of scattering objects with a distance d and a primary  
X-ray beam, represented by the vector s0. The norm of the vector s0 is given by the inverse of 
the wavelength of the incident radiation, s0 = λ−1. The direction of the vector s0 is defined by 
the orientation of the primary X-ray beam with respect to the linear array of scattering objects.  
The primary beam hits the linear array of scattering objects under an angle α0. The diffracted 
X-ray beam is represented by the vector s with the norm s = λ−1. The angle between the linear 
array of scattering objects and the diffracted beam is denoted as α. The geometrical 
retardation ∆l between two adjacent beams is given by 
 

αα coscos 021 ⋅−⋅=−=∆ ddlll . (eq. 2-3) 
 
Constructive interference of the scattered waves is observed, when the retardation ∆l is an 
integer multiple of the wavelength λ: 
 

λαααα ⋅=−⋅=⋅−⋅=∆ ndddl )cos(coscoscos 00  (eq. 2-4) 
 
with n ∈ Ζ. If we now consider diffraction of X-ray beams at a three-dimensional point lattice 
of scattering objects, equation 2-4  has to be fulfilled in three dimensions:  
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 (eq. 2-5,  
Laue equations, [2-70]) 

 
with h, k, l ∈ Ζ. The angles αa,o, αb,o, and αc,o are defined as the angles between the vector s0 
and the lattice vectors a, b and c (with the norm a, b and c, respectively) of the point lattice. 
 
 

 

 
 
 
 
Fig. 2-14: Derivation of the 
Laue equations: A primary 
X-ray beam, represented by 
the vector s0 with the norm 
s0 = λ−1 is diffracted at a 
linear array of scattering 
objects. The diffracted 
beam is represented by the 
vector s.  



FUNDAMENTALS 23

The same is valid for αa, αb, and αc. Equations 2-5 are known as “Laue equations” and 
describe the conditions for the observation of constructive interference of X-rays, scattered at 
a point lattice. Considering the definition of the scattering vector h = s – s0, equations 2-5 can 
be expressed as a scalar product of the scattering vector h with the lattice vectors a, b and c of 
the considered point lattice. 
 

l
k
h

=⋅
=⋅
=⋅

hc
hb
ha

 (eq. 2-6) 

 
 
The Bragg equation 
 

Another geometrical description of X-ray diffraction is given by the “Bragg equation” [2-72]. 
In this approach, X-ray diffraction is considered as a “reflection” of X-rays at lattice planes of 
an irradiated crystal (fig. 2-15). The geometrical consideration in fig. 2-15 shows, that the 
retardation ∆l of X-ray beams, reflected at two adjacent lattice planes, is ∆l = 2dhkl · sin θ.  
 
 

 

Fig. 2-15: Derivation of the “Bragg 
equation”. The primary X-ray beam is 
reflected at lattice planes with a 
distance dhkl. The distance ∆l 
represents the retardation of X-ray 
beams, which have been reflected at 
two adjacent lattice planes. 

 
 
In this context, dhkl represents the distance of lattice planes described by the Miller indices hkl. 
As discussed above, constructive interference is observed when the retardation ∆l equals n · λ. 
Thus, the condition for constructive interference can be formulated (eq. 2-7). The angle 
between primary and diffracted beam is commonly denoted as the diffraction angle 2θ. 
 

λθ =⋅ sin2 hkld . (eq. 2-7, Bragg equation) 
 
 
 
The Ewald construction 
 

A reciprocal lattice with the reciprocal lattice vectors a*, b* and c* is defined by equations 2-8. 
Figure 2-16 illustrates the definition of the scattering vector h = s – s0. 
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=  (eq. 2-8) 

 
As described above, the norm of the vectors s and s0 is s = s0 = 1/λ. Thus, the norm of the 
scattering vector h is given by  
 

λ
θsin2 ⋅

=h . (eq. 2-9) 
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Equation 2-9 can be written as  
 

λθ =⋅ sin12
h

 (eq. 2-10) 

 
which is identical to the Bragg equation (eq. 2-7) when 1/h = dhkl = 1/d*

hkl. These 
considerations show, that the conditions for constructive interference are fulfilled, when the 
scattering vector h is identical to a reciprocal lattice vector d*hkl. 
The “Ewald construction” [2-73] is used, to visualise the diffraction condition in reciprocal 
space (fig. 2-17). In this construction, the reciprocal lattice is drawn. The vector s0 is plotted 
such that it ends at the origin of the reciprocal lattice (indicated as O in fig. 2-17). In general, 
the scattered X-ray beam s may be oriented in any arbitrary direction with respect to the 
primary beam s0. As the norm of both vectors is identical (s = s0 = λ−1), all possible scattering 
vectors h = s – s0 start at point O and end on the surface of a sphere determined by s0 with 
radius 1/λ. This sphere is called Ewald sphere. The diffraction condition is fulfilled at each 
point, where the Ewald sphere intersects with a reciprocal lattice point (lattice point P* in 
fig. 2-17). In this case, the diffracted beam progresses in the direction defined by the related 
vector s.  
 
 

 

 
 
 
 
 
 
Fig. 2-16: Definition of the scattering vector 
h = s – s0. The angle between the vectors s and 
s0 is the diffraction angle 2θ. 

 
 

 

 
 
 
 
 
Fig. 2-17: Ewald construction in two 
dimensions. The diffraction condition is 
fulfilled, when the scattering vector h is 
identical to a reciprocal lattice vector. 

 
 
As mentioned above, polycrystalline matter (often referred to as “powder”) has been 
investigated by the experiments of this work. Ideal powder consists of randomly oriented 
crystallites with a typical crystallite size of around or below 1 – 10 µm [2-68]. In an idealised 
sample, the irradiated crystallites are arbitrarily orientated with respect to the primary X-ray 
beam s0. Considering fig. 2-17, this means that the reciprocal lattice vector OP* may have any 
arbitrary orientation with respect to s0 but the same norm. As a consequence, the set of all 
corresponding reciprocal lattice vectors is located on a sphere around O, which intersects the 
plotted projection of the Ewald sphere at point P*

 (fig. 2-17). The diffraction condition is then 
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fulfilled at the intersection of the Ewald sphere and the spheres formed by the endpoints of the 
randomly oriented reciprocal lattice vectors (see fig. 2-18 for the Ewald construction for  
X-ray diffraction at a polycrystalline sample). The intersection of both spheres is commonly 
denoted as Debye-Scherrer ring (“Debye Ring” in fig. 2-18, see also [2-74]). The diffracted 
beam propagates on a so-called Laue cone under a fixed diffraction angle 2θ. At the detection 
plane, a set of concentric rings is observed. 
 
 

 

 
 
 
 
Fig. 2-18:  
Ewald construction for angle-
dispersive X-ray diffraction on 
polycrystalline samples as 
shown in [2-76].  
The random orientation of 
irradiated crystallites leads to 
the observation of Debye-
Scherrer rings (denoted as 
“Debye Ring”). 

 
 
The in-situ X-ray diffraction experiment as performed in this work 
 

For the investigations presented in this work, time-resolved X-ray powder diffraction (“in-situ 
XRD”) has been performed to investigate the chalcopyrite formation during the annealing 
process of precursor samples. These experiments have been performed in transmission 
geometry with a newly established experimental setup: A monochromatic parallel X-ray beam 
hits the sample surface under an incidence angle of 90°. The diffracted beam passes the 
sample and is recorded using a CCD area detector (see section 3.2.1 for a detailed description 
of the experimental setup). The area detector is mounted in a way, that the primary X-ray 
beam hits the detector in the middle of its active area perpendicular to the surface. Earlier 
experiments have been realised in asymmetrical reflection geometry [2-24, 2-25]. Both 
concepts are outlined and compared in fig. 2-19. The following benefits have been expected 
from changing the experimental setup from reflection to transmission geometry. 

 
• In reflection mode, parts of the Debye-Scherrer rings are shadowed by the sample due 

to absorption of the diffracted beam within the sample (fig. 2-19(a)). In transmission 
geometry, full powder rings can be detected (0 ≤ φ  ≤ 360°). This enhances the 
detected number of counts n per Debye-Scherrer ring, which reduces the relative 
statistical error for the intensity nII /1/ ∝∆ . 

• In transmission mode, the recorded powder patterns are rotationally symmetrical 
concerning the origin, which is defined by the position of the primary beam  
(fig. 2-19(b)). As the distance sample-detector is identical for photons contributing to 
one Debye-Scherrer ring (this means for all angles φ of one fixed diffraction angle 
2θ), the attenuation due to sample and air absorption is a function of 2θ, only. Thus 
the absorption corrections can be realised using a one dimensional function f(2θ) 
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instead of a two-dimensional correction (compare [2-25] for a detailed description of 
necessary corrections). 

• With the newly built setup, the distance sample detector could be reduced from 
d = 143 mm [2-25] to d = 59 mm. This increases the detected intensity by 12%, as  
X-ray absorption in air is reduced. 

• The sample surrounding designed for the in-situ XRD experiments in transmission 
geometry enables to mount a sample sandwich of two coated substrates (see section 
3.2.1 for a detailed description). Two samples are mechanically pressed together head-
to-head within the heater block of the reaction chamber. This setup was chosen to 
efficiently suppress chalcogen loss during the annealing process. 

• Working in transmission geometry requires the application of X-ray transparent 
substrates. For this reason, polyimide foil with a thickness of 75 µm was used as a 
substrate. In contrast to earlier experiments, where glass substrates with a thickness of 
2 mm or 3 mm have been used, the total heat capacity of the samples is drastically 
reduced. This enables the realisation of higher heating rates. 

 
The angular resolution obtainable with the described diffraction experiments in transmission 
geometry can be derived from fig. 2-20. The incident, parallel X-ray beam with a width 
w = 0.5 mm transmits through the thin film sample with a thickness f. The projection of the 
width of the diffracted beam into the detection plane is  
 

)2()2( θθ uwv += . (eq. 2-11) 
 
The magnified detail visualised in fig. 2-20(b) shows, that m can be written as  
 

θ2sin⋅= fm . (eq. 2-12) 
 
The magnified area plotted in fig. 2-19(c) shows, that the projection of m into the detection 
plane is given by the equation  
 

θ2cos
mu = . (eq. 2-13) 

 
Using equations 2-11, 2-12 and 2-13, the projection of the width of the diffracted beam into 
the detection plane can be written as 
 

)2tan1()2tan()2( θθθ ⋅+⋅=⋅+=
w
fwfwv . (eq. 2-14) 

 
A typical thickness f of the investigated thin films is 1 µm. The width w of the collimated 
parallel X-ray beam is w = 0.5 mm. The experimental setup allowed to record diffraction 
angles 2θ between 10° and 50° (see section 3.2.1). In this range of diffraction angles, the term 
(f / w)·tan 2θ  has a maximum value of ≈ 2·10-3 at 2θ = 50°. This is neglectable as compared 
to 1. For this reason, u(2θ) can approximately be written as  
 

.)2( constwv =≈θ  (eq. 2-15) 
 
for the applied experimental setup. Thus, a constant width of Bragg reflections is obtained for 
all observed diffraction angles 2θ. 
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Fig. 2-19: Comparison of the 
experimental setup for 
diffraction experiments in 
asymmetrical reflection 
geometery (a) and transmission 
geometry (b). The newly 
established setup for 
transmission geometry enables 
the detection of full powder 
rings 0 ≤ φ  ≤ 360°, which 
increases the detected intensity. 
In reflection mode, parts of the 
Debye-Scherrer rings are 
shadowed by the substrate. 

 
 

 

 
 
 
 
 
 
 
 
 
 
Fig. 2-20: (a) The primary, 
parallel X-ray beam with a 
width w transmits through the 
sample with a thickness f. The 
projection of the width of the 
diffracted beam into the 
detection plane is v = w + u. 
The magnification (b) shows, 
that m = f ·sin 2θ. The 
projection of m into the 
detection plane is given by the 
equation u = m / cos 2θ. This 
geometrical consideration 
shows that v(2θ) ≈ w = const. 
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2.4 Rietveld refinement 
 

The datasets obtained from the in-situ XRD measurements consist of a set of diffraction 
patterns, which have been recorded at different stages of the precursor annealing process. In a 
typical diffraction pattern, Bragg reflections of several polycrystalline phases are observed. 
Rietveld analysis of the diffraction pattern offers the possibility to quantify the phase content 
of contributing crystalline phases. The refinement procedure was carried out for subsequently 
recorded diffraction patterns, which delivers the quantitative phase evolution during the 
precursor annealing process. 
The ideas of Rietveld refinement have been presented in [2-79, 2-80]. A thorough 
consideration of the method has been accomplished in [2-81]. Rietveld analysis is 
appropriately considered as a “whole-pattern-fitting structure refinement” method [2-81], 
where the residual Sy is minimised in the least-squares refinement procedure. The quantity Sy 
is defined by 
 

∑ −=
i

ciiiy yywS 2)(  (eq. 2-16) 

 
with wi = 1/yi, yi representing the measured intensity at the i-th measurement step and yci 
representing the calculated intensity at step i. As a basis for the refinement process, the 
involved polycrystalline phases have to be known as input parameters. In this work, the 
software Jade Vs. 7 (Materials Data Inc., [2-82]) has been used for a qualitative phase 
analysis in advance of the refinement procedure. The calculated intensity yci at the i-th step is 
given by 
 

biK
K

KiKKci yAPFLsy +−⋅= ∑ )22(2 θθφ  (eq. 2-17) 

 
where 
 

- s is the scale factor  
- K stands for the Miller indices hkl 
- LK contains Lorentz, polarisation and multiplicity factors 
- φ is a profile function for the reflection 
- PK describes preferred orientation of the crystallites 
- A stands for an absorption factor 
- FK represents the structure factor of the Bragg reflection K and 
- ybi describes the intensity of the discretised background curve at step i. 

 
The least-squares minimisation of the residual Sy leads to an equation system involving the 
derivatives of the calculated intensity with respect to each adjustable parameter x. According 
to [2-81], the equation system is soluble by inverting the matrix Mjk with the elements 
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whereas xj and xk are the refinable parameters. The initial input parameters xk are iteratively 
shifted by 
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∑ ∂

∂
=∆ −

k

y
jkk x

S
Mx 1  (eq. 2-19) 

 
until the residual Sy reaches its minimum. After the refinement, the scale factor s of each 
phase is used to calculate the fraction of the corresponding phase within the investigated 
sample volume. Other crystallographic parameters obtained from Rietveld refinement are 
mentioned in the corresponding sections. 
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3 Experimental methods  
 
In this chapter, applied techniques for solar cell processing as well as experimental 
characterisation methods are presented. An overview of experimental approaches is depicted 
in fig. 3-1. The applied solar cell production steps are shown on the left side from top to 
bottom in agreement to their temporal accomplishment. These steps include sputtering of the 
molybdenum back contact, the deposition of a precursor film, a subsequent annealing process 
for the semiconductor formation, chemical bath deposition of CdS and sputtering of 
aluminum doped ZnO. The right side of fig. 3-1 displays the characterisation techniques, 
which have been performed at different process steps. Precursor films have been analysed by 
ex-situ X-ray diffraction (XRD), X-ray fluorescence measurements (XRF) and energy-
dispersive X-ray analysis (EDX). The semiconductor formation process has been monitored 
by angle-dispersive in-situ XRD measurements during the annealing process. Processed 
absorbers have been characterised by ex-situ XRD, scanning electron microscopy (SEM) and 
EDX. Completely processed solar cells have been analysed by current-voltage measurements 
to determine electrical cell parameters and the conversion efficiency. 
 
 

 

Fig. 3-1: Overview of applied experimental techniques. Solar cell production steps are 
illustrated on the left side, subsequent production steps are listed from top to bottom. 
Characterisation techniques, which have been applied at different stages of this process are 
listed on the right side. 
 
 
 
3.1 Solar cell processing 
 

Procedures of precursor deposition and subsequent absorber processing are presented in this 
section. Further process steps of the completion to solar cells are shortly described. 
 
3.1.1 Precursor deposition 
 

The deposition of the elements molybdenum, copper, indium, gallium, aluminum, selenium 
and sulfur was realised by sputtering, thermal evaporation or electrochemical deposition on 
different substrates. Sputtering and thermal evaporation processes have been performed at the 
Crystal Growth Laboratory (Department of Materials Science VI) of the University of 
Erlangen-Nürnberg. The electrochemical deposition of precursor films was realised from 
Atotech Deutschland GmbH in Berlin. 
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3.1.1.1 Substrates 
 

Floatglass with a thickness of 3 mm has been used for those samples, which were thought for 
an ex-situ analysis or for a further processing to completed solar cells. Real-time X-ray 
diffraction experiments during the precursor annealing process required the use of an X-ray 
transparent substrate (cf. section 3.2.1), as measurements were realised in transmission 
geometry. For this reason, polyimide foil with a thickness of 75 µm has been used as a 
substrate for these experiments. Regarding the chemical sum formula of this polymer, which 
is C22H10O5N2 [3-1], the mass attenuation coefficient for Cu-Kα radiation is calculated to be 
µ/ρ = 6.14 cm2/g [3-2]. The density of the polyimide foil is ρ = 1.42 g/cm3 [3-3], which 
results in a linear absorption coefficient of µ = 8.72 cm-1. The well-known equation of 
 

xeII ⋅−⋅= µ
0  (eq. 3-1) 

 
describes the correlation between the incident X-ray intensity I0 and the intensity I after the 
transition through a sample with a thickness x and a linear absorption coefficient µ. As two 
precursor samples were clamped together during the experiments (cf. section 3.2.1), the total 
thickness of polyimide foil was 150 µm. This results in I / I0 = 0.88, which means that 12% of 
the incident X-ray intensity is absorbed by the substrate. 
 
3.1.1.2 DC magnetron sputtering 
 

Direct current (DC) magnetron sputtering of the metals molybdenum, copper, indium, 
aluminum and gallium has been performed using a Leybold Univex 450B system with argon 
as working gas. The distance between target and sample was 7 cm. Elemental targets have 
been used for the deposition of molybdenum, copper, indium and aluminum. Due to the low 
melting point of gallium at T = 303 K (cf. section 2.2.2.1), sputtering from an elemental 
gallium target is not possible. For this reason, a CuGa2 target has been used for the deposition 
of gallium. The purity of the targets was 4N (99.99%). The partial pressure of argon was  
3⋅10-1 Pa during the deposition process. Further sputter parameters used for different targets 
are listed in table 3-1.  
 
Table 3-1: Sputter parameters for different targets 
Target material Mo In Cu Al CuGa2
U [V] 290 400 370 325 445 
I [A] 0.41 0.25 0.26 0.36 0.21 
Sputter rate [mg/(cm2⋅s)] 3.6⋅10-4 6.3⋅10-4 6.1⋅10-4 1.3⋅10-4 5.2⋅10-4

 
 
3.1.1.3 Thermal evaporation of indium 
 

For some samples, indium has been deposited by thermal evaporation instead of sputtering. In 
this case, the deposition of indium has been realised using a custom-made evaporation system 
with a source temperature of about T = 1570 K. The thickness of the deposited layer of 
indium was measured during the deposition process with the help of an oscillating crystal. 
The distance source-substrate was 30 cm and the residual gas pressure during the deposition 
process was in the order of 10-4 Pa. The evaporation rate was between 4 nm/s and 7 nm/s. 
 
3.1.1.4 Thermal evaporation of selenium and sulfur 
 

The chalcogens selenium and sulfur have been deposited by thermal evaporation for SEL 
samples. The deposition process was carried out with a modified Edwards E306A resistance 
evaporation system. The substrates have been cooled down to around T = 289 K by an 
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external cooling unit during the deposition process of sulfur. Substrate cooling was necessary 
in this case to suppress sulfur re-evaporation from the substrate due to the high vapour 
pressure of sulfur (cf. section 2.2.1, fig. 2-3). The source-substrate distance was 25 cm and the 
residual gas pressure was 10-3 Pa during the evaporation process. The purity of the chemicals 
was 5N (99.999%) for both selenium and sulfur. The evaporation rate of the chalcogen was 
between 1 nm/s and 2 nm/s. 
 
3.1.1.5 Simultaneous electrochemical deposition of copper, indium and 
selenium 
 

Besides SEL precursors produced by sputtering or thermal evaporation, electroplated 
precursors have been investigated in this work. In order to enable a deposition on polyimide 
foil, a layer of molybdenum had been deposited by DC magnetron sputtering prior to the 
electrochemical deposition process. For the simultaneous electrodeposition of copper, indium 
and selenium, the bath contained Cu2+ and In3+ ions with a suitable corresponding anion and 
selenous acid (H2SeO3). Furthermore it comprised an organic additive in different 
concentrations and a supporting electrolyte. A brightening agent was used to deposit dense 
and adherent films. The deposition was carried out using an electroplating cell comprising of 
a molybdenum coated float glass serving as the cathode, an inert anode and an Ag/AgCl 
reference electrode. The electrolyte was agitated using a circulating pump and a spray nozzle 
array. The cathode was placed in front of the spray nozzle array to grant a homogenous 
hydrodynamic towards the molybdenum surface. The deposition processes have been 
performed using an Autolab PGSTAT 30 system (Metrohm). The pH was adjusted to values 
between 2 and 3. Deposition processes have been performed in both potentiostatic and 
galvanostatic regime. 
The stoichiometry of type (I), (II) and (III) precursors, used for the classification according to 
the observed semiconductor formation mechanism (cf. section 4.2.1.1) was adjusted by 
increasing ppm amounts of the organic additive. 
The as-deposited selenium content of the sample series used for the in-situ XRD experiments 
in section 4.2.1.2 was adjusted by the H2SeO3 content of the electrochemical bath.  
 
3.1.1.6 Electrochemical deposition of selenium  
 

A specific type of electroplated Cu-In-Se precursors has been deposited in selenium deficient 
conditions ([Se] / [In] ≈ 0.1). In order to enable a complete conversion to the chalcopyrite 
CuInSe2, the missing amount of selenium has been deposited in an additional electrochemical 
bath deposition step prior to annealing. The deposition was carried out in galvanostatic regime 
at a bath temperature between 358 K and 368 K. The bath contained an aqueous solution of 
SeO2. 
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3.1.2. Absorber processing 
 

Absorbers have been processed with different annealing concepts. The absorber 
crystallisation has been realised by furnace annealing or by annealing with a mica heater 
during real-time experiments (cf. section 3.2.1). In addition, laser annealing experiments have 
been performed using electroplated precursors.  
 
3.1.2.1 Rapid Thermal Processing 
 

The absorbers, investigated by ex-situ methods, have been processed by a rapid thermal 
annealing step (RTP) within a furnace. These annealing experiments have been performed at 
Avancis GmbH & Co. KG in Munich and at Atotech Deutschland GmbH in Berlin. 
The furnace used from Atotech is a PEO-603 furnace from ATV Technologie GmbH. These 
annealing experiments have been performed within an especially designed graphite crucible. 
The Avancis furnace is custom-made. The annealing process was performed in a sulfur-
containing ambient in order to enable a simultaneous selenisation and sulfurisation of the 
precursors films. Details concerning the Avancis RTP process have been published elsewhere 
[3-4, 3-5]. 
 
3.1.2.2 Reaction chamber annealing for real-time X-ray diffraction experiments 
 

As real-time X-ray diffraction experiments have been performed in transmission geometry 
(cf. section 3.2.1), the use of a locally X-ray transparent heating unit was mandatory to realise 
the experiments. For this reason, round mica heaters (Minco, HM6807) with a diameter of 
38.1 mm have been used. These heaters are equipped with a concentric hole with a diameter 
of 4.75 mm. The heating process was regulated using a proportional plus integral plus 
derivative (PID) controller (Eurotherm 2704). During the annealing process, the sample 
temperature was measured using two Pt100 resistance thermometers. 
 
3.1.2.3 Laser annealing 
 

Besides conventional annealing techniques, laser annealing was used to process absorbers 
from electroplated precursors. These experiments have been performed at the Bavarian Laser 
Center gGmbH in Erlangen. High annealing rates have been realised using a Nd:YAG laser 
(Trumpf, Vectormark VMc3) operated in a continuous wave mode at a wavelength 
λ = 1064 nm. Assuming a Gaussian intensity profile, the 1/e2 spot diameter of the laser beam 
on the sample was about 110 µm. The incident laser power was varied for different 
experiments. The beam deflection is implemented by means of scanner with two 
galvanometric mirrors, the possible scanning area is about 120×120 mm2. Each annealing 
experiment has been performed on a 25×2 mm2 area of a 25×25 mm2 precursor sample in 
order to enable a subsequent phase analysis by XRD. The area to be annealed has been filled 
with parallel lines (traces) with a length of 25 mm and predefined, differing, hatch distances 
for different experiments. The beam scanning velocity was chosen to be 100 mm/s in all 
experiments. The laser annealing experiments have been performed in argon inert gas 
atmosphere in order to avoid film oxidation. 
 
3.1.3 Further solar cell processing 
 

In this work, electrical results of solar cells produced from electroplated precursors are 
presented. The precursors used for this analysis have been produced from Atotech. 
Subsequent process steps (fig. 3-1) have been done at Avancis. As the considered 
electroplated precursors were selenium deficient, the missing amount of selenium was 
deposited in advance of rapid thermal processing (RTP). The RTP process was performed in a 
sulfur-containing ambient. After the absorber formation, the CdS buffer layer was deposited 
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by chemical bath deposition (CBD). A layer of ZnO was deposited by RF magnetron 
sputtering before n-type ZnO was deposited by DC magnetron sputtering from a ZnO-Al2O3 
target. A metal grid was deposited and 32 cells of 1.4 cm2 area each were mechanically 
patterned on a 10×10 cm2 substrate. Details of these productions steps have been described 
elsewhere [3-4, 3-5]. 
 
 
3.2 Characterisation techniques 
 

The experimental methods applied in this work are described in this section. Time-resolved 
in-situ X-ray diffraction (in-situ XRD) was applied to monitor the solid-state reactions 
happening during the annealing process of precursors. This was done to gain knowledge about 
the semiconductor formation process while annealing. Both precursors and processed 
absorbers have additionally been characterised by ex-situ XRD. Besides this, characterisation 
of precursors and absorbers was performed by scanning electron microscopy (SEM), energy-
dispersive X-ray analysis (EDX) and X-ray fluorescence measurements (XRF). Processed 
solar cells have been characterised concerning their electrical properties and conversion 
efficiency. 
 
3.2.1 In-situ X-ray diffraction 
 

A schematic representation of the experimental setup of angle-dispersive real-time X-ray 
diffraction experiments is shown in fig. 3-2. These experiments have been accomplished 
during the annealing process of differently produced and composed precursors. The primary 
beam hits the sample, which is mounted onto a heater inside an evacuated reaction chamber. 
The diffracted beam passes through an X-ray transparent window and is detected by a CCD 
area detector. 
 

 
Fig. 3-2: Schematic representation of the experimental setup used for in-situ X-ray diffraction 
experiments. The evacuated reaction chamber is equipped with two X-ray transparent 
polyimide windows for the primary and diffracted beam to enter and exit, respectively. The 
primary beam hits the sample, which is mechanically clamped onto a heating unit, under an 
incidence angle of 90°. A CCD area detector is used to record diffraction patterns in 
transmission geometry with a time resolution of 20 s plus 2.5 s read-out time. A system of 
beam-stops (indicated with  “1”, “2” and “3”) is used for an effective reduction of the 
background signal. 
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A rotating copper anode generator (Elliott GX21, driven at U = 44 kV and I = 75 mA), 
equipped with a crossed pair of multilayer mirror optics was used to obtain a parallel and 
monochromatic X-ray beam containing the characteristic Cu-Kα radiation with a wavelength 
of λ = 154 pm. The incident X-ray beam was collimated to a diameter of 0.5 mm in order to 
achieve an angular resolution sufficient for a quantitative phase analysis. The beam hits the 
sample, consisting of a polycrystalline thin film, with an incidence angle of 90°.  
The resulting powder patterns were recorded in transmission geometry by a CCD area 
detector (EEV, 1344×1300 pixels) with an illumination and read-out time of 20 s plus 2.5 s. 
The CCD detector was mounted in a position, that the primary beam hits the detector in the 
middle of the active area perpendicular to its surface. This arrangement leads to rotationally 
symmetrical powder patterns and simplifies the incidence-angle and sample absorption 
correction. An example of a two-dimensional powder pattern, recorded within 20 s 
illumination time is shown in fig. 3-3. It shows Bragg reflections of the chalcopyrite 
α−CuInSe2 besides the 110 reflection of the molybdenum back electrode. Diffraction angles 
of 2θ ≤ 10° are shadowed by the beam-stop system. A broad diffraction signal, originating 
from X-ray scattering at the 75µm thick polyimide substrate, is observed in the low-angle 
region. 
Besides the incidence-angle, sample and air absorption corrections, the raw data were 
rectified by flat field correction and spatial distortion. Details of these corrections have been 
described in [3-1]. After the measurement, the two-dimensional diffractograms have been 
numerically integrated along the azimuth angle φ using the software Fit2D [3-6 – 3-8]. The 
one-dimensional diffraction patterns were then used for a time-resolved qualitative and 
quantitative phase analysis. A qualitative phase analysis was performed using the software 
Jade Vs. 7 (Materials Data Inc., [3-9]). The powder patterns were refined by the Rietveld 
method to obtain the time- and temperature dependant phase evolution of polycrystalline 
phases while annealing (cf. section 2.4). An introduction concerning the idea of Rietveld 
refinement has been given in section 2.4. Refinements were carried out using the software 
Topas Vs. 2.1 (Bruker AXS, [3-10]). The scale factors of the contributing phases are 
proportional to the molar fraction n, which is converted to cat.-% by  
 
  cat.-% = n × [number of cations (metal atoms) per formula unit]     (eq. 3-2) 
 
with selenium treated as non-metal [3-1, 3-11]. The precursor annealing process was 
performed inside a reaction chamber, which was constructed to study the reactions of the 
chalcopyrite formation in transmission geometry. This concept was newly established instead 
of working in asymmetrical reflection geometry as performed in earlier experiments [3-1,  
3-11]. The reaction chamber (fig. 3-4) consisted of stainless steel and was equipped with two 
X-ray transparent windows made of 75 µm thick polyimide foil. These windows serve as 
entrance and exit window for the primary and diffracted beam, respectively. The diameter of 
the exit window was chosen to be 50 mm in order to enable a detection of diffraction angles 
up to 2θmax = 50°. 
An external fan was established to prevent a thermal destruction of the polyimide exit 
window, induced by radiant heat during the annealing process. The reaction chamber was 
equipped with small flange connections to enable an evacuation to a pressure p = 10-2 Pa 
during the annealing process. This was mandatory to suppress an oxidation of the metallic 
precursor while annealing. An electrical feedthrough for the heating unit and temperature 
sensors was realised via small flange connection. In order to enable a reproducible positioning 
of the reaction chamber with respect to the primary X-ray beam and the detector, a cylindrical 
adaptor made from stainless steel was fixed on one small flange connection (right access of 
the reaction chamber as shown in fig. 3-4. The fitting counterpart of this adapter was fixed at 



EXPERIMENTAL METHODS 41

the centre of a goniometer (fig. 3-5), which enabled dismounting and reproducible fixture of 
the reaction chamber after sample exchange. 
The heating unit inside the reaction chamber consisted of a clamped sandwich (Fig. 3-6) of 
two screwable plates of stainless steel and a heater made of mica (Minco HM6807). All 
elements were equipped with a concentric hole to enable a transition of the Cu-Kα X-ray 
beam. 
 

 

 
 
 
 
 
 
Fig. 3-3: Example of a two-
dimensional powder pattern, 
recorded within 20 s illumination 
time. The powder pattern shows 
Bragg reflections of the chalcopyrite 
CuInSe2 besides the 110 reflection of 
the molybdenum back electrode. The 
area around the primary beam is 
shadowed by the beam-stop system. 
A broad diffraction signal originates 
from X-ray scattering at the 
polyimide substrate. 

 
 
The heating process was PID controlled, both Pt-100 temperature sensors were mounted onto 
the exit metal plate. For each experiment, two substrates (both coated with the precursor film) 
were mechanically clamped together head-to-head between heater and exit metal plate to 
avoid loss of chalcogen during the experiment. Due to the high vapour pressure of the 
chalcogens sulfur and selenium (compare fig. 2-3), these elements are likely to re-evaporate 
from the film during the annealing process. This setup has been chosen, because sufficient 
chalcogen supply is essential for a complete selenisation and/or sulfurisation of the metallic 
precursor film. The heater block was only connected to a water-cooled heat exchanger at the 
outside of the reaction chamber to enable a controlled dissipation of excessive heat. This 
construction was used to prevent a thermal destruction of the rubber seals of the reaction 
chamber and to minimise the thermal stress of the polyimide windows of the chamber. 
As described above, the temperature was measured at the exit metal plate (denoted as Tm). 
The temperature at the measurement spot of the precursor sample (Ts) was determined 
applying a calibration function. This function Ts(Tm) has been determined by the comparison 
of well-known phase transition temperatures with the measured temperature at these 
transitions. This calibration was performed at the melting points of sulfur (at T = 388 K), 
indium (T = 429 K) and selenium (T = 494 K). Besides this, the peritectic decomposition of 
CuSe2 (T = 615 K), CuSe (T = 650 K) and CuS (T = 780 K) has been considered. The 
temperature at the measurement spot Ts correlates linearly with the temperature measured at 
the exit metal plate Tm (fig. 3-7). The data points have been fitted with a first order 
polynomial, delivering the calibration function 
 

mms TTT ⋅+= 09.360.1)( . (eq. 3-3) 
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This calibration function has been used to calculate the sample temperature Ts from the 
measured temperature values Tm. Heating rates up to 2 K/s and a maximum sample 
temperature of T = 923 K could have been reached with the described setup. Although 
polyimide foil does not endure temperatures above T = 673 K for a long time, the substrate 
mechanically sustains the short-term high-temperature exposure as applied in the in-situ XRD 
experiments. 
 
 

 

 
Fig. 3-4:  
Reaction chamber used for 
in-situ XRD measurements 
in transmission geometry. 
The exit window is made 
from polyimide foil and 
had a diameter of 50 mm, 
which allows the detection 
of diffraction angles up to 
2θmax = 50°. The heater 
block, equipped with a 
concentric hole, is 
connected to a water 
coolable heat exchanger at 
the outside of the reaction 
chamber (left access). 

 
 

 

 
 
 
 
 
 
 

Fig. 3-5:  
The reaction chamber is 
reproducibly mounted with 
respect to the primary beam 
and the detector. A 
cylindrical adaptor is fixed 
to the reaction chamber and 
the fitting counterpart is 
mounted onto the 
goniometer.  

 
 
First experiments with the newly established setup have shown, that an enhanced background 
signal is a critical issue concerning an evaluation of the detected diffraction patterns. Air 
scattering of the primary X-ray beam increases the background signal especially at diffraction 
angles smaller than 2θ ≈ 20°. As important structural information concerning the deposited 
thin-film can be derived from diffraction signals within this range of diffraction angles, 
experimental efforts have been made to efficiently reduce the background signal.  
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Fig. 3-6: 
Schematic representation of the 
heater block inside the reaction 
chamber. Two samples, both coated 
with the precursor film, are clamped 
together head-to-head between 
heater and exit metal plate. This 
suppresses chalcogen loss during the 
annealing process. The temperature 
Tm was measured using two Pt-100 
temperature sensors. 

 

 

 
 
 
 
Fig. 3-7: Correlation between the 
temperature Tm, measured at the exit 
metal plate and the sample 
temperature Ts at the irradiated spot. 
The temperature calibration is 
obtained by fitting the datapoints 
with a linear function Ts(Tm). 

 
 
A system of two beam-stops and one aperture (“triple beam-stop setup”, three components of 
the setup indicated with “1”, “2” and “3” in fig. 3-2) has been established. With this setup, the 
background signal could be distinctly reduced. The following issues have been identified to 
increase the background signal: 
 

(I) Scattering of X-rays at the entrance window of the reaction chamber (fig. 3-2, 
polyimide foil with a thickness of 75 µm, this process is denoted as “polyimide 
scattering” in the following) 

(II) Scattering of X-rays at the polyimide substrate (two polyimide foils, each with a 
thickness of 75 µm) 

(III) Scattering of X-rays at the exit window of the reaction chamber (fig. 3-2, 
polyimide foil with a thickness of 75 µm) 

(IV) Air scattering (which means: scattering of X-rays passing through air) of the 
primary X-ray beam on the way source-sample  

(V) Air scattering of the primary X-ray beam on the way sample-detector 
(VI) Partial selenium or sulfur re-evaporation is inevitable despite all experimental 

efforts. As the exit window is cold as compared to the sample, condensation of the 
re-evaporated chalcogens can occur. This leads to unintended diffraction signals, 
which do not originate from the precursor film, itself.  
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Three parts of the experimental setup, which help to reduce the background signal, are 
indicated with “1”, “2” and “3” in fig. 3-2X. The metal plate (indicated as “1” in figs. 3-2 and 
3-8) at the entrance side of the heater block serves as an aperture for X-rays, scattered at the 
entrance polyimide window of the reaction chamber. The diameter h1 of the concentric hole of 
the metal plate is h1 = 5 mm and the distance polyimide window-metal plate is d1 = 36 mm. 
The maximum diffraction angle 2θmax of X-rays passing through aperture “1” is given by the 
relation 
 

1

1
max

2/)2tan(
d

h
=θ . 

 

(eq. 3-4) 

 
This leads to a suppression of diffraction signals with diffraction angles of 2θ  ≥ 2θmax ≈ 4°, 
which eliminates diffraction signals originating from scattering at the polyimide entrance 
window (critical issue (I) of the listing given above). Besides this, the background signal 
originating from air scattering on the distance source-sample is distinctly reduced by the 
aperture (issue (IV)). The schematic representation of the experimental setup shows, that one 
beam-stop is directly mounted onto the exit window of the reaction chamber (indicated with 
“2” in fig. 3-2). The idea behind was to minimise the pathway of the direct beam through air 
as far as experimentally possible. For this reason, beam-stop “2” (fig. 3-9, cylindrical metal 
with a diameter of h2 = 4.5 mm) was glued onto the polyimide exit window (thickness of 
d2 = 75 µm) of the evacuated reaction chamber. This minimises air scattering on the way 
sample-detector (critical issue (V) of the listing given above). Diffraction signals originating 
from X-ray scattering on the polyimide exit window (critical issue (III)) as well as unintended 
diffraction signals of condensed selenium or sulfur (critical issue (VI)) can be effectively 
suppressed by beam-stop “2”. Replacing h1 and d1 by h2 and d2 in equation 3-4 delivers a 
maximum diffraction angle of 2θmax = 88.1°. This means, that issues (III) and (VI) are 
completely suppressed by the insertion of beam-stop “2”. As the positioning of beam-stop “2” 
is estimated to be critical, an additional beam-stop “3” was aligned directly in front of the 
CCD area detector. This was done to prevent a damage of the detector by the primary X-ray 
beam in the case that beam-stop “2” might be lost during an experiment. 
 

 

 
 

Fig. 3-8: The metal plate of the heater 
block serves as aperture to suppress 
diffraction signals from the polyimide 
entrance window. The background signal, 
resulting from air scattering on the way 
source-sample is reduced due to this 
aperture. 

 
 
These considerations show, that only topic (II) remains from the list given above: Scattering 
of X-rays at the polyimide substrate inevitably leads to an enhanced background signal in the 
detected diffraction patterns. 
The effect of the described beam-stop setup is illustrated in fig. 3-10. All diffraction patterns 
have been recorded with identical conditions (U = 40 kV, I = 50 mA, illumination time 
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t = 20 s). In order to prevent a damaging of the detector by the primary X-ray beam, beam-
stop “3” was inserted in front of the area detector for all measurements. 
 
 

 

 
Fig. 3-9: Beam-stop “2” is glued onto the 
exit window of the reaction chamber. This 
reduces air scattering on the way sample-
detector as well as polyimide scattering at 
the exit window. As h2 >> d2, diffraction 
signals originating from condensed 
selenium or sulfur cannot pass beam-stop 
“2”. 

 
 
The dark area in the centre of all diffraction patterns is shadowed due to beam-stop “3”. The 
first diffraction pattern (left side of fig. 3-9) has been recorded without an assembly of the 
reaction chamber. The elevated intensity signal, which decreases continuously to higher 
diffraction angles, originates from air scattering of X-rays on their way from source to 
detector. The second visualised diffraction pattern (middle of fig. 3-9) has been recorded with 
installed reaction chamber but still without beam-stop “2”. No sample has been mounted onto 
the installed heater block. This diffraction pattern shows diffuse scattering signals of the 
polyimide exit window of the reaction chamber. In addition, air scattering on the way reaction 
chamber-detector still increases the detected intensity. However, the intensity in the outer part 
of the diffraction pattern (air scattering on the way source-reaction chamber) has already been 
reduced by the insertion of the aperture “1” within the reaction chamber.  
 
 

 

Fig. 3-10: Documentation of the effects of the applied beam-stop setup. The left diffraction 
pattern has been recorded without reaction chamber. It shows air scattering on the way X-ray 
source-detector. The diffraction pattern shown in the middle has been recorded with transition 
of X-rays through the reaction chamber but still without beam-stop “2”. It shows diffuse 
diffraction signals originating from X-ray scattering at the polyimide exit window of the 
reaction chamber. The right diffraction pattern has been recorded with installed reaction 
chamber and with inserted beam-stop “2”. Both polyimide and air scattering are distinctly 
reduced by the insertion of beam-stop “2”. 
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The third visualised diffraction pattern (right picture in fig. 3-9) has been recorded with 
installed reaction chamber and inserted beam-stop “2”. It shows a strong reduction of the 
detected intensity as compared to the diffraction signal recorded without beam-stop “2”. Air 
scattering as well as the diffuse diffraction signals originating from the polyimide exit 
window are efficiently suppressed by the insertion of beam-stop “2”. 
 
 
3.2.2 Ex-situ X-ray diffraction 
 

Precursors and processed absorbers have been characterised by X-ray powder diffraction 
using a Philips X´PERT Pro MPD powder diffractometer driven at 40 kV and 35 mA. The 
measurements have been performed in symmetrical Bragg-Brentano geometry in the 2θ-range 
between 10° and 100°. The step size ∆(2θ) was chosen to be 0.01° and the measurement time 
was adapted to the specific question related to the analysis. The line focus of the copper X-ray 
tube was used in combination with a divergence slit as primary beam optics for standard 
samples. The analysis of laser annealed samples (cf. section 4.2.1.4) required the use of the 
point focus of the tube in combination with a 0.5 mm X-ray capillary. A semiconductor stripe 
detector (Panalytical X´Celerator) was used for the measurements. 
 
 
3.2.3 Scanning electron microscopy and energy-dispersive X-ray fluorescence 
analysis  
 

The precursor and absorber morphology has been analysed by scanning electron microscopy 
(SEM). These investigations have been performed at the Crystal Growth Laboratory or at 
Atotech. The scanning electron microscope used at the Crystal Growth Laboratory is a Jeol 
JSM-840 scanning electron microscope. For some samples, the chemical composition was 
checked by energy dispersive X-ray analyses (EDX). The EDX spectra were evaluated using 
the Kα-emission lines of copper and selenium and the Lα-emission line of indium. The 
acceleration voltage of primary electrons was chosen to be 20 kV. At Atotech, a 
Zeiss Gemeni 1550 scanning electron microscope has been used. In these investigations, an 
acceleration voltage of 5 kV and 10 kV has been applied for cross-section and surface SEM, 
respectively. 
 
 
3.2.4 X-ray fluorescence analysis 
 

The chemical composition of electroplated precursors has been analysed from Atotech by  
X-ray fluorescence analysis (XRF). The analysis was performed using a ThermoElectron 
MicroXR 1200 SV XRF system equipped with a tungsten X-ray tube and a silicon drift 
detector. The obtained spectra were evaluated using the Kα-emission lines of copper, 
selenium and molybdenum and the Lα-emission line of indium. 
 
 
3.2.5 Electrical characterisation of processed solar cells 
 

Current-voltage measurements of processed solar cells have been performed at Avancis using 
a constant light source simulator at standard test conditions (T = 298 K, AM1.5). 
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4 Results and Discussion 
 
In this chapter, the results from the conducted experiments are presented and discussed. This 
chapter is subdivided into three main parts: (i) Investigations concerning the formation of the 
compound semiconductor Cu(In,Al)Se2 and Cu(In,Al)S2, (ii) experiments concerning 
electroplated precursors, and (iii) investigations using precursors with thermally evaporated 
indium. 
 
 
4.1 The formation of the compound semiconductor Cu(In,Al)(S,Se)2  
 

As described in section 2.1, the bandgap Eg of the ternary semiconductor CuInSe2 can be 
increased by a partial replacement of indium by gallium as well as by a partial substitution of 
selenium with sulfur. Of course, a combination of cation and anion partial substitution is 
possible as well, leading to pentanary compound semiconductors.  
In general, an increasing bandgap leads to a higher open circuit voltage Voc and decreases the 
short circuit current Isc of the solar cell [4-1]. It is expected, that this might result in increasing 
solar module efficiencies as losses related to series resistance and cell interconnects can be 
reduced [4-2]. Additionally, high band gap semiconductors might be an interesting material 
for the application as top cell in tandem cell devices. The performance of polycrystalline thin-
film tandem devices has been modelled for varying operating conditions [4-3]. The optimum 
bandgaps have been determined to be 1.72 eV for the top cell and 1.14 eV for the bottom cell. 
A bandgap of Eg = 1.72 eV can not be reached by alloying gallium, as the maximum bandgap 
in the Cu(In1-xGax)Se2 mixed crystal system is Eg = 1.68 eV for x = 1 (fig. 4-1). 
 
 

 

 
 
 
Fig. 4-1: Variation of the bandgap of 
the mixed crystal systems 
Cu(In1-xGax)Se2 and Cu(In1-xAlx)Se2 
with the amount of aluminum or 
gallium x. A desired bandgap above 
Eg = 1.04 eV can be reached by 
alloying a much smaller amount of 
aluminum as compared to gallium. 

 
As the bandgap of the ternary chalcopyrite CuAlSe2 is much higher (Eg(CuAlSe2) = 2.67 eV), 
a desired bandgap increase can theoretically be obtained by alloying a much smaller amount 
of aluminum as compared to gallium. The variation of the bandgap of the mixed crystal 
systems Cu(In1-xGax)Se2 and Cu(In1-xAlx)Se2 has been calculated using eq. 2-2 for different 
alloy compositions x (fig. 4-1). The parameters used for the calculation were 
Eg(CuInSe2) = 1.04 eV, Eg(CuAlSe2) = 2.67 eV and Eg(CuGaSe2) = 1.68 eV with the optical 
bowing parameters b(Cu(In1-xGax)Se2 = 0.21 eV) and b(Cu(In1-xAlx)Se2 = 0.59 eV). All 
values were taken from [4-4]. 
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Besides this, aluminum is a much cheaper metal than gallium. This is a decisive aspect, which 
would make Cu(In1-xAlx)Se2 absorbers an interesting alternative to Cu(In1-xGax)Se2 thinking 
of a technological implementation into a large-scale production line.  
Due to these reasons, research groups have tried to produce thin films of the semiconductor 
Cu(In,Al)Se2 for the application as absorber material in thin-film solar cells over the past few 
years. The absorbers were mainly produced by PVD or by annealing of precursors produced 
by sputtering or thermal evaporation. The best cell efficiency reached with a Cu(In,Al)Se2 
absorber layer produced by PVD is 16.9% [4-5]. The major problems, which have been 
reported by different research groups, are 
 

• to produce single phase Cu(In,Al)Se2, which means to avoid a phase segregation into 
quasi aluminum free CuInSe2 besides quasi indium free CuAlSe2, 

• to improve the adhesion at the semiconductor / back electrode interface, and 
• to avoid a sample oxidation during the production process. 
 

The selenisation of ternary Cu-In-Ga precursors often leads to a phase separation of CuInSe2 
crystallites on top of a Cu(In,Ga)Se2 layer with a high gallium content near the molybdenum 
back electrode [4-14 - 4-16]. When Cu(In,Al)Se2 has been produced by annealing of Cu-In-Al 
precursors ([4-6 - 4-10] consider the formation of quaternary Cu(In,Al)Se2, [4-11] and [4-13] 
consider the formation of ternary CuAlSe2), a similar phase segregation has been observed in 
most cases. This means that a bi-layered structure of indium-rich Cu(In1-xAlx)Se2 is formed 
besides aluminum-rich Cu(In1-yAly)Se2 with y > x. Some results have indicated the general 
feasibility to form single-phase Cu(In,Al)Se2 [4-6, 4-8] by this production process, but no 
reproducible production process has been presented so far. 
The highest efficient solar cells based on Cu(In,Al)Se2 have been produced by PVD with an 
elevated substrate temperature of 803 K [4-5]. As reported earlier, a deposition at substrate 
temperatures in this range may lead to bad adherence at the Cu(In,Al)Se2 / back-electrode 
interface [4-1, 4-2]. This was the reason, why a thin layer of gallium (thickness of 5 nm) was 
introduced to act as adhesive layer between semiconductor and back-electrode [4-5]. This 
enabled the deposition at elevated substrate temperatures, which had a beneficial effect on the 
resulting solar cell efficiency. In contrast to Cu(In,Al)Se2 absorbers produced by annealing of 
deposited precursors, processing by PVD usually leads to single-phase Cu(In,Al)Se2 with a 
homogeneous distribution of aluminum [4-1, 4-2, 4-17]. 
Due to the high oxygen affinity of aluminum, a film oxidation has to be avoided by 
appropriate means during the semiconductor formation process. The oxide Al2O3 has been 
detected by X-ray photoelectron spectroscopy to be present at the surface of CuIn0.3Al0.7Se2 
absorbers, which have been produced by four-source coevaporation and subsequent annealing 
[4-17]. The idea that Al2O3 might act as a barrier for the growth of CuAlSe2 crystals has been 
discussed [4-13]. 
The publications cited above did not consider the formation mechanism of the quaternary 
compound semiconductor Cu(In,Al)Se2. As a detailed knowledge of the semiconductor 
formation mechanisms may help to understand and explain the encountered problems 
mentioned above, the experiments presented in this section were dedicated to this question. 
For this reason, the solid-state reactions happening during the annealing process of different 
precursors have been investigated by time-resolved angle-dispersive X-ray diffraction 
experiments. These experiments have been performed during the annealing process of 
differently composed precursors. 
The principle approach of the experiments presented in this section was guided by the idea to 
gradually improve the chemical complexity of the investigated system. For this reason, the 
reactions happening while annealing metallic Cu-In-Al precursors without chalcogen will be 
presented at first. These experiments using samples without selenium or sulfur have been 
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performed, as the knowledge of the intermetallic precursor phases and phase transitions 
within the intermetallic subsystem may help to explain the selenisation (sulfurisation) 
behaviour as well as the resulting absorber morphology. This may be understood in analogy 
to the Cu-In-Ga intermetallic system, where different selenisation kinetics of gallium 
containing and gallium free precursor phases have been observed [4-18]. These differences 
are understood to be one reason for the usually observed phase segregation in gallium 
containing precursors and chalcopyrite absorber layers [4-105].  
The selenisation of binary (which means Cu-Se, In-Se, Al-Se) and ternary subsystems (Cu-In-
Se) will be presented, before the selenisation reactions of the quaternary system Cu-In-Al-Se 
will be discussed. This stepwise approach is indispensable, as a thorough knowledge and 
understanding of phase transitions in subsystems is mandatory for a correct phase analysis in 
the complex quaternary phase field. 
In addition to this, sulfurisation was investigated with the same procedure as described for the 
selenisation. Later in this section, sulfurisation and selenisation of metallic films will be 
compared. A comprehensive overview of the conducted experiments and related questions is 
given in fig. 4-2. 
 
 

 

Fig. 4-2: Overview of conducted in-situ XRD experiments (left column) and associated 
questions (right column) concerning the formation of Cu(In,Al)Se2 and Cu(In,Al)S2. The 
experiments were accomplished in the order of increasing complexity of the investigated 
systems (top to bottom in the left column). The investigation may be divided into four major 
parts: (I) investigations of the intermetallic Cu-In-Al system, (II) investigation of binary 
chalcogen containing subsystems, (III) investigation of ternary chalcogen containing 
subsystems and (IV) the investigation of the quaternary chalcogen containing systems. 
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4.1.1 Investigated samples and conducted experiments 
 

All samples considered in this section have been produced by DC magnetron sputtering and 
thermal evaporation. Molybdenum, copper, indium and elemental aluminum have been 
sputtered from elemental targets while gallium was sputtered from a CuGa2 alloy target. Both 
selenium and sulfur were deposited by thermal evaporation on top of the metallic precursor. 
 
4.1.1.1 The metallic Cu-In-Al system  
 

The intermetallic Cu-In-Al system was investigated concerning (a) the number of alternating 
layers of the metals copper, aluminum and indium, and (b) the heating rate of the annealing 
experiments (fig. 4-2). 
The precursors consisted of a stacked system of the elemental layers Mo / n×(Cu/Al/In) / Cu 
with n = 1, 2, 4 or 8. This layering has been chosen, that the surface closest layer of aluminum 
was covered with a layer of indium and copper, before the sample was removed from the 
sputter system. The idea behind is to avoid a film oxidation prior to the annealing process. 
The total amount of the metals copper, indium and aluminum was chosen to be 56 mmol/m2 
for all samples. The samples were slightly copper deficient with a molar fraction of 
[Cu] / ([In]+[Al]) = 0.92 and the aluminum content was [Al] / ([In]+[Al]) = 0.19. All samples 
were investigated with two different heating processes: (I) annealing from room temperature 
to T = 923 K with a heating rate of 0.8 K/s, and (II) annealing from room temperature to 
T = 923 K with a heating rate of 1.7 K/s. 
 
4.1.1.2 Binary subsystems with chalcogen 
 

The binary indium-selenium system was investigated using Mo/In/Se precursors with a slight 
selenium excess of [Se] / [In] = 1.125. The sputtered amount of indium was 56 mmol/m2. 
Time-resolved XRD measurements were performed while annealing the precursors from 
room temperature up to a sample temperature of T = 823 K with a heating rate of 0.8 K/s.  
The copper-selenium system was investigated by annealing a sandwich of two different 
samples. One sample consisted of a Mo/Cu stack, the other sample was a Mo/Se precursor. 
These samples were clamped together head-to-head (which means copper film in direct 
contact to the selenium film) inside the heater block of the reaction chamber (compare section 
3.2.1). This sample setup was chosen to check, if it is possible to investigate phase formations 
of an elemental system, which is provided by a combination of differently coated foils. XRD 
measurements were performed while annealing from room temperature up to a sample 
temperature of T = 923 K with a heating rate of 0.9 K/s. The deposited amount of copper at 
the Mo/Cu sample was 112 mmol/m2, while 131 mmol/m2 selenium have been deposited on 
the Mo/Se sample. This results in a molar fraction of [Se] / [Cu] = 1.17.  
Phase transitions happening in the binary aluminum-selenium system were investigated by 
annealing a Mo/Al/Se precursor with [Se] / [Al] = 1.15. The amount of aluminum, deposited 
by sputtering, was 112 mmol/m2. The XRD measurements presented later in this section 
monitor an annealing process from room temperature to a temperature of T = 923 K (with a 
heating rate of 0.8 K/s). This temperature was then held for 450 s.  
The sulfurisation of indium was investigated by annealing Mo/In/S precursors with 
28 mmol/m2 indium. As described above for the selenium containing samples, sulfur was 
offered in excess conditions. Precursors with two different amounts of sulfur have been 
investigated: [S] / [In] = 2.4 and [S] / [In] = 3.6. 
The binary copper-sulfur system was analysed using Mo/Cu/S precursors with a sulfur 
content according to [S] / [Cu] = 2.9. The deposited amount of copper was 56 mmol/m2. 
Solid-state reactions within the aluminum-sulfur system were investigated by annealing a 
Mo/Al/S precursor with a deposited aluminum amount of 56 mmol/m2.  
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The sulfur content of these precursors was [S] / [Al] = 2.6. All sulfur containing samples have 
been annealed from room temperature to a temperature of T = 923 K (with a heating rate of 
0.8 K/s). The sample temperature was held for 450 s at T = 923 K. 
 
4.1.1.3 Ternary subsystems with chalcogen 
 

The solid-state reactions observed while annealing ternary copper-indium-selenium 
precursors have been investigated earlier [4-19 - 4-25, 4-58, 4-105]. For reasons of 
comparability, the investigations of an annealing process of a Mo/Cu/In/Se precursor using 
the described experimental setup will be shortly presented. The investigated sample was 
copper poor with [Cu] / [In] = 0.92, selenium was deposited in excess conditions 
([Se] / ([Cu]+[In]) = 1.30). The total amount of copper and indium was 56 mmol/m2. 
The sulfurisation of copper-indium precursors was investigated during the annealing process 
of Mo / 8×(Cu/In) / S precursor films. The total amount of the metals copper and indium was 
56 mmol/m2, samples were slightly copper deficient according to [Cu] / [In] = 0.92. Due to 
the high vapour pressure of sulfur (cf. section 2.2.1), which always leads to a partial re-
evaporation during the annealing process, sulfur was deposited in distinct excess 
([S] / ([Cu]+[In]) = 2.90) to enable a complete sulfurisation of the metallic precursor. Samples 
have been annealed from room temperature to T = 923 K. This temperature was held for 
450 s. 
 
4.1.1.4 Quaternary systems with chalcogen 
 

Quaternary precursors containing the chalcogen selenium or sulfur have been investigated. 
 
Samples containing selenium 
 

In analogy to the intermetallic Cu-In-Al system, the quaternary Cu-In-Al-Se system was 
investigated concerning (a) the number of alternating layers of the metals copper, aluminum 
and indium and (b) the heating rate of the annealing experiments (compare fig. 4-2). The 
investigated precursors consisted of a stacked elemental layer system in the order of 
Mo / n×(Cu/Al/In) / Cu / Se with n = 1, 2, 4 or 8. As described in section 4.1.1.1, this layer 
sequence was chosen to avoid an oxidation of aluminum. The total amount of copper, indium 
and aluminum was 56 mmol/m2 for all investigated samples. The samples were copper 
deficient with [Cu] / ([In] +[Al]) = 0.92 and the aluminum content of the precursors was 
[Al] / ([In]+[Al]) = 0.19. Selenium was deposited in excess [Se] / ([Cu]+[In]+[Al]) = 1.15. 
Samples were annealed with two different heating profiles: (I) annealing from room 
temperature to T = 923 K with a heating rate of 0.8 K/s and a subsequent isothermal line with 
a duration of 450 s, and (II) annealing from room temperature to T = 923 K with the highest 
realisable heating rate of the setup, which was 2 K/s. 
 
Samples containing sulfur 
 

Besides selenisation, sulfurisation of the system Cu-In-Al has been investigated. The 
precursors consisted of a stacked elemental layer system of Mo / 8×(Cu/Al/In) / S. The total 
amount of the metals copper, indium and aluminum was chosen to be 56 mmol/m2. Samples 
were copper deficient with [Cu] / ([In] +[Al]) = 0.92 and the aluminum content was according 
to [Al] / ([In]+[Al]) = 0.19. In analogy to the investigations of the ternary Cu-In-S system, 
sulfur was deposited in excess conditions ([S] / ([Cu]+[In]+[Al]) = 2.80). The precursor has 
been annealed from room temperature to T = 923 K with a heating rate of 0.8 K/s. This 
temperature was then held for 450 s. 
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4.1.2 Results 
 

In the following, the solid-state reactions, observed while annealing the described precursors 
are presented.  
 
4.1.2.1 The metallic Cu-In-Al system 
 

As described above, the reactions in the Cu-In-Al intermetallic system have been investigated 
concerning (a) the number of alternating layers of copper, aluminum and indium, and (b) the 
heating rate of the annealing experiments. The general reaction mechanisms observed while 
annealing are illustrated for the sample, composed of one layer of copper, aluminum and 
indium (n = 1), which was annealed with a heating rate of 0.8 K/s. The diffractograms, 
recorded within 20 s plus 2.5 s detector read-out time are plotted in fig. 4-3. As for all 
following figures, which illustrate diffractograms of in-situ XRD measurements, diffraction 
patterns corresponding to an increasing sample temperature are plotted from bottom to top. 
Space groups of phases as mentioned in the following, are listed in table 4-1.  
All diffraction patterns show the 110 Bragg reflection of the polycrystalline molybdenum 
layer at 2θ = 40.5°. Considering the room temperature diffraction pattern (indicated with (A) 
in fig. 4-3), the strong reflection at 2θ = 32.8° can be ascribed to the 101 reflection of 
elemental indium. The Bragg reflections at 2θ = 34.4° and 2θ = 43.2° indicate the presence of 
the CuIn2 phase (211 and 310/202 reflections). The group of overlapping reflections around 
2θ = 38.5° can be explained by the 220 and 112 reflections of CuIn2 together with the 110 
reflection of indium. The diffraction signals at 2θ = 29.2° and 2θ = 42.1° are ascribed to 
groups of Bragg reflections originating from the monoclinic Cu11In9 phase. When the sample 
has reached a temperature of T = 429 K, indium melts and CuIn2 decomposes to Cu11In9 and 
indium rich melt. However, the reflection at 2θ = 43.2° is still observed at temperatures 
exceeding the existence region of the CuIn2 phase. This indicates the presence of elemental 
copper (111 reflection at 2θ = 43.2°). Regarding the position of this Bragg reflection, a shift 
to lower diffraction angles is observed with an increasing sample temperature. This shift may 
be explained by an increasing d-value, which is caused by aluminum incorporation into the 
copper lattice. At a sample temperature around T = 490 K, the crystallisation of Cu9Al4 can be 
detected. This cubic phase can be identified by the 300 and 330 reflections at 2θ = 30.4° and 
2θ = 43.8°. All elemental copper with incorporated aluminum is consumed for the formation 
of Cu9Al4 at a sample temperature of T = 560 K. The Bragg reflections of the Cu9Al4 phase 
shift to lower diffraction angles with increasing film temperature. This peak shift originates 
now from an indium incorporation into the aluminum sublattice of the alloy Cu9Al4, forming 
a Cu9(Al,In)4 mixed crystal. In an early stage of the annealing process, the 020 reflection of 
Cu11In9 at 2θ = 41.2° becomes visible. This may be related to thermally induced structural 
ordering of the monoclinic Cu11In9 phase. According to the binary Cu-In phase diagram, the 
phase transition of Cu11In9 to Cu16In9 is observed at sample temperatures exceeding the phase 
transition temperature of T = 583 K. This transition is recognisable by a slight shift of the 
Bragg reflection at 2θ = 42.1° to a higher diffraction angle. 
In general, the described phases and phase transitions are observed for all 
Mo / n×(Cu/Al/In) / Cu samples with n = 1, 2, 4 and 8 (figs. 4-3 – 4-6, all samples annealed 
with a heating rate of 0.8 K/s). However, elemental copper is only observed in the sample 
with only one layer of the sputtered Cu/Al/In sequence (n = 1). Comparing the room 
temperature diffraction patterns for precursors with n = 1, 2, 4 and 8 (indicated with (A) in 
figs. 4-3 – 4-6), it is obvious that an increasing number of alternating elemental layers 
decreases the amount of elemental indium and increases the amount of the alloy phases CuIn2 
and Cu11In9. Another effect of the better intermixture of the elements, achieved by an increase 
of the number of alternating layers, is observed concerning the onset temperature of the 
Cu9(Al,In)4 crystallisation (table 4-2). When annealing a Mo / n×(Cu/Al/In) / Cu precursor 
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with n = 1, the crystallisation of Cu9(Al,In)4 is observed at a temperature of T = 515 K. 
Precursors with a higher degree of intermixture (n = 2, 4 or 8) show a decreasing onset 
temperature of the crystallisation of Cu9(Al,In)4. In this case, the alloy Cu9(Al,In)4 crystallises 
at temperatures of around T ≈ 400 K.  
 
 
Table 4-1: Space groups of detected phases while annealing Mo-Cu-In-Al precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
Cu F m –3 m [4-27] 
In I 4/m m m [4-28] 
CuIn2 I 4/m c m [4-29] 
Cu11In9 C 2/m [4-30] 
Cu16In9 P 63/m m c [4-31] 
Cu9Al4 P –4 3 m [4-32] 
 
 
The experiments, which have been performed with an annealing rate of 1.7 K/s, indicated the 
same observations as described above for the samples annealed with a heating rate of 0.8 K/s. 
As an example, the in-situ XRD measurements for a Mo / n×(Cu/Al/In) / Cu sample with 
n = 1, which was annealed with a heating rate of 1.7 K/s are shown in fig. 4-7.  
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Fig. 4-3: In-situ XRD measurements while annealing a Mo / n×(Cu/Al/In) / Cu precursor with 
n = 1 with a heating rate of 0.8 K/s. The involved polycrystalline phases are Mo, Cu, In, 
CuIn2, Cu11In9, Cu16In9 and Cu9(Al,In)4. Diffraction patterns corresponding to an increasing 
sample temperature are plotted from bottom to top. The room temperature diffractogram is 
indicated with (A). Temperatures of T = 400 K, 650 K and 900 K are indicated with (B), (C) 
and (D), respectively. 
 
 

 
Fig. 4-4: In-situ XRD measurements while annealing a Mo / n×(Cu/Al/In) / Cu precursor with 
n = 2 (heating rate of 0.8 K/s). The involved phases are Mo, In, CuIn2, Cu11In9, Cu16In9 and 
Cu9(Al,In)4. Sample temperatures of T = 293K, 400 K, 650 K and 900 K are indicated with 
(A), (B), (C) and (D), respectively. 
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Fig. 4-5: In-situ XRD measurements while annealing a Mo / n×(Cu/Al/In) / Cu precursor with 
n = 4 (heating rate of 0.8 K/s). Observed phases are Mo, In, CuIn2, Cu11In9, Cu16In9 and 
Cu9(Al,In)4. Sample temperatures of T = 293K, 400 K, 650 K and 900 K are indicated with 
(A), (B), (C) and (D). 
 
 

 

Fig. 4-6: In-situ XRD measurements while annealing a Mo / n×(Cu/Al/In) / Cu precursor with 
n = 8 (heating rate of 0.8 K/s). Again, the phases Mo, In, CuIn2, Cu11In9, Cu16In9 and 
Cu9(Al,In)4 are observed at different stages of the annealing process. Sample temperatures of 
T = 293K, 400 K, 650 K and 900 K are indicated with (A), (B), (C) and (D). 
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Fig. 4-7: In-situ XRD measurements while annealing a Mo / n×(Cu/Al/In) / Cu precursor with 
n = 1 and a heating rate of 1.7 K/s. As for the measurement of the identical precursor, 
annealed with a heating rate of 0.8 K/s (compare fig. 4-3), the polycrystalline phases Mo, Cu, 
In, CuIn2, Cu11In9, Cu16In9 and Cu9(Al,In)4 are observed at different stages of the annealing 
process. Again, sample temperatures of T = 293K, 400 K, 650 K and 900 K are indicated with 
(A), (B), (C) and (D). 
 
Table 4-2: Temperature of the Cu9(Al,In)4 crystallisation for different precursors 
n1 Mean onset temperature2 of the Cu9(Al,In)4 crystallisation [K] 
1 515 
2 390 
4 420 
8 410 
1n represents the number of alternating layers in a Mo / n×(Cu/Al/In) / Cu precursor sample 
2mean value of the qualitatively observed onset of the Cu9(Al,In)4 crystallisation over  
  experiments with both described heating profiles 
 
4.1.2.2 Binary subsystems with chalcogen 
 

Results concerning selenisation or sulfurisation reactions in the binary chalcogen containing 
systems In-Se, Cu-Se, Al-Se, In-S, Cu-S and Al-S are presented in this section. 
 
The binary indium-selenium system 
 

The diffraction patterns recorded while annealing a binary indium-selenium precursor are 
shown in fig. 4-8. Space groups and references concerning the structural parameters of 
observed phases are listed in table 4-3. The room temperature diffractogram (indicated with 
(A) in fig. 4-8) shows Bragg reflections at 2θ = 32.8°, 36.2° and at 39.1°. These reflections 
can be ascribed to the 101, 002 and 110 reflections of elemental indium. The 110 reflection of 
molybdenum at 2θ = 40.5° is detected throughout the annealing process. As described above, 
the melting of indium is observed at a sample temperature of T = 429 K. Selenium, which is 
amorphous at the beginning of the annealing process, crystallises at around T = 430 K. The 
reflections at 2θ = 23.1° and 29.4° can be ascribed to the 100 and 101 reflections of elemental 
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selenium. After the melting point of selenium, the formation of the binary selenide In4Se3 is 
observed starting at sample temperatures of T = 560 K. This indium-selenide is identified by 
the appearance of the 330 reflection 2θ = 27.5° and a superposition of the 311 and 040 Bragg 
reflections at 2θ = 28.7°. A further temperature increase leads to an ongoing selenisation of 
In4Se3 to InSe. The weak and broad reflection at 2θ = 25.8°, which is attributed to the 101 
reflection of InSe, is observed starting at a sample temperature of T = 630 K. At the same 
temperature, the crystallisation of the β−In2Se3 phase, which is recognised by the 006 and 015 
reflections at 2θ = 18.6° and 30.0°, is observed. Finally, γ−In2Se3, which is the selenium 
richest indium selenide according to the binary indium-selenium phase diagram (cf. section 
2.2.2.1) is formed, starting at a sample temperature of T = 740 K. Considering the diffraction 
pattern recorded at T = 800 K (indicated with (D) in fig. 4-8), the reflections at 2θ = 15.0°, 
16.7°, 24.9°, 27.4°, 30.2°, 37.2° and 43.8° can be ascribed to the 101, 102, 110, 006, 202, 
205/116 and 300 Bragg reflections of γ−In2Se3. 
 
Table 4-3: Space groups of detected phases while annealing Mo-In-Se precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
In I 4/m m m [4-28] 
Se P 31 2 1 [4-33] 
In4Se3 P n n m [4-34] 
InSe R 3 m [4-35] 
β−In2Se3 R –3 m [4-36] 
γ−In2Se3 P 61 [4-37] 
 

 
Fig. 4-8: In-situ XRD measurements while annealing a Mo/In/Se precursor with a heating rate 
of 0.8 K/s. The involved polycrystalline phases are Mo, In, Se, In4Se3, InSe, β−In2Se3 and 
γ−In2Se3. An ongoing selenisation ending with the indium richest indium selenide γ−In2Se3 is 
observed during the annealing process. The room temperature diffractogram is indicated with 
(A). Sample temperatures of T = 400 K, 600 K and 800 K are indicated with (B), (C) and (D), 
respectively. 
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The binary copper-selenium system 
 

Phase formations and transitions of the binary copper-selenium system are illustrated in  
fig. 4-9, which shows the diffraction patterns recorded while annealing. All polycrystalline 
phases, which occur at different stages of the annealing process, are listed in table 4-4 
together with their space group and the corresponding reference concerning their structural 
parameters.  
The molybdenum 110 reflection at 2θ = 40.5° is observed at all recorded diffraction patterns. 
At the beginning of the annealing process, elemental copper is the only crystalline phase 
besides molybdenum. The Bragg reflection at 2θ = 43.1° can be ascribed to the 111 reflection 
of copper. When the sample temperature exceeds T = 410 K, the crystallisation of selenium is 
detected by the appearance of the 100 and 101 reflections at 2θ = 23.2° and 29.5°. After 
selenium has molten at T = 494 K, a single diffraction pattern indicates the formation of the 
copper selenide γ−CuSe by the appearance of the γ−CuSe-101 and γ−CuSe-102 reflections at 
2θ = 26.5° and 28.0°. At sample temperatures exceeding T = 510 K, only two Bragg 
reflections at 2θ = 26.7° and 44.4° are observed together with the Mo-110 reflection. These 
reflections can be ascribed to the 111 and 220 reflections of the cubic Cu2-xSe phase. With an 
increasing sample temperature, these reflections shift to lower diffraction angles. This shift is 
due to an increasing lattice parameter a of the cubic Cu2-xSe phase from a = 576.9(9) pm  
(at T = 510 K) to a value of a = 578.6(4) pm at a sample temperature of T = 923 K. 
 
Table 4-4: Space groups of detected phases while annealing Mo-Cu-Se precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
Cu F m –3 m [4-27] 
Se P 31 2 1 [4-33] 
γ−CuSe P 63/m m c [4-38] 
Cu2-xSe F –4 3 m [4-39] 
 

 
Fig. 4-9: In-situ XRD measurements while annealing a Mo/Cu/Se stacked elemental layer 
system precursor with a heating rate of 0.8 K/s. Observed polycrystalline phases are Mo, Cu, 
Se, CuSe and Cu2-xSe. The diffractogram recorded at room temperature is indicated with (A). 
Sample temperatures of T = 400 K, 650 K and 900 K are indicated with (B), (C) and (D). 
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The binary aluminum-selenium system 
 

At room temperature, the 111 and 220 reflection of elemental aluminum are observed at 
2θ = 38.4° and 44.6° (fig. 4-10). Besides this, the 110 reflection of molybdenum is observed 
at 2θ = 40.5°. The Bragg reflections at 2θ = 23.1°, 29.4° and 43.5°, which appear at a sample 
temperature of T = 410 K, can be ascribed to the 100, 101 and 012 reflections of selenium. 
After the melting point of selenium at T = 494 K, only elemental aluminum and molybdenum 
are present polycrystalline phases. The formation of Al2Se3, which is the only existing 
aluminum selenide according to the binary aluminum-selenium phase diagram (cf. section 
2.2.2.1) starts, once the sample temperature has reached the plateau temperature of the 
annealing process at T = 923 K. According to the film composition [Se] / [Al] = 1.15, not all 
aluminum is selenised to Al2Se3. A residual amount of elemental aluminum remains until the 
end of the annealing process. Space groups of all detected phases are listed in table 4-5. 
 

 
Fig. 4-10: In-situ XRD measurements while annealing a Mo/Al/Se stacked elemental layer 
system precursor with a heating rate of 0.8 K/s. Observed polycrystalline phases are Mo, Al, 
Se and Al2Se3, which is formed at the beginning of the isothermal line at T = 923 K. The 
room temperature diffraction pattern is indicated with (A). Sample temperatures of T = 500 K, 
700 K and the beginning of the isothermal line at T = 923 K are indicated with (B), (C) and 
(D), respectively. 
 
Table 4-5: Space groups of detected phases while annealing Mo-Al-Se precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
Al F m –3 m [4-26] 
Se P 31 2 1 [4-33] 
Al2Se3 C c [4-40] 
 
 
The binary indium-sulfur system 
 

The diffraction patterns, which were recorded during the annealing process of a Mo/In/S 
precursor with a sulfur content of [S] / [In] = 2.4 are presented in fig. 4-11. At room 
temperature (indicated with (A) in fig. 4-11), elemental sulfur and indium are present 
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polycrystalline phases. The group of weak reflections in the 2θ−region between 21° and 30° 
can all be attributed to Bragg reflections of orthorhombic sulfur. The strongest detected Bragg 
reflections of orthorhombic sulfur are the 222, 026, 311 and 206 reflections at diffraction 
angles of 2θ = 22.9°, 25.8°, 26.5° and 27.6°. Besides this, the 101, 002 and 110 reflections of 
elemental indium are detected at 2θ = 32.8°, 36.2° and at 39.1°. At a sample temperature of 
T = 388 K, sulfur melts according to the phase diagram (cf. section 2.2.2.1). When the sample 
temperature has reached T = 429 K, indium melts. The formation of the indium sulfide InS is 
observed starting at a sample temperature of T = 680 K. Bragg reflections originating from 
the orthorhombic InS phase are detected at 2θ = 21.9°, 23.7°, 26.1°, 30.2° 31.4°, 33.0° and at 
45.6°. These reflections can be attributed to the 011, 101, 012, 110, 111, 004/103 and 114 
reflections of InS, respectively. The indium sulfide InS is present until the end of the 
annealing process. Again, the 110 reflection of molybdenum at 2θ = 40.5° is detected 
throughout the monitored annealing process.  
As the formation of sulfur-richer indium sulfides can be expected from a consideration of the 
phase diagram, the described annealing process was investigated again while annealing 
another Mo/In/S precursor with a higher sulfur content of [S] / [In] = 3.6. The diffraction 
patterns, recorded while annealing this precursor, are visualised in fig. 4-12. As for the sulfur 
poorer Mo/In/S precursor, the Bragg reflections of the room temperature diffractogram 
(indicated with (A) in fig. 4-12) can be ascribed to elemental indium, sulfur and molybdenum. 
After indium and sulfur have molten, the formation of the indium sulfide In2S3 is observed to 
start at a sample temperature of T = 520 K. As in the case of the sulfur poorer Mo/In/S 
precursor, this sulfide is stable until the end of the annealing process. It was not possible to 
distinguish between the tetragonal α−In2S3 phase and the cubic β−In2S3 phase, as the 
tetragonal reflections of the α−phase are weak as compared to those reflections, which almost 
coincide with Bragg reflections of the cubic β-phase (fig. 4-12). According to the binary 
indium-sulfur phase diagram (compare section 2.2.2.1), the tetragonal α−phase exists from 
room temperature up to T = 687 K, while the β−phase exists to a temperature of T = 1023 K. 
In the investigated temperature range between the formation temperature of In2S3 (T = 520 K) 
and T = 687 K, both phases may coexist. 
Space groups and references concerning phases mentioned in this section are listed in  
table 4-6. 
 
Table 4-6: Space groups of detected phases while annealing Mo-In-S precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
In I 4/m m m [4-28] 
orthorhombic S F d d d [4-41] 
InS P n n m [4-42] 
α−In2S3 I 41/a m d [4-43] 
β−In2S3 F d –3 m [4-44] 
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Fig. 4-11: In-situ XRD measurements while annealing a Mo/In/S precursor with 
[S] / [In] = 2.4 with a heating rate of 0.8 K/s. Observed polycrystalline phases are Mo, S, In 
and InS. The indium sulfide InS is formed at a sample temperature of T = 680 K. The room 
temperature diffraction pattern is indicated with (A). Sample temperatures of T = 500 K, 
700 K and the beginning of the isothermal line at T = 923 K are indicated with (B), (C) and 
(D), respectively. 
 

 

Fig. 4-12: In-situ XRD measurements while annealing a Mo/In/S precursor with a sulfur 
content of [S] / [In] = 3.6 with a heating rate of 0.8 K/s. Polycrystalline phases observed are 
Mo, S, In and In2S3. The formation of the indium sulfide In2S3 is observed starting at a sample 
temperature of T = 520 K. The room temperature diffraction pattern is indicated with (A). 
Sample temperatures of T = 500 K, 700 K and the beginning of the isothermal line at 
T = 923 K are indicated with (B), (C) and (D), respectively. 
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The binary copper-sulfur system 
 

The in-situ investigations of the solid-state reactions proceeding while annealing a Mo/Cu/S 
precursor film are illustrated in fig. 4-13. The first diffraction pattern, recorded at room 
temperature, shows Bragg reflections of orthorhombic sulfur (indicated with (A) in fig. 4-13). 
The assignment of major reflections of elemental sulfur has been described above for the 
indium-sulfur system. Additional Bragg reflections at 2θ = 29.2°, 31.7° and 32.7° can be 
attributed to the 102, 103 and 006 reflections of the hexagonal copper sulfide CuS (see table 
4-7 for a listing of space groups of all crystalline phases observed during the annealing 
process of Mo/Cu/S precursors). This copper sulfide is present until the sample temperature 
exceeds a value of T = 780 K. In agreement to the binary copper-sulfur phase diagram 
(compare section 2.2.2.1), the peritectic decomposition of CuS to Dg-Cu2-xS and sulfur rich 
melt is observed at this temperature. The prefix “Dg” is an abbreviation of the name of the 
cubic mineral Cu2S, which is called “Digenite”. A remarkable peak shift of the Bragg 
reflections of Dg-Cu2-xS to lower diffraction angles is observed with an increasing sample 
temperature. The a-parameter of the cubic phase Dg-Cu2-xS increases from a = 558.3(5) pm at 
the beginning of the Digenite formation to a value of a = 570.9(5) pm at the end of the 
annealing process (indicated with (E) in fig. 4-13). In the cooling phase, the formation of the 
hexagonal Ch-Cu2S phase is observed. Again, the prefix “Ch” is an abbreviation for the 
mineral name of this phase, which is “Chalcocite”.  
 

 
Fig. 4-13: In-situ XRD measurements while annealing a Mo/Cu/S precursor with a heating 
rate of 0.8 K/s. Polycrystalline phases observed are Mo, S, CuS, Dg-Cu2-xS and Ch-Cu2S. The 
room temperature diffraction pattern is indicated with (A). Sample temperatures of T = 500 K, 
700 K and the beginning of the isothermal line at T = 923 K are indicated with (B), (C) and 
(D), respectively. The beginning of the sample cooling is marked with (E). 
 
Table 4-7: Space groups of detected phases while annealing Mo-Cu-S precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
orthorhombic S F d d d [4-41] 
CuS P 63/m m c [4-45] 
Dg-Cu2-xS F –4 3 m [4-46] 
Ch-Cu2S P 63/m m c [4-47] 
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The binary aluminum-sulfur system 
 

The powder patterns recorded while annealing a stacked elemental layer Mo/Al/S precursor 
with a heating rate of 0.8 K/s are plotted in fig. 4-14. At room temperature (indicated with (A) 
in fig. 4-14), Bragg reflections of orthorhombic sulfur, elemental aluminum and molybdenum 
are detected. At a sample temperature of T = 360 K, additional Bragg reflections appear at 
diffraction angles 2θ = 20.2°, 23.6° and 24.2° indicating the crystallisation of monoclinic 
sulfur. When the observed sulfur phases have molten, elemental aluminum and molybdenum 
are the only observed polycrystalline phases. At the isothermal line at T = 923 K, additional 
Bragg reflections at 2θ = 16.4°, 28.5°, 37.1° and 44.2° appear. These reflections are attributed 
to the 110, 211, 310 and 321 reflections of the intermetallic alloy Al12Mo. At the end of the 
annealing process (top diffractogram of fig. 4-14), elemental aluminum, molybdenum and the 
alloy Al12Mo are present polycrystalline phases. Again, a listing of all space groups of 
observed phases is given (table 4-8). 
 

 
Fig. 4-14: In-situ XRD measurements while annealing a Mo/Al/S precursor with a heating 
rate of 0.8 K/s. Polycrystalline phases observed are Mo, Al, orthorhombic and monoclinic S, 
and the intermetallic alloy Al12Mo. Bragg reflections of Al12Mo are marked with arrows. The 
room temperature diffraction pattern is indicated with (A). Sample temperatures of T = 500 K, 
700 K and the beginning of the isothermal line at T = 923 K are indicated with (B), (C) and 
(D), respectively.  
 
 
Table 4-8: Space groups of detected phases while annealing Mo-Al-S precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
Al F m –3 m [4-26] 
monoclinic S P 2/c [4-48] 
orthorhombic S F d d d [4-41] 
Al12Mo I m -3 [4-49] 
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4.1.2.3 Ternary subsystems with chalcogen 
 

In this section, in-situ XRD investigations while annealing ternary chalcogen containing  
Cu-In precursors are presented. The crystallisation mechanisms of the ternary chalcopyrites 
α−CuInSe2 and α−CuInSe2 are analysed. 
 
The ternary copper-indium-selenium system 
 

The growth process of the chalcopyrite α−CuInSe2 was investigated by in-situ XRD during 
the annealing process of Mo/Cu/In/Se precursor samples (fig. 4-15). The diffraction pattern 
recorded at room temperature (indicated with (A) in fig. 4-15) shows the existence of the 
polycrystalline phases of elemental indium besides the intermetallic alloy phases CuIn2 and 
Cu11In9. An assignment of Bragg reflections of these metal phases has already been given for 
the intermetallic Cu-In-Al system. The melting point of indium and the peritectic 
decomposition of CuIn2 to Cu11In9 and elemental indium can be detected, when the sample 
has reached a temperature of T = 429 K. Selenium crystallises at about 380 K and melts at 
494 K. At sample temperatures around the melting point of selenium, the formation of the 
binary selenides In4Se3 and CuSe2 is observed. The copper selenide CuSe2 can be identified 
by the 111 and 120 Bragg reflections at 2θ = 33.0° and 33.8°. The peritectic decomposition of 
CuSe2 to γ−CuSe and elemental selenium can be detected at 605 K, which is in agreement 
with the binary copper-selenium phase diagram (compare section 2.2.2.1). At a film 
temperature of 580 K, the formation of InSe (006 and 101 Bragg reflections at 2θ = 21.2° and 
25.8°, respectively) is observed together with a decreasing intensity of In4Se3 Bragg 
reflections. The indium selenide InSe is present until the sample temperature exceeds 
T = 650 K. At this temperature, the peritectic decomposition of γ−CuSe to Cu2-xSe and 
selenium is observed as well as the onset of the α−CuInSe2 crystallisation. The chalcopyrite 
α−CuInSe2 can be identified by the 112, 103, 211 and 220/204 reflections at 2θ = 26.5°, 
27.5°, 35.3° and 43.9°, respectively. The temperature and time resolved quantitative phase 
content of present polycrystalline phases as determined by Rietveld refinement (compare 
section 2.4 for a description of the refinement procedure) is plotted in fig. 4-16 for sample 
temperatures exceeding T = 460 K. In addition to the above-mentioned phase transitions in 
the binary metal-selenium subsystems, it can be deduced, that the selenisation of the 
intermetallic phase Cu11In9 starts at temperatures around T = 460 K and is completed at a 
sample temperature of T = 760 K. The amount of InSe starts to decrease at a sample 
temperature T = 660 K from a maximum value of about 20 cat.-%. This decrease indicates the 
onset of the α−CuInSe2 crystallisation via the chemical reaction 
Cu2Se + 2 InSe + Se → 2 α−CuInSe2 (for an educt phase Cu2-xSe with x = 0). 
 
Table 4-9: Space groups of detected phases while annealing Mo-Cu-In-Se precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
In I 4/m m m [4-28] 
CuIn2 I 4/m c m [4-29] 
Cu11In9 C 2/m [4-30] 
Se P 31 2 1 [4-33] 
In4Se3 P n n m [4-34] 
InSe R 3 m [4-35] 
CuSe2 P n n m [4-50] 
γ−CuSe P 63/m m c [4-38] 
Cu2-xSe F –4 3 m [4-39] 
α−CuInSe2 I –4 2 d [4-51] 
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Fig. 4-15: In-situ XRD measurements while annealing a Mo/Cu/In/Se precursor with a 
heating rate of 0.8 K/s. Polycrystalline phases observed are Mo, In, CuIn2, Cu11In9, Se, In4Se3, 
InSe, CuSe2, CuSe, Cu2-xSe and the chalcopyrite α−CuInSe2. The room temperature 
diffraction pattern is indicated with (A). Sample temperatures of T = 500 K, 700 K and the 
beginning of the isothermal line at T = 923 K are indicated with (B), (C) and (D), 
respectively. The beginning of the annealing process is characterised by the presence of 
metallic phases. When the sample temperature exceeds the temperature of T = 429 K, the 
intermetallic alloy Cu11In9 is the only existing metal phase. This phase is selenised, beginning 
at sample temperatures around the melting point of selenium. Binary copper and indium 
selenides are formed. A further temperature increase leads to selenium transfer reactions 
between the binary selenium containing subsystems: In4Se3 is selenised to InSe and CuSe2 
reacts to CuSe and to Cu2-xSe, finally. The semiconductor formation proceeds along the educt 
phases Cu2-xSe and InSe as soon as these solid-state educts are present intermediate phases. 
The onset of the chalcopyrite formation is detected at a sample temperature of T = 660 K. The 
Mo-110 reflection is detected throughout the annealing process. 
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Fig. 4-16: Quantitative phase evolution 
while annealing a Mo/Cu/In/Se 
precursor. At sample temperatures 
exceeding T = 460 K, the intermetallic 
alloy Cu11In9 is selenised to form 
binary indium and copper selenides. 
Cu11In9 is completely selenised at 
T = 760 K. The amount of InSe 
decreases from around 20 cat.-% to 
zero beginning at T = 660 K. This 
indicates the onset of the chalcopyrite 
formation according to the chemical 
reaction 
Cu2-xSe + 2InSe + Se → 2 α−CuInSe2.

 



RESULTS AND DISCUSSION 69

The ternary copper-indium-sulfur system 
 

The formation of the ternary chalcopyrite α−CuInS2 has been monitored by in-situ XRD while 
annealing Mo/Cu/In/S precursor samples (fig. 4-17). The room temperature phases (powder 
pattern recorded at room temperature indicated with (A) in fig. 4-17) can be identified to be 
elemental molybdenum besides the intermetallic alloy CuIn2. Weak Bragg reflections originating 
from orthorhombic sulfur are detected. Once sulfur has molten, the peritectic decomposition of 
CuIn2 to Cu11In9 and indium rich melt is detected at T = 429 K. At a sample temperature 
T = 520 K, the formation of the binary sulfides InS and CuS is observed (compare the 
investigations of the binary copper-sulfur and indium-sulfur system for an identification of Bragg 
reflections). When the sample temperature reaches T = 600 K, additional Bragg reflections at 
2θ = 23.3°, 27.5°, 33.2° and 43.6° appear. These Bragg reflections can be ascribed to the 220, 
311, 400 and 511 reflections of the cubic CuIn5S8 phase. From a qualitative point of view, 
diffraction from the indium sulfides α−In2S3 or β−In2S3 (compare investigations concerning the 
binary indium-sulfur system) might also explain the observed Bragg reflections. It will be shown 
later, that a quantitative phase analysis confirms the existence of the ternary phase CuIn5S8 instead 
of α−In2S3 or β−In2S3. At a film temperature of T = 780 K, the peritectic decomposition of CuS to 
Dg-Cu2-xS and sulfur rich melt is observed, according to the binary copper-sulfur phase diagram 
(cf. section 2.2.2.1). This observation coincides with the onset of the chalcopyrite formation. The 
chalcopyrite α−CuInS2 can be identified by the 112, 200/004 and 220/204 reflections at 
2θ = 27.7°, 32.1° and 46.2°, respectively. The weak Bragg reflection at 2θ = 33.2° (diffraction 
pattern indicated with (D) in fig. 4-17) indicates the presence of a residual amount of CuIn5S8 
(CuIn5S8-400 reflection). Space groups and references of all observed polycrystalline phases are 
listed in table 4-10.  
 
Table 4-10: Space groups of detected phases while annealing Mo-Cu-In-S precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
CuIn2 I 4/m c m [4-29] 
Cu11In9 C 2/m [4-30] 
orthorhombic S F d d d [4-41] 
CuS P 63/m m c [4-45] 
InS P n n m [4-42] 
CuIn5S8 F –4 3 m [4-52] 
α−CuInS2 I –4 2 d [4-53] 

 
As it is not possible to distinguish between CuIn5S8 and the indium sulfides α−In2S3 or β−In2S3 by 
the qualitative phase analysis as described above, the diffraction patterns were refined and 
quantified by the Rietveld method. As an example, the refinement of the powder pattern recorded 
at a sample temperature of T = 700 K is shown in fig. 4-18 for three different fitting models (three 
boxes in fig. 4-18). The measured intensity is plotted in black for all models. The red curve shows 
the calculated intensity, which is given by the sum of the calculated diffraction signals of 
contributing phases including an intensity value of the background curve. Phases used for the 
refinement procedure are Mo, α−CuInS2, CuS and InS for all models. In addition to these phases, 
CuIn5S8, α−In2S3 or β−In2S3, was included in the refinement leading to model (I), (II) or (III). The 
calculated contribution of this additional phase (CuIn5S8 for model (I), α−In2S3 for model (II) and 
β−In2S3 for model (III)) is visualised below the red curve for all three models. The best fit result is 
obtained, when the existence of the ternary sulfide CuIn5S8 is assumed in addition to the phases 
Mo, α−CuInS2, CuS and InS. This is clearly shown by the flat devolution of the difference plot 
(green curve, plotted at the bottom of each box) of model (I) as compared to models (II) or (III). 
As a consequence, the ternary phase CuIn5S8 was included in the refinement procedure of the 
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whole dataset and the existence of the indium sulfides α−In2S3 or β−In2S3 was excluded. 
The time- and temperature resolved quantitative phase content as obtained by Rietveld refinement 
is shown in fig. 4-19(a) for the dataset as visualised in fig. 4-17. Besides this, the phase evolution 
obtained from an additional in-situ XRD experiment during a repeated annealing process of the 
same precursor is shown in fig. 4-19(b). In both experiments, the amount of Cu11In9 decreased 
rapidly from an initial value of almost 90 cat.-% to zero within a time interval of 45 s (duration for 
the acquisition of two subsequent diffraction patterns) at sample temperatures exceeding 
T = 500 K. The amount of CuS increases fast starting from a value below 10 cat.-% to around 
90 cat.-% simultaneously to the consumption of Cu11In9. The slope dcat.-% / dt of the indium 
sulfide InS, which is formed simultaneously to the copper sulfide CuS, is distinctly lower. This 
indicates, that the formation of the copper sulfide CuS is energetically favoured as compared to 
the crystallisation of the indium sulfide InS, when the intermetallic alloy Cu11In9 is sulfurised.  
 

 

Fig. 4-17: In-situ X-ray diffraction measurements while annealing a Mo/Cu/In/S precursor with a 
heating rate of 0.8 K/s. Polycrystalline phases observed are Mo, CuIn2, Cu11In9, orthorhombic 
sulfur, CuS, InS, CuIn5S8 and the chalcopyrite α−CuInS2. The room temperature diffraction 
pattern is indicated with (A). Sample temperatures of T = 500 K, 700 K and the beginning of the 
isothermal line at T = 923 K are marked with (B), (C) and (D), respectively. The room temperature 
diffraction pattern shows the presence of elemental sulfur besides the alloy phase CuIn2. Above 
T = 429 K, the intermetallic alloy Cu11In9 is observed. This alloy is sulfurised to form the binary 
sulfides InS and CuS. At elevated sample temperatures, the ternary sulfide CuIn5S8 is formed. 
When the sample temperature has reached T = 780 K, the peritectic decomposition of CuS to 
Dg-Cu2-xS and the onset of the α−CuInS2 formation are observed. The weak reflection at 
2θ = 33.2° (diffraction pattern (D)) indicates a residual amount of CuIn5S8. Again, the Mo-110 
reflection is detected throughout the annealing process. 
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In both measurements visualised here, the amount of CuS starts to decrease from its 
maximum value of 90 cat.-% and the ternary phase CuIn5S8 is formed at process times around 
t ≈ 300 s (or t ≈ 350 s for the measurement shown in fig. 4-19(b)). The amount of CuIn5S8 
reaches its maximum value at sample temperatures just below T = 780 K, when the peritectic 
decomposition of CuS to Dg-Cu2-xS is observed. At further increased sample temperatures, 
the amount of the indium rich ternary sulfide CuIn5S8 decreases distinctly. These observations 
indicate, that the chalcopyrite α−CuInS2 is formed by the solid-state reaction of Dg-Cu2-xS 
and CuIn5S8. In both measurements (fig. 4-19 (a) and (b)), the amount of CuIn5S8 drops 
distinctly while the detected amount of the chalcopyrite α−CuInS2 increases strongly within 
22.5 s after the peritectic decomposition of CuS. The chalcopyrite formation from CuIn5S8 
and Dg-Cu2-xS proceeds remarkably fast. The chemical equation of this formation process is 
given by 2 Dg-Cu2S + CuIn5S8 → 5 α−CuInS2 (formulated for Digenite Dg-Cu2-xS with 
x = 0). The detected amount of α−CuInS2 was already at a level around 30 cat.-% just before 
the peritectic decomposition of CuS. This indicates that a second formation process involving 
the educt phases CuS and InS occurs already at lower sample temperatures. The chalcopyrite 
formation according to the reaction CuS + InS → α−CuInS2 is suggested, as the amount of 
CuIn5S8 does not decrease until the sample temperature exceeds the temperature of the 
peritectic decomposition of CuS (fig. 4-19). The α−CuInS2 formation process from the educt 
phases InS and CuS is well recognisable especially in the measurement shown in fig. 4-19(a).  
There are some differences comparing both visualised datasets (fig. 4-19). The amount of 
CuIn5S8 increases to a value of 40 cat.-% for the dataset visualised in fig. 4-19(a) whereas it 
remains below 20 cat.-% for the repeated annealing process using an identical precursor 
(fig. 4-19(b)). The evolution of the amount of InS is also different comparing both 
experiments. In the measurement analysed in fig. 4-19(a), the amount of InS decreases 
simultaneously to the reduction of the amount of CuS indicating the chalcopyrite formation 
according to the chemical reaction CuS + InS → α−CuInS2. The repeated experiment  
(fig. 4-19(b)) shows a quasi-constant amount of InS until a process time of t = 640 s is 
reached, which is followed by a fast consumption. The decreasing amount of InS coincides 
with an increase of the detected amount of α−CuInS2 from around 60 cat.-% to a value of 
over 90 cat.-%. As no CuS is present at this stage of the annealing process, an additional 
formation mechanism of the chalcopyrite α−CuInS2 from the solid-state educts Dg-Cu2-xS 
together with InS and liquid sulfur is likely to occur. The chemical reaction of this formation 
process is given by Dg-Cu2S + 2 InS + S→ 2 α−CuInS2. The formation processes, which 
were deduced from the experiments so far, are summarised in table 4-11. 
 
Table 4-11: Summarised α−CuInS2 crystallisation processes and temperatures 
 

labelling 
 

chemical equation deduced from 
phase evolution in

 

onset temperature 

(I) Dg-Cu2S + 2 InS + S→ 2 α−CuInS2 fig. 4-19(b) above T = 780 K 
(II) CuS + InS → α−CuInS2 fig. 4-19(a) below T = 780 K 
(III) 2 Dg-Cu2S + CuIn5S8 → 5 α−CuInS2 figs. 4-19(a), (b) above T = 780 K 
 
Differences concerning residual phases are observed comparing both datasets. In the first 
analysed dataset (fig. 4-19(a)), a residual amount of CuIn5S8 is still present at sample 
temperatures above T = 900 K. In contrast, the repeated annealing experiment (fig. 4-19(b)) 
shows the existence of a small amount of InS (amount of below 10 cat.-%) at the end of the 
process.  
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Fig. 4-18: Powder pattern recorded 
while annealing a Mo/Cu/In/S 
precursor, measured at a sample 
temperature of T = 700 K and refined 
by the Rietveld method. The black 
curve shows the measured intensity, 
the red curve illustrates the calculated 
intensity (sum of all contributing 
phases). These phases are Mo, 
α−CuInS2, CuS and InS for all 
visualised models. In addition, the 
phase CuIn5S8, α−In2S3, or β−In2S3, 
was used for the refinement according 
to model (I), (II) or (III), respectively. 
The calculated contribution of this 
additional phase is visualised below 
the measured curve for all models. The 
flat devolution of the difference curve 
(plotted in green at the bottom of each 
box) of model (I) shows, that the best 
fit result is obtained using the phases 
Mo, α−CuInS2, CuS, InS together with 
the ternary phase CuIn5S8. 
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Fig. 4-19(a):  
Quantitative phase evolution while 
annealing a Mo/Cu/In/S precursor. Values 
have been determined by Rietveld 
refinement of subsequent diffraction 
patterns. The sulfurisation of the 
intermetallic alloy phase Cu11In9 starts at 
sample temperatures above T = 500 K, 
when the binary sulfides CuS and InS are 
formed. The ternary sulfide CuIn5S8 is 
formed at process times above t = 300 s 
and reaches its maximum value right 
before the peritectic decomposition of 
CuS. The amount of α−CuInS2 increases 
rapidly after the peritectic decomposition 
of CuS to Dg-Cu2-xS and sulfur rich melt. 
A residual amount of CuIn5S8 remains 
present at process temperatures above 
T = 900 K. Lines to be seen as guide-to-
the-eye, only. 

 Fig. 4-19(b):  
Quantitative phase evolution during a 
repeated annealing process of the same 
precursor as analysed in fig. 4-19(a). In 
analogy to fig. 4-19(a), the sulfurisation of 
Cu11In9 forming the copper sulfide CuS 
besides the indium sulfide InS is observed. 
In contrast to the experiment shown on the 
left side of this figure, the amount of InS 
remains quasi-constant until the sample has 
reached the temperature of the peritectic 
decomposition of CuS to Dg-Cu2-xS. Besides 
this, the detected amount of the ternary 
sulfide CuIn5S8 remains distinctly smaller. A 
strong increase of the amount of α−CuInS2 
is observed simultaneously to the 
consumption of InS. In this case, a 
remaining rest of InS is detected at sample 
temperatures above T = 900 K. Lines to be 
understood as guide-to-the-eye. 
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4.1.2.4 Quaternary systems with chalcogen 
 

In the following, phases and phase transitions observed during the annealing process of 
quaternary chalcogen containing Cu-In-Al precursors are presented. 
 
The quaternary copper-indium-aluminum-selenium system 
 

As described above, the reactions happening while annealing quaternary Cu-In-Al-Se 
precursors have been investigated concerning (a) the number of alternating layers of the 
metals copper, aluminum and indium, and (b) the heating rate of the annealing experiments. 
The principle mechanisms observed during the annealing process of a Mo/Cu/In/Al/Se 
precursor shall be illustrated by the in-situ XRD measurement presented in fig. 4-20. The 
investigated precursor consisted of a stacked elemental layer system according to the layer 
sequence Mo / n×(Cu/Al/In) / Cu / Se with n = 1. This sample was annealed with a heating 
rate of 0.8 K/s. 
 

 

Fig. 4-20: In-situ X-ray diffraction measurements while annealing a 
Mo / n×(Cu/Al/In) / Cu / Se precursor (n = 1) with a heating rate of 0.8 K/s. The 
polycrystalline phases Mo, In, CuIn2, Cu11In9, Cu(Al), Se, In4Se3, InSe, CuSe2, CuSe, 
Cu2-xSe, and the chalcopyrite Cu(In,Al)Se2 are observed at different stages of the annealing 
process. The diffraction pattern, recorded at room temperature is indicated with (A). Sample 
temperatures of T = 500 K, 700 K and the beginning of the isothermal line at T = 923 K are 
marked with (B), (C) and (D), respectively. At sample temperatures around the melting point 
of selenium at T = 494 K, the formation of the binary selenides In4Se3 and CuSe2 is observed. 
After selenium transfer reactions have occurred, the chalcopyrite is formed from the 
crystalline educt phases InSe and Cu2-xSe. 
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At room temperature, the intermetallic alloy phases Cu11In9, CuIn2 are observed besides 
elemental In, Cu(Al) and Mo (powder pattern, recorded at room temperature, indicated with 
(A) in fig. 4-20). The formation of the binary selenides In4Se3 and CuSe2 is detected at 
temperatures around the melting point of selenium (T = 494 K). The following phase 
sequence is determined by the selenisation of In4Se3 to InSe at a temperature T = 700 K and 
the parallel reactions CuSe2 → CuSe + Se and 2 CuSe → Cu2Se + Se at the phase transition 
temperatures of T = 605 K and T = 650 K. Chalcopyrite reflections are detected, when the 
sample temperature has reached the isothermal line at T = 923 K. An assignment of Bragg 
reflections of discussed phases has been given above. The phase analysis described so far, 
does not indicate the existence of any aluminum containing selenide, detectable within the 
detection limits of the in-situ XRD setup. Space groups and references of all discussed 
polycrystalline phases are listed in table 4-12.  
 
Table 4-12: Space groups of detected phases while annealing Mo-Cu-In-Al-Se precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
In I 4/m m m [4-28] 
CuIn2 I 4/m c m [4-29] 
Cu11In9 C 2/m [4-30] 
Cu F m –3 m [4-27] 
Se P 31 2 1 [4-33] 
In4Se3 P n n m [4-34] 
InSe R 3 m [4-35] 
(Al,In)2Se3 P 63/m m c cf. table 4-13 
CuSe2 P n n m [4-50] 
γ−CuSe P 63/m m c [4-38] 
Cu2-xSe F –4 3 m [4-39] 
α−CuInSe2 I –4 2 d [4-53] 
 
In order to gain knowledge about the reaction path taken by aluminum, subsequent Rietveld 
refinements of the full set of diffraction patterns have been performed. The resulting time- and 
temperature-resolved quantitative phase evolution is shown in fig. 4-21. This detailed 
quantitative phase analysis shows, that the mixed selenide (AlxIn1-x)2Se3 is formed as an 
intermediate product during the selenisation process. The compound (AlxIn1–x)2Se3, existing 
for 0.07 ≤ x ≤ 0.81, is described as a γ-In2Se3 similar structure [4-54]. However, this 
crystallographic model did not satisfactorily fit the observed diffraction signals, which neither 
coincide with any of the diffraction patterns of the indium selenides, nor with that of Al2Se3. 
The γ-In2Se3 crystal structure (space group P 61, aγ = 712.86 pm and cγ = 1938.1 pm [4-37]) 
can be regarded as an ordered superstructure of a modified wurtzite type structure with long 
range ordering in the <0 0 1> direction. The measured dataset can be fitted with a crystal 
structure derived from the γ-In2Se3 structure by substituting the 61 by a 63 screw axis (thus 
a ≈ aγ and c ≈ 1/3 cγ) and shifting the atoms from general to special positions. The crystal 
structure of the (AlxIn1-x)2Se3 phase (table 4-13), which was used for the fit, belongs to the 
BaVS3 structure type [4-54]. The cation sites differ by their anion surrounding: trigonal 
prismatic or octahedral. The atoms aluminum and indium were statistically distributed on 
both cation sites (table 4-13) and a preferred orientation along <1 1 0> was used for the fit 
model. An example of a fitted powder pattern, recorded during the isothermal line at 
T = 923 K, is shown in fig. 4-22. A structural model including the phases Mo, α−CuInSe2, 
(Al,In)2Se3 and an aluminum-rich Cu(In,Al)Se2 phase lead to a satisfying fit to the measured 
data. Calculated contributions of the phases α−CuInSe2, (Al,In)2Se3 and aluminum-rich 
Cu(In,Al)Se2 are plotted below the measured diffractogram. This data evaluation shows, that 
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the phases (Al,In)2Se3 and aluminum-rich Cu(In,Al)Se2 are present in addition to the phases 
mentioned above. The reaction pathway of aluminum is associated with these selenide phases. 
 
Table 4-13 Structure model for the mixed selenide (Al,In)2Se3,  
Space group P 63/m m c, a = 721 pm*), c = 653 pm*)

Atom 
(occupation) 

Wyckoff 
Site 

Point 
Symmetry 

x y z 

Al (0.5) 
In (0.5) 

 

(2d) 
 

-6 m 2 
 

1/3 
 

2/3 
 

3/4 

Al (0.5) 
In (0.5) 

 

(2a) 
 

-3 m 
 

0 
 

0 
 

0 

Se (1) (6h) m m 2 0.184*) 0.368 1/4 
*) values as determined by Rietveld refinement 
 
The quantification of the phase evolution (fig. 4-21) shows the already described selenium 
transfer reactions between the indium-selenium and copper-selenium subsystems. The ternary 
chalcopyrite α−CuInSe2 is formed from the educt phases Cu2-xSe and InSe according to the 
reaction Cu2Se + 2 InSe + Se → 2 α−CuInSe2 (for Cu2-xSe with x = 0). The onset of this 
reaction may be fixed to a sample temperature of T = 750 K, when the detected amount of 
InSe starts to decrease. 
The ternary selenide (Al,In)2Se3 is formed, beginning at a process time of t = 620 s, when the 
amount of InSe has almost decreased to zero. The mixed selenide (Al,In)2Se3 serves as a 
reaction partner for Cu2-xSe to form the quaternary chalcopyrite Cu(In,Al)Se2 according to 
Cu2Se + (Al,In)2Se3 → 2 Cu(In,Al)Se2 (equation formulated for Cu2-xSe with x = 0).  
 
 

 

 
 
Fig. 4-21:  
Quantitative phase evolution while 
annealing a Mo/Cu/In/Al/Se precursor. 
The formation of the selenides In4Se3 
and CuSe2 is observed. After selenium 
transfer reactions, a ternary 
chalcopyrite forms from the educts 
Cu2-xSe and InSe.
The ternary selenide (Al,In)2Se3 serves 
as reaction partner for Cu2-xSe to form 
quaternary Cu(In,Al)Se2 during the 
isothermal line at T = 923 K. 

 
The formation of the quaternary chalcopyrite Cu(In,Al)Se2 starts at a temperature of 
T = 900 K and proceeds during the isothermal line at T = 923 K. The detected fraction of 
Cu(In,Al)Se2 increases up to 14 cat.-% at the end of the heating process. The amount of 
α−CuInSe2 seems to decrease from 80 cat.-% beginning at a process time of 800 s to  
72 cat.-% at the end of the experiment. This observation may be explained by the difficulty to 
distinguish between α−CuInSe2 and Cu2Se in the refinement. The apparent decrease of 
α−CuInSe2 originates from the consumption of a rest of Cu2Se for the formation of the 
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aluminum-rich chalcopyrite as described above. Another justification for this explanation of 
the data is given by the increasing amount of Cu(In,Al)Se2 in the considered time slot. 
The compound (Al,In)2Se3 is not completely consumed, a microcrystalline rest remains until 
the end of the annealing process in this experiment (fig. 4-21).  
 
 

 
Fig. 4-22: Powder pattern recorded while annealing a Mo/Cu/In/Al/Se precursor, measured at 
the isothermal line at T = 923 K. The calculated contributions of the phases α−CuInSe2, 
(Al,In)2Se3 and the aluminum-rich Cu(In,Al)Se2 to the total intensity are shown below the 
measured curve. The difference-plot is visualised below the curve of the (Al,In)2Se3 phase. 
 
The ex-situ XRD measurement of the processed absorber shows Bragg reflections, which can 
be assigned to the formed chalcopyrite, the molybdenum back contact and molybdenum 
selenide MoSe2 (fig. 4-23). The broad peaks in the low-angle region (at 
2θ = 13.9°, 22.0° and 26.9°) originate from X-ray scattering at the polyimide substrate. The 
contribution of the microcrystalline phase (Al,In)2Se3 (broad peaks in the fitted profile of 
fig. 4-22) to the diffraction pattern is hardly recognisable within this qualitative phase 
analysis. Rietveld refinement of the diffraction pattern delivers the cell volume of the formed 
chalcopyrite. The aluminum content [Al] / ([In]+[Al]) of the quaternary chalcopyrite  
Cu(In1-xAlx)Se2 was determined, applying Vegard´s law [4-55]. This approximation shows an 
aluminum content [Al] / ([In]+[Al]) of only four percent (as compared to 
[Al] / ([In]+[Al]) = 0.19 in the precursor), which corresponds to an energy bandgap Eg of 
1.08 eV (calculated according to [4-4]). This amount of aluminum should be regarded as the 
aluminum content of the major fraction of the formed chalcopyrite, which may be considered 
as the “main phase”. From this it is concluded, that an interdiffusion of the two separately 
formed phases α−CuInSe2 and Cu(In,Al)Se2 occurs during the isothermal line. 
The 112-reflection (at 2θ = 26.7°) of the main phase Cu(In1-xAlx)Se2 shows a small 
asymmetry on the high-angle side (fig. 4-23). This observation may be explained by the 
existence of a gradient crystal with varying aluminum content. The absorber layer consists of 
Cu(In1-yAly)Se2 crystallites with different values for the aluminum content y with y ≥ x  
(with x = [Al]/([In]+[Al]) = 0.04, x representing the aluminum content of the main phase  
Cu(In1-xAlx)Se2).  
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Fig. 4-23: Ex-situ diffractogram of the sample analysed in the annealing process monitored in 
fig. 4-20. The diffraction pattern shows Bragg reflections of the chalcopyrite, microcrystalline 
MoSe2 and of the molybdenum back contact. Broad diffraction signals, originating from 
X-ray scattering at the polyimide substrate are indicated. 
 
 
 

 

Fig. 4-24: First diffraction patterns, recorded during the annealing process of 
Mo / n×(Cu/Al/In) / Cu / Se (n = 1, 2, 4 or 8) precursors. An increase of the number of 
alternating Cu/Al/In layers n decreases the amount of elemental indium, as the formation of 
the alloy phases CuIn2 and Cu11In9 is promoted. 
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As mentioned above, Mo / n×(Cu/Al/In) / Cu / Se precursors with differing number of layers 
(n = 1, 2, 4 or 8) have been investigated concerning their selenisation behaviour. The 
precursor constitution mainly exerts influence on the initial intermetallic precursor phases, 
detected at room temperature. The first recorded powder patterns of 
Mo / n×(Cu/Al/In) / Cu / Se precursors with n = 1, 2, 4 or 8 are plotted in fig. 4-24. An 
increasing number of alternating metallic layers promotes the formation of the intermetallic 
alloy phases Cu11In9 and CuIn2 during the precursor production process. This observation 
coincides with a decrease of the detected amount of elemental indium. Elemental Cu(Al) has 
only been detected for the precursor sample with only one layer of Cu/Al/In (n = 1). The 
strongest reduction of elemental indium is observed, when the number of alternating Cu/Al/In 
layers is increased from n = 1 to n = 2. These observations are in agreement to the 
investigations of selenium free Mo / n×(Cu/Al/In) / Cu samples. 
Rietveld refinement of the ex-situ XRD measurements of differently processed absorbers 
revealed an aluminum content of the main phase Cu(In,Al)Se2 between four and nine percent, 
which corresponds to an energy bandgap Eg between 1.08 eV and 1.14 eV. There has been no 
significant influence of both investigated parameters – heating rate and precursors 
composition – on the amount of aluminum incorporated into the formed main phase 
Cu(In,Al)Se2. 
 
The quaternary copper-indium-aluminum-sulfur system 
 

The formation process of the quaternary chalcopyrite Cu(In,Al)S2 has been investigated by in-
situ XRD experiments during the annealing process of Mo/Cu/In/Al/S precursor samples 
(fig. 4-25). The precursor consisted of a stacked elemental layer system of 
Mo / 8×(Cu/Al/In) / S (for details compare section 4.1.1.4). The polycrystalline phases Mo 
and CuIn2 are detected at the beginning of the annealing process (room temperature 
diffraction pattern indicated with (A) in fig. 4-25). At sample temperatures above T = 429 K, 
where the peritectic decomposition of CuIn2 to Cu11In9 and indium rich melt is detected, the 
sulfurisation of the intermetallic alloy Cu11In9 is observed. The copper sulfide CuS is formed 
at a temperatures of T = 470 K. In contrast to the above-described observations within the 
ternary copper-indium-sulfur system, the indium sulfide InS is not observed during the 
monitored annealing process (fig. 4-25). At a sample temperature of T = 600 K, the formation 
of the ternary sulfide CuIn5S8 is observed. The rapid onset of the chalcopyrite formation 
occurs at temperatures exceeding T = 780 K, which coincides with the peritectic 
decomposition of CuS to Dg-Cu2-xS and sulfur rich melt.  
The dataset has been refined by the Rietveld method to determine the quantitative phase 
evolution while annealing (fig. 4-26). In agreement with the qualitative phase analysis, the 
indium sulfide InS was not considered for the refinement procedure. At a sample temperature 
of T = 550 K, the copper sulfide CuS is the only detected polycrystalline phase. The ternary 
sulfide CuIn5S8 is formed starting at process times around 350 s. The amount of CuIn5S8 
increases to a maximum value of around 40 cat.-% at a temperature of T = 650 K. The amount 
of CuIn5S8 is then almost constant until the peritectic decomposition of CuS to Dg-Cu2-xS is 
observed. The ternary sulfide CuIn5S8 is rapidly consumed once the copper sulfide Dg-Cu2-xS 
is present in the thin film.  
The amount of the chalcopyrite increases strongly at that time, which indicates that the 
chalcopyrite formation proceeds according to the chemical reaction  
2 Dg-Cu2S + CuIn5S8 → 5 α−CuInS2 (for Dg-Cu2-xS with x = 0). In analogy to the 
observations made within the ternary Cu-In-S system, a considerable amount of the 
chalcopyrite has been detected at process times in advance of the peritectic decomposition of 
the CuS phase. The amount of CuIn5S8 starts to decrease at a sample temperature of 
T = 750 K, which coincides with a decreasing amount of CuS. This suggests an additional 
type of chalcopyrite formation according to the chemical reaction of 
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4 CuS + CuIn5S8 → 5 α−CuInS2 + 2 S. In this reaction, a certain amount of sulfur is released 
when the chalcopyrite is formed. Both formation mechanisms observed during this 
experiment are summarised in table 4-14. 
 
Table 4-14: Observed chalcopyrite formation processes and temperatures*)

 

labelling 
 

chemical equation 
 

onset temperature 
(III) 2 Dg-Cu2S + CuIn5S8 → 5 α−CuInS2 above T = 780 K 
(IV) 4 CuS + CuIn5S8 → 5 α−CuInS2 + 2 S below T = 780 K 
*) labelling adapted in agreement to the designations given earlier (table 4-11) 
 
Space groups and references of mentioned phases are identical to the phases as described for 
the ternary copper-indium-sulfur system (compare table 4-10). The refinement process did not 
show the existence of any aluminum containing intermediate phases.  
 

 
Fig. 4-25: In-situ X-ray diffraction measurements while annealing a Mo / 8×(Cu/Al/In) / S 
precursor with a heating rate of 0.8 K/s. During the annealing process, the phases Mo, CuIn2, 
Cu11In9, S, CuS, CuIn5S8, and the chalcopyrite Cu(In,Al)S2 are observed. The indium sulfide 
InS is not detected by this qualitative phase analysis. The diffraction pattern, recorded at room 
temperature is indicated with (A). Sample temperatures of T = 500 K, 700 K and the 
beginning of the isothermal line at T = 923 K are marked with (B), (C) and (D), respectively. 
The crystallisation of the copper sulfide CuS is observed at a sample temperature of 
T = 470 K. The ternary sulfide CuIn5S8 is observed at T = 600 K. After the peritectic 
decomposition of CuS to Dg-Cu2-xS, the chalcopyrite formation is observed.  
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Fig. 4-26: Quantitative phase evolution 
while annealing a Mo/Cu/In/Al/S 
precursor as obtained by Rietveld 
refinement. At T = 550 K, the copper 
sulfide CuS is the only detected 
polycrystalline phase. The ternary sulfide 
CuIn5S8 is formed after around 350 s. The 
chalcopyrite α−CuInS2 is mainly formed 
from Dg-Cu2-xSe and CuIn5S8. 

 
 
 
4.1.3 Discussion  
 

In this section, the observations made concerning the selenisation and sulfurisation of  
Cu-In-Al samples and subsystems will be compared and discussed. 
 
 
4.1.3.1 The metallic Cu-In-Al system 
 

Investigations concerning the selenisation of copper-indium-gallium precursors have shown, 
that different metallic precursor phases show different selenisation kinetics [4-18, 4-56,  
4-105]. The selenisation of the copper-gallium alloy phase Cu9Ga4 proceeds remarkably 
slower than the selenisation of the copper-indium alloy Cu11In9 [4-56, 4-105]. This leads to a 
time-separated formation of gallium-selenides as compared to the earlier formation of indium- 
and copper-selenides when both metal phases are present. Finally, this results in the usually 
observed phase separation into indium rich Cu(In,Ga)Se2 and quasi indium free α−CuGaSe2. 
The idea of a chemical homogenisation of the absorber layer induced by a reduction of initial 
intermetallic precursor phases has been presented [4-57]. 
The investigations concerning phases and phase transitions in the metallic Cu-In-Al system 
have shown, that an increased intermixture of the elements circumvents the crystallisation of 
elemental Cu(Al) as a precursor phase. The amount of elemental indium decreases and the 
crystallisation temperature of Cu9(Al,In)4 is distinctly reduced, when the number of 
alternating layers n is increased (the precursor sequence was Mo / n×(Cu/Al/In) / Cu 
precursor with n = 1, 2, 4 or 8). The major effect has been observed, when the number of 
alternating Cu/Al/In layers was increased from n = 1 to n = 2. Due to the suppression of the 
Cu(Al) formation in combination with a reduction of elemental indium, the selenisation of 
Mo / n×(Cu/Al/In) / Cu precursors with n ≥ 2 should be determined by the selenisation 
kinetics of Cu11In9 and Cu9Al4, only. As elemental indium already melts at T = 429 K, a 
reduction of elemental indium reduces the amount of a metallic melt in an early stage of the 
precursor annealing process. A reduced amount of this melt may be advantageous concerning 
the lateral chemical homogeneity of the finally formed semiconductor material, as indium 
melt tends to form droplets. Laterally, these droplets represent areas with increased indium 
concentration as compared to the targeted chemical composition as necessary for the final 
semiconductor material. 
The suppression of Cu(Al) and indium may already be reached introducing a double-layered 
Cu/Al/In precursor structure (layer sequence of Mo / 2×(Cu/Al/In) / Cu). In view of a 
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technological realisation of a precursor production line, the anticipated benefits might be 
reached by doubling the number of copper, aluminum and indium deposition chambers.  
A generalised sketch of production lines for Mo / n×(Cu/Al/In) / Cu precursors with n = 1 and 
n = 2 is illustrated in fig. 4-27. 
 
 

 

 

 
Fig. 4-27:  
Principle layout of an in-line precursor 
production process, as necessary for the 
production of Mo / 1×(Cu/Al/In) / Cu (a) 
or Mo / 2×(Cu/Al/In) / Cu precursors (b). 
It has been shown, that major benefits 
might already be obtained using a double-
layered structure as produced by line (b). 

 
 
In both cases, the substrate is moved along different areas, where the elements Mo, Cu, Al or 
In are deposited. The material flux from target to substrate is indicated for the first two 
targets. If a double-layered Cu/Al/In structure shall be processed, the number of sputter spots 
has to be increased from five to eight in this simplified consideration. 
 
 
4.1.3.2 Binary subsystems with chalcogen 
 

Results concerning the selenisation and sulfurisation within binary subsystems are discussed 
in the following. As binary chalcogenides may serve as reaction partners for the formation of 
ternary chalcopyrites, thinkable chalcopyrite formation processes are concluded from the 
formation temperatures of observed binary chalcogenides. 
 
Selenium containg binary subsystems 
 

The selenisation of copper and indium films has been investigated in advance of the 
experiments presented in this work [4-19, 4-20, 4-22, 4-23, 4-105]. Experiments concerning 
phase transitions have been performed by in-situ XRD [4-19, 4-20, 4-23] or by thin film 
calometry measurements [4-22]. All these contributions agree concerning the selenisation 
reactions observed in the indium-selenium system. The first formed selenide is In4Se3, which 
is further selenised to InSe and to different modifications of In2Se3, if a sufficient amount of 
selenium is supplied. It has been shown, that an ongoing selenisation finally leads to the 
crystallisation of the selenium-richest indium selenide γ-In2Se3 [4-14, 4-20, 4-105]. 
As a new sample surrounding – developed to efficiently suppress selenium loss during the 
annealing process – was used for the experiments presented in this work, the setup was tested 
by a repeated investigation of the well-understood indium-selenium system (cf. section 2.2.1 
for the vapour pressure curve of selenium). The observed phase sequence while annealing 
may be characterised by an ongoing selenisation of the first formed indium selenide, which 
was In4Se3. The subsequently observed indium selenides were InSe, β−In2Se3 and finally 
γ−In2Se3, which was stable until the end of the annealing process. As the selenium content of 
the investigated precursor was only [Se] / [In] = 1.125, the formation of the selenium richest 
existing indium selenide γ−In2Se3 indicates that the experimental setup efficiently suppresses 
selenium loss while annealing. As selenium was offered in understoichiometric amount, it 
may be concluded that a residual amount of InSe must be present in the precursor films. 
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As mentioned above, the reactions of the binary copper-selenium system have been 
investigated in earlier contributions. The copper selenides CuSe2, CuSe and Cu2-xSe have 
been observed at different stages of the annealing process of a stacked elemental layer system 
of copper and selenium [4-19, 4-20]. Usually, copper and selenium atoms react forming 
γ−CuSe already during the deposition process, when selenium is thermally evaporated on top 
of an elemental layer of copper. For this reason, it is not possible to determine the formation 
temperature of the γ−CuSe phase, when a Cu/Se stacked elemental layer system is used as a 
precursor sample. As the newly developed sample surrounding – used for the experiments 
presented in this work – implied the general possibility to anneal a sample sandwich of two 
differently coated polyimide foils (cf. section 3.2.1), this configuration was tested 
investigating the copper-selenium system. A combination of copper coated and selenium 
coated polyimide foil was annealed. Both precursor samples were clamped together head-to-
head inside the heater block of the reaction chamber. As the highly reactive layers of copper 
and selenium smoothly get in contact at room temperature, elemental copper was observed in 
the beginning of the annealing process. The Mo/Se coated substrate only delivered diffraction 
signals originating from molybdenum, as selenium is amorphous after the deposition process. 
Once the sample temperature exceeds the melting point of selenium at T = 494 K, γ−CuSe is 
detected in one single diffraction pattern before Cu2-xSe is formed. This phase sequence of 
copper selenides is identical to the results presented in [4-20], where a stacked elemental layer 
system of copper and selenium was used. This indicates, that it is possible to investigate phase 
formations and transitions of elemental systems provided by the combination of differently 
composed precursor films with the described setup. However, the relatively high formation 
temperature of γ−CuSe and the early formation of the selenium poorest existing copper 
selenide Cu2-xSe indicate a poor selenium supply during the annealing experiment. The initial 
ratio of the deposited amounts of the elements was [Se] / [Cu] = 1.17. Thus, the early onset of 
the Cu2-xSe formation suggests that the contact between copper- and selenium-coated foil was 
not ideal. A selenium supply from the gas phase only, might explain the inhibited γ−CuSe 
formation as well as the early formation of Cu2-xSe. In advance of the annealing experiment, 
both foils are in good contact as they are mechanically pressed together within the heater 
block. Due to the high value of the vapour pressure of selenium, which is around 7·10-1 Pa at 
a sample temperature of T ≈ 500 K, a separation of the mounted polyimide foils usually 
occurs in the area of the beam aperture of the heater block. A photograph of one polyimide 
foil, used for the investigations concerning the copper-selenium system, is shown in fig. 4-28.  
 
 

        

 
 
 
Fig. 4-28: Photograph of the sample used for the 
investigations of the binary Cu-Se system after annealing. 
The picture shows a blown up area of the sample, which 
originates from the high vapour pressure of selenium. 

 
 
It is obvious, that the foils lost direct contact upon annealing. In general, the observed sample 
separation shows, that the sample sandwich itself is substantially insensitive against selenium 
loss during the annealing process. If essential amounts of selenium were lost by selenium 
evaporation through the pressed sample area, a selenium overpressure would not be observed. 
As a consequence, the enclosed volume in the region of the X-ray measurement spot may be 
considered as a “miniaturised reactor”, where a certain partial pressure of selenium can be 
provided according to the deposited amount of the chalcogen. 
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In contrast to the binary systems discussed so far, the aluminum-selenium binary phase 
diagram indicates the existence of one selenide, only (cf. section 2.2.2.1, phase diagram of Al-
Se). The onset of the Al2Se3 crystallisation is observed at a sample temperature of T = 923 K. 
A comprehensive overview of first formed selenides and the corresponding formation 
temperature is given in table 4-15. Besides this, subsequent phase transitions are shortly 
summarised for the three investigated binary systems. In comparison to the copper-selenium 
and indium-selenium binary subsystems, the formation temperature of Al2Se3 is shifted to a 
distinctly higher film temperature. Binary selenides are known to serve as educts for the 
formation of the ternary chalcopyrite α−CuInSe2 [4-19, 4-21, 4-22, 4-105].  
As the selenisation of aluminum is delayed to higher process temperatures as compared to the 
formation of binary copper selenides, the generally possible formation of CuAlSe2 out of  
Cu2-xSe and Al2Se3 (or from the educt phases γ−CuSe and Al2Se3) becomes improbable. A 
crystallographic model has been applied to consider the formation of α−CuAlSe2 from binary 
educt phases [4-59]. In this model (see [4-60] for a detailed description) epitaxial relations 
between crystal faces of conceivable educts are considered, to predict favoured formation 
reactions of ternary chalcopyrites. The crystal faces, which are most likely to form are {111} 
and {001} for Cu2-xSe and γ−CuSe, respectively [4-61]. These faces both contain a common 
motif, which consists of anion hexagons. As this motif does not occur on the most probably 
forming faces of Al2Se3 ({110}, {100}, {-111} and {111}), no epitaxial relation exists 
between Al2Se3 and the conceivable copper selenide reaction partners. It may be summarised, 
that a α−CuAlSe2 formation involving one of the copper selenides γ−CuSe or Cu2-xSe and the 
aluminum selenide Al2Se3 as educts is unlikely to occur due to their time-separated formation 
in the annealing process (table 4-15) and the missing epitaxial relations between these educt 
phases.  
 
Table 4-15: Comparison of selenisation reactions in binary subsystems 
binary 
system 

initially formed  
selenide 

onset  
temperature 

further selenisation 
mechanisms while annealing*)

In-Se In4Se3 ≈ 560 K ongoing selenisation process:  
In4Se3 → InSe → β−In2Se3 → γ−In2Se3

Cu-Se γ−CuSe ≈ 500 K peritectic decomposition: γ−CuSe → Cu2-xSe
Al-Se Al2Se3 ≈ 923 K Al2Se3 stable until the end of the process 
*) not to be understood as chemical equations, arrows indicating general selenisation processes 
 
If the formation temperatures of indium selenides and copper selenides are compared, it is 
obvious, that both selenide types are formed at comparable stages of the annealing process. In 
addition to this, epitaxial relations have been identified to exist for different copper 
selenide / indium selenide couples [4-60]. These considerations, drawn from the 
investigations of binary subsystems, indicate that an indium containing chalcopyrite 
α−CuInSe2 is more likely to form than α−CuAlSe2, when a quaternary Cu-In-Al-Se precursor 
is annealed. 
 
Sulfur containg binary subsystems 
 

The sulfurisation of elemental layers of copper and indium has been investigated by in-situ 
energy-dispersive X-ray diffraction (EDXRD) [4-62]. In these experiments, sulfur has been 
offered by evaporation from a Knudsen source during the annealing process of thin films of 
elemental copper or indium within a reaction chamber. The observed sulfurisation reactions 
are limited by the absorption-to-desorption ratio of sulfur atoms, impinging on the sample 
surface. Due to the high vapour pressure of sulfur (p ≈ 7·102 Pa at T = 500 K, compare  
fig. 2-3) and substrate temperatures of T = 673 K and above, the sulfur supply seems to be an 
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inhibiting parameter. The investigations of the sulfurisation of an elemental layer of indium 
showed elemental indium, In5S4, InS and β−In2S3 as consecutive phases while annealing from 
room temperature up to T = 823 K. The existence of the indium rich cubic In5S4 phase, which 
is not considered in the In-S phase diagram as shown in chapter 2, has been suggested by  
[4-63]. In contrast to these EDXRD experiments, the experimental setup used for the 
investigations presented in this work is intended to investigate the annealing process of 
samples with a certain amount of sulfur, deposited on top of other elemental precursor layers. 
Due to the seclusion of the investigated sample sandwich, an effective supply with sulfur is 
realised. Even if sulfur evaporates from both sample surfaces, a supply from the gas phase is 
still possible within the “miniaturised reactor” (compare preceding section “Selenium 
containing binary subsystems”). As described above, the sulfurisation of elemental indium 
was investigated for differing amounts of sulfur: [S] / [In] = 2.4 and [S] / [In] = 3.6. In 
agreement to the results from [4-62], elemental indium is detected at room temperature for 
both amounts of sulfur. Both annealing experiments are characterised by the formation of an 
indium sulfide, which is InS or In2S3 for [S] / [In] = 2.4 and [S] / [In] = 3.6. In both 
experiments, the initially formed sulfide is stable until the end of the annealing process. These 
observations disagree with the results from [4-62], where an ongoing sulfurisation was 
observed after the initial sulfide In5S4 has been formed. These differing observations may be 
explained by the differences concerning the chalcogen supply of both experimental setups. 
The quasi-encapsulated sample sandwich as used in this work leads to a direct formation of a 
specific indium sulfide, with a maximum sulfur content directly related to the initially 
deposited amount. However, a offered amount according to [S] / [In] = 2.4 is not yet enough 
to form α− or β−In2S3 (with a chemical composition of [S] / [In] = 1.5). This indicates, that a 
certain amount of sulfur is still lost during the annealing process despite the described 
mechanically pressed sandwich setup. The reactor is not entirely tight due to the high vapour 
pressure of sulfur.  
A comprehensive overview of publications concerning the sulfurisation of elemental copper is 
listed in [4-64]. The annealing process of chemically deposited CuS was investigated by  
[4-65], showing conversions to Digenite Dg-Cu1.8S or Chalcocite Ch-Cu1.96S after annealing 
at T = 573 K or T = 673 K, respectively. The kinetics of the sulfurisation of copper have been 
investigated in the temperature range between 570 K and 1120 K [4-66]. In-situ EDXRD 
experiments [4-62] have shown subsequent formation of Cu7S4, Cu31S16, CuS and Dg-Cu2-xS 
during the annealing process of a copper thin film, when sulfur was offered from a Knudsen 
source. The existence of the phase Cu31S16 has been suggested by [4-67]. In these 
experiments, the sulfur richest phase CuS is formed at T = 353 K and decomposes at 
T = 493 K forming Dg-Cu2-xS. In contrast to these results, the experiments presented in 
section 4.1.2.2 showed the copper sulfides CuS, Dg-Cu2-xS and Ch-Cu2S, only. The phase 
Cu7S4 has not been observed during the annealing process. The precursor with a Cu/S stacked 
elemental layer system lead to the formation of CuS already during the deposition process of 
sulfur. The sulfur richest copper sulfide CuS is formed, when a sulfur layer is deposited by 
thermal evaporation on top of an already deposited layer of elemental copper. A deposited 
sulfur content according to [S] / [Cu] = 2.9 enables a complete sulfurisation of the copper 
layer (no elemental copper has been detected at room temperature). The copper sulfide CuS is 
present until a sample temperature of T = 780 K, which is in agreement to the binary phase 
diagram. Again, this difference as compared to [4-62] may be explained by the higher partial 
pressure of sulfur, provided by the experimental setup as used in this work. The phase 
transition temperature of the peritectic decomposition of CuS to Dg-Cu2-xS and sulfur rich 
melt is a function of the partial pressure of sulfur. This correlation was applied to explain the 
reduced transition temperature of T = 493 K in [4-62].  
The attempted sulfurisation of a thin film of aluminum using a Mo/Al/S stacked elemental 
layer precursor did not lead to the formation of Al2S3, which is the only existing aluminum 
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sulfide in the considered temperature range (cf. section 2.2.2.1). In analogy to the selenisation 
reactions of binary copper, indium and aluminum films, the sulfurisation of copper and 
indium films is favoured as compared to aluminum films. Table 4-16 lists a summary of the 
observations made during the sulfurisation of the investigated binary subsystems. 
 
Table 4-16: Comparison of sulfurisation reactions in binary subsystems 
binary 
system 

initially formed  
sulfide 

onset  
temperature 

further selenisation 
mechanisms while annealing*)

In-S InS or  
In2S3

≈ 680 K 
≈ 520 K 

first formed sulfide determined by sulfur 
offer, this sulfide is stable until the end of the 

annealing process 

Cu-S CuS room 
temperature 

peritectic decomposition: CuS → Dg-Cu2-xS 
at 780 K, formation of Ch-Cu2S during 

sample cooling 
Al-S none −     −  
*) not to be understood as chemical equations, arrows indicating general sulfurisation 
processes 
 
The crystallographic model presented in [4-60] has also been applied to predict favoured 
formation reactions of the ternary chalcopyrites α-CuInS2 and α−CuAlS2 starting from binary 
sulfides [4-59]. According to this model, there is no epitaxial relation of the observed indium 
sulfide InS with any of the observed copper sulfides. However, both α− and β−In2S3 are 
epitaxially related to the copper sulfides CuS, Dg-Cu2-xS and Ch-Cu2S. The hexagonal phase 
Ch-Cu2S is only observed during the cool down process in the experiments presented in this 
work. Usually, the chalcopyrite formation process has already been finished in advance of 
sample cooling. As a conclusion from the investigations of the binary subsystems, a formation 
process of α−CuInS2 involving In2S3 together with CuS or Dg-Cu2-xS is generally possible 
and in agreement with the crystallographic model [4-59]. The assumption, that α−CuInS2 
might be formed from binary sulfides serves as the basis for these considerations.  
The formation of α−CuAlS2 has been predicted to proceed involving Al2S3 and any of the 
observed copper sulfides due to existing epitaxial relations [4-59]. As the sulfide Al2S3 has 
not been formed within the binary Al-S system, it is concluded that this phase is not favoured 
to form, when a quaternary Cu-In-Al-S precursor is annealed.  
Despite the usually guaranteed well-defined sulfur supply of the setup, chalcogen losses may 
not be completely excluded to be the origin of the non-formation of Al2S3. Large amounts of 
unbound sulfur increase the risk of chalcogen loss at high sample temperatures. The formation 
of the intermetallic alloy phase Al12Mo has been observed at the beginning of the isothermal 
line at T = 923 K. If this phase might also be formed during the formation process of 
Cu(In,Al)(S,Se)2, this would lead to problems as the amount of aluminum within 
Cu(In,Al)(S,Se)2 might be reduced due to the formation of Al12Mo. These ideas will be 
further developed later within the discussion section (see 4.1.3.4). 
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4.1.3.3 Ternary subsystems with chalcogen 
 

In the following, results concerning the selenisation and sulfurisation of copper-indium films 
are discussed. 
 
The ternary copper-indium-selenium system 
 

As mentioned above, the crystallisation process of α−CuInSe2 has been investigated earlier by 
in-situ XRD [4-19, 4-20, 4-21, 4-23] or by thin film calometry measurements [4-22]. The 
general mechanisms, which are usually observed during the annealing process of copper-
indium-selenium stacked elemental layer precursors can be characterised by the sequence 
illustrated in fig. 4-29. Initial intermetallic precursor phases In, CuIn2 and Cu11In9 are 
selenised to form binary selenides (In4Se3 and CuSe2 in the example presented above) at 
sample temperatures around the melting point of selenium. When the sample temperature is 
further increased, selenium transfer reactions are observed between the indium-selenium and 
copper-selenium binary subsystems [4-105]. The thin-film absorber α−CuInSe2 is formed 
after these selenium transfer reactions from binary educt phases. Different experimentally 
observed chalcopyrite formation reactions have been presented in [4-21]. It has been shown 
by a phenomenological crystallographic model, that experimentally observed chalcopyrite 
formation reactions are supported by epitaxial relations between educt phases  
[4-60]. 
 

Fig. 4-29: Principle mechanisms observed during the formation of the thin-film absorber 
α−CuInSe2, fabricated by rapid thermal processing of stacked elemental layer precursors 
(SEL-RTP). Initial intermetallic precursor phases are selenised to form binary selenides at 
sample temperatures around the melting point of selenium. At further increased temperatures, 
selenium transfer reactions are observed between the indium-selenium and copper-selenium 
binary subsystems. The compound semiconductor α−CuInSe2 is formed from these newly 
formed binary selenides. 
 
The mechanisms described earlier have been reconfirmed with the experiments presented in 
this work. The experiments of this work serve as the basis of comparison to the sulfurisation 
reactions during the formation of α−CuInS2, investigated now with the identical experimental 
setup. 
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The ternary copper-indium-sulfur system 
 

As the investigations of the quaternary Cu-In-Al-S system did not show any aluminum 
containing phases, the observed sulfurisation mechanisms are considered here in addition to 
the results presented for the ternary Cu-In-S system. The general mechanisms observed 
during the sulfurisation process are illustrated in fig. 4-30. The initially present CuxIny 
metallic alloy phases are sulfurised forming the binary copper sulfide CuS besides the indium 
sulfide InS and/or the ternary, indium rich sulfide CuIn5S8. These sulfides serve as educts for 
the formation of the ternary chalcopyrite α−CuInS2 at elevated sample temperatures. The 
observed sequence of sulfurisation processes will be discussed in details in the following. 
 

Fig. 4-30: Principle mechanisms observed during the formation of the thin-film absorber 
α−CuInS2, produced by rapid thermal processing of stacked elemental layer precursors (SEL-
RTP). Initial intermetallic precursor phases are sulfurised to form the binary copper sulfide 
CuS besides the indium sulfide InS and/or the ternary, indium rich sulfide CuIn5S8. The 
compound semiconductor α−CuInS2 is formed involving the educt phases CuS, Dg-Cu2-xS in 
combination with InS or CuIn5S8. 
 
The quantitative phase evolution while annealing (figs. 4-19(a), 4-19(b) and 4-26) shows, that 
the intermetallic phase Cu11In9 is rapidly consumed forming a large amount of CuS. The 
crystallisation of the indium containing sulfides InS or indium-rich CuIn5S8 proceeds 
distinctly slower.  
These pronounced differences concerning the sulfurisation kinetics of copper and indium are 
in good agreement with the results discussed for binary copper-sulfur and indium-sulfur films: 
The copper sulfide CuS was already observed at room temperature while indium sulfides have 
been detected at sample temperatures of T = 520 K and above (table 4-16).  
It is concluded that sulfur reacts with copper atoms from the intermetallic Cu11In9 phase 
forming CuS. As all Cu11In9 is consumed within 45 s, it is concluded that indium atoms are 
released to an indium melt simultaneously to the crystallisation process of CuS. The indium 
sulfide InS is then formed from liquid indium and sulfur. The in-situ data show, that this 
reaction proceeds slower in comparison to the formation of CuS (figs. 4-19(a), 4-19(b)). The 
peritectic decomposition of CuS to Dg-Cu2-xS determines the temperature of the 
crystallisation of the sulfide Dg-Cu2-xS (T = 780 K).  
In addition to these binary sulfides, the formation of the indium-rich ternary sulfide CuIn5S8 
has been detected. The crystallisation process of this ternary indium-rich sulfide begins at a 
stage of the annealing process, when the intermetallic alloy Cu11In9 has reacted to CuS and 
liquid indium. As the amount of CuS starts to decrease simultaneously to the onset of the 
CuIn5S8 formation, it is concluded that CuIn5S8 forms by the reaction of CuS with liquid 
indium and liquid sulfur (figs. 4-19(a), 4-19(b) and 4-26). In analogy to the formation process 
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of InS, the indium-rich sulfide CuIn5S8 is formed remarkably slower in comparison to the 
crystallisation of CuS. 
In all cases, the chalcopyrite α−CuInS2 forms by reactions of the copper sulfides CuS or  
Dg-Cu2-xS with either InS or CuIn5S8. In some reactions, sulfur uptake or release is included 
in the crystallisation process. The final α−CuInS2 formation processes, which were identified 
from different in-situ XRD experiments during the annealing process of copper poor 
Cu/In/(Al)/S stacked elemental layer precursors ([Cu] / ([In] +[Al]) = 0.92 or 
[Cu] / [In] = 0.92)) are summarised in table 4-17.  
 
Table 4-17: Summary of all experimentally observed α−CuInS2 crystallisation processes  
labelling chemical equation onset temperature 
(I) Dg-Cu2S + 2 InS + S→ 2 α−CuInS2 above T = 780 K 
(II) CuS + InS → α−CuInS2 below T = 780 K 
(III) 2 Dg-Cu2S + CuIn5S8 → 5 α−CuInS2 above T = 780 K 
(IV) 4 CuS + CuIn5S8 → 5 α−CuInS2 + 2 S below T = 780 K 
 
At this point it shall be emphasised, that α−CuInS2 formation reactions involving the  
Dg-Cu2-xS phase at sample temperatures above T = 780 K proceed remarkably fast. This 
observation may be explained by the ion-conductivity of the copper sulfide Dg-Cu2-xS  
[4-68]. This ion-conductivity is expected to support the rearrangement of copper and indium 
atoms, which is necessary to form a structurally ordered chalcopyrite starting from sulfide 
educts. The ion-conductivity of the Dg-Cu2-xS phase may be considered as analogon to the 
ion-conductivity of Cu2-xSe [4-39, 4-69], which is a direct educt for the formation of 
α−CuInSe2. It has been confirmed experimentally, that the α−CuInSe2 formation from InSe 
and Cu2-xSe proceeds remarkably faster as compared to the α−CuInSe2 formation process 
from CuSe and InSe as educt phase [4-21]. 
The opportunity to influence the chalcopyrite formation pathway by certain interactions might 
be of technological interest, as the semiconductor formation mechanism may influence the 
resulting absorber quality [4-71]. The α−CuInS2 formation reactions, summarised in  
table 4-17 have been observed during the annealing process of precursors with similar 
chemical composition. The sulfur content was [S] / ([Cu]+[In]) = 2.90 and 
[S] / ([Cu]+[In]+[Al]) = 2.80 for ternary and quaternary samples, respectively. All precursors 
were copper poor ([Cu] / ([In] +[Al]) = 0.92 or [Cu] / [In] = 0.92, respectively). Due to the 
high vapour pressure of sulfur, partial chalcogen loss is possible to happen while annealing 
despite all experimental efforts. For this reason, variations in the actual sulfur offer may be 
possible for different annealing experiments even if the initially deposited amount was 
identical. This may explain the different observations made during repeated annealing 
processes of identical precursor samples (compare figs. 4-19(a) and 4-19(b)). The main 
differences between the resulting phase evolution of both experiments were found in the 
detected amounts of InS and CuIn5S8. The first visualised annealing process (fig. 4-19(a)) 
lead to a high amount of CuIn5S8 and a small amount of InS as intermediate products. On the 
other hand the repeated experiment showed a high amount of InS besides a distinctly lower 
amount of CuIn5S8 at process times around 600 s. In agreement to the considerations given 
above, a varying sulfur content may be considered as the origin of these differences. The ratio 
of sulfur to the metals indium (and copper) is [S] / [metals] = 1 for InS and 
[S] / [metals] = 8/6 for CuIn5S8. From this point of view, an increased sulfur offer may be 
beneficial for the formation of the sulfur richer phase CuIn5S8. Due to the preferred formation 
of CuIn5S8, the formation of the sulfur poorer phase InS is inhibited in this case. This means 
that it is generally possible to support the chalcopyrite formation involving either CuIn5S8 or 
InS by an adaptation of the sulfur offer during the annealing process. Formation processes 
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(III) and (IV) (compare table 4-17) may be supported by enhanced sulfur offer. If the 
α−CuInS2 formation involving InS as educt phase is favoured (formation process (I) and (II) 
in table 4-17), a reduced sulfur offer should be realised. This may be interesting for the 
industrially applied production process for large-area modules based on CuInS2 [4-72]. In this 
process, the production of the chalcopyrite absorber is realised by an annealing step of 
metallic copper-indium precursors in sulfur containing atmosphere. Thus, an adaptation of the 
actual sulfur offer is possible while annealing. The described possibility to influence the 
semiconductor formation process by the sulfur offer should be realisable in the described 
production process.  
The experiments concerning the crystallisation of α−CuInS2 have shown, that the chalcopyrite 
formation involving the ion-conductive phase Dg-Cu2-xS starts above T = 780 K. This means, 
that it is generally possible to support a chalcopyrite formation involving either Dg-Cu2-xS or 
CuS by an adaptation of the process temperature. However, a quasi-instantaneous access to 
sample temperatures above T = 780 K cannot be realised using conventional annealing 
procedures and substrates. 
The sulfurisation of copper-indium films has been investigated earlier using in-situ EDXRD 
[4-62] and in-situ Raman spectroscopy [4-70]. In these experiments, sulfur was offered from 
the gas phase by evaporation from a Knudsen source. Intermetallic CuxIny phases have been 
observed at room temperature. No copper or indium sulfides have been observed in advance 
of the α−CuInS2 formation. It was concluded, that the chalcopyrite α−CuInS2 grows by the 
consumption of CuxIny intermetallic phases. Small amounts of the binary sulfides In2S3 and 
CuS have been detected by surface sensitive in-situ Raman spectroscopy in advance of the 
CuInS2 crystallisation in [4-70]. 
The experimental results presented in this article can mainly be compared with the bulk-
sensitive method of in-situ EDXRD as used in [4-62]. The observed differences may be 
explained by the different concepts concerning the sulfur supply during the annealing 
experiments. It may be estimated that the sulfur supply is the limiting parameter for the 
sulfurisation reactions as described in [4-62] due to the high vapour pressure of sulfur and 
substrate temperatures up to T = 773 K. The observed sulfurisation reactions of the metallic 
precursor are limited by the adsorption-to-desorption ratio of sulfur atoms, impinging on the 
sample surface. As the chalcopyrite formation processes from sulfide educts proceed 
remarkably fast (especially those involving the ion-conductive phase Dg-Cu2-xS), it is 
probable that the mentioned educt phases directly react to α−CuInS2 once they have formed. 
This might explain, why these intermediate sulfide phases have not been observed in [4-62].  
The crystallographic model developed in [4-60, 4-61] has been applied to predict formation 
processes of the ternary chalcopyrite α−CuInS2 [4-59]. Binary copper and indium sulfides 
have been considered as thinkable educt phases of the chalcopyrite formation. A comparison 
of the crystal structures of binary sulfides has shown, that an epitaxial relation exists between 
the indium sulfide In2S3 (in both α- and β-modification) and CuS, Dg-Cu2-xS or Ch-Cu2S. The 
faces expected to develop for InS and In6S7 do not show epitaxial fitting to any of the copper 
sulfide faces. It was concluded, that α−CuInS2 might form by reactions of In2S3 with either 
CuS, Dg-Cu2-xS or Ch-Cu2S.  
The in-situ XRD experiments presented above revealed four α−CuInS2 crystallisation 
processes involving the sulfides CuS, Dg-Cu2-xS, InS as well as the ternary sulfide CuIn5S8 as 
educt phases (see summary in table 4-17). Two α−CuInS2 crystallisation processes involving 
the educt phase InS have been experimentally identified (processes labelled as (I) and (II) in 
table 4-17). This observation is in contradiction to the predictions made in [4-59]. The reason 
for this may be found in the described differences concerning the sulfurisation kinetics of 
copper and indium. As discussed above, the formation process of CuS happens extremely fast 
as compared to the formation of the indium containing sulfides InS or CuIn5S8. As the 
sulfurisation process happens at the metal-chalcogen interface, it is expected that almost all 
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copper atoms move quasi-instantaneously to the surface-near region of the film crystallising 
the copper sulfide CuS. This means, that a two-layered structure with CuS on top and indium 
containing sulfides in the lower part of the film is formed during the annealing process. The 
crystallisation of α−CuInS2 proceeds at the interface between both layers at elevated process 
temperatures. The kinetics of this process is diffusion-limited. The crystallographic model 
applied in [4-59] assumes, that epitaxial matching of crystallographic faces of educt phases is 
a prerequisite for a fast proceeding solid-state reaction. However, epitaxial matching of 
crystal faces plays a role, whenever a homogeneous intermixture of educt crystallites is given. 
The experimental results presented above indicate, that this is not the case for the sulfurisation 
of copper-indium films, where a two-layered structure with separated educt phases is expected 
to develop. The different sulfurisation kinetics of copper and indium are the reason for the 
deviation of experiment and prediction. In this context, it has to be mentioned, that the applied 
model has been derived from experimental results concerning selenisation processes of 
precursors [4-60]. The selenisation kinetics of copper and indium are comparable, which leads 
to a homogeneous intermixture of indium selenide and copper selenide crystallites. In this 
case, epitaxial fitting is of course an essential prerequisite for fast proceeding solid-state 
reaction. 
 
 
4.1.3.4 Quaternary systems with chalcogen 
 

In this section, results concerning the formation process of the quaternary chalcopyrite 
Cu(In,Al)Se2 and Cu(In,Al)S2 are discussed. 
 
The quaternary copper-indium-aluminum-selenium system 
 

In analogy to the selenium free intermetallic copper-indium-aluminum system, the strongest 
effect of an increasing number of alternating Cu/Al/In layers has been observed, when n was 
increased from n = 1 to n = 2 (the precursor composition was Mo / n×(Cu/Al/In) / Cu / Se). 
The technological aspects of these observations have been discussed in 4.1.3.1 for the metallic 
Cu-In-Al system. 
The selenisation mechanisms observed for quaternary Cu-In-Al-Se precursors have shown, 
that the general processes observed are similar to the observations discussed for ternary Cu-
In-Se samples. Initial intermetallic phases are selenised to form binary indium and copper 
selenides at temperatures around the melting point of selenium. At elevated sample 
temperatures, selenium transfer reactions are observed before the chalcopyrite is formed from 
selenide educts (compare fig. 4-29). Obviously, the addition of aluminum with an amount of 
Al / ([In]+[Al]) = 0.19 does not completely change these mechanisms. 
However, Rietveld refinement of subsequent powder patterns has shown, that ternary 
α−CuInSe2 is formed in advance of the formation of quaternary Cu(In,Al)Se2. The final 
formation mechanisms leading to these chalcopyrite phases are summarised in table 4-18.  
 
Table 4-18: Chalcopyrite crystallisation processes while annealing Cu-In-Al-Se precursors 

chemical equation onset temperature 
Cu2Se + 2 InSe + Se → 2 α−CuInSe2 T = 750 K 

Cu2Se + (Al,In)2Se3 → 2 Cu(In,Al)Se2 T = 900 K 
 
The ternary mixed selenide (Al,In)2Se3 is formed as intermediate phase and serves as educt 
for the formation of the quaternary chalcopyrite Cu(In,Al)Se2 at elevated process 
temperatures. The formation of the quaternary aluminum-containing chalcopyrite 
Cu(In,Al)Se2 is shifted to higher sample temperatures by about 150 K due to the retarded 
crystallisation of the aluminum-containing selenide (Al,In)2Se3. It has been shown by an ex-
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situ XRD analysis, that the resulting absorber consists of a main phase of Cu(In1-xAlx)Se2 with 
an aluminum content of x = 0.04 besides a number of Cu(In1-yAly)Se2 crystallites with varying 
aluminum content and with y ≥ x. This shows, that an interdiffusion process between the 
originally formed α−CuInSe2 and Cu(In,Al)Se2 occurs as soon as the quaternary chalcopyrite 
Cu(In,Al)Se2 has formed. Obviously, the remaining process time after the Cu(In,Al)Se2 
formation is not enough to complete the interdiffusion forming an absorber with a 
homogeneous aluminum distribution.  
This can be considered in analogy to the formation of Cu(In,Ga)Se2 from Cu-In-Ga-Se SEL 
precursors. In this case, the time-shifted formation of a gallium containing and a gallium free 
chalcopyrite phase leads to the usually observed phase separation concerning gallium (see 
section 4.3). 
The incorporation of aluminum was intended to increase the bandgap of ternary α−CuInSe2. 
The experiments in this work have shown, that only a minor part of the originally offered 
amount of aluminum is incorporated into the formed main phase of Cu(In,Al)Se2, which 
coexists besides Cu(In,Al)Se2 crystallites with enhanced and varying aluminum content. The 
calculated bandgap of the formed main phase of Cu(In,Al)Se2 with an aluminum content of 
[Al] / ([In] + [Al]) = 0.04 is Eg = 1.08 eV. A complete incorporation of the originally offered 
amount of [Al] / ([In] + [Al]) = 0.19 was thought to increase the bandgap to a calculated value 
of Eg = 1.26 eV (both values have been calculated according to [4-4]). This has to be 
considered in the production process, if Cu(In,Al)Se2 shall be used as absorber layer for thin 
film solar cells. 
The effect, that not the whole amount of offered aluminum is reproducibly incorporated into 
the formed quaternary chalcopyrite Cu(In,Al)Se2 has also been reported from other research 
groups [4-6, 4-7]. Another reason for this may be found in a residual amount of 
microcrystalline (Al,In)2Se3. A detailed analysis of the in-situ XRD measurements has shown, 
that a small amount of this mixed selenide is present until the end of the annealing process. 
The third thinkable reason may be found in the formation of the aluminum-molybdenum alloy 
phase Al12Mo near the absorber-back electrode interface. Even if this phase has not been 
detected by XRD within Mo/Cu(In,Al)Se2 stacked systems, the general possibility of the 
crystallisation of this alloy phase has been shown in this work. The molybdenum-containing 
alloy Al12Mo may be expected to crystallise in the back electrode region of the absorber, if it 
will form. This would change the usually formed interface sequence of 
Mo/Mo(S,Se)2/absorber. The adhesion problems, which have often been observed for 
Cu(In,Al)Se2 absorbers formed on molybdenum back contacts might be related to the 
formation of the Al12Mo phase. It shall be pointed out here, that further investigations might 
be necessary for an experimental proof of this idea.  
However, the formation of the alloy phase Al12Mo has been identified as a critical issue in the 
technological field of contacting silicon devices onto aluminum electrodes or wiring materials 
[4-106]. As the direct contacting of silicon onto aluminum may lead to the formation of 
aluminum silicides at the device-electrode interface [4-107], the idea of depositing a thin-film 
of molybdenum on top of the aluminum contact was investigated. It has been shown, that a 
multilayer structure of Al/MoSi/Si will form, which circumvents the formation of unintended 
aluminum silicides. It was shown in [4-108], that the layer structure of Al/MoSi/Si was not 
stable exceeding T = 773 K. The investigations presented in [4-106] have shown, that the 
alloy phases Al12Mo and AlMo3 form at the interface of aluminum-molybdenum films, when 
Al/Mo thin-films are annealed to temperatures above T = 623 K. An increasing electrical 
resistivity of the layer system was observed together with the formation of these aluminum-
molybdenum alloy phases. The formation of Al12Mo has been associated with the observed 
problems of Al/MoSi/Si structures at elevated temperatures [4-106]. Transferring this idea to 
the considered layer system Mo/Mo(S,Se)2/Cu(In,Al)(S,Se)2, the formation of the Al12Mo 
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phase might be expected to be critical concerning the series resistance of the layer system, as 
well. 
 
The quaternary copper-indium-aluminum-selenium system 
 

The investigations concerning the sulfurisation mechanisms during the annealing process of 
quaternary Cu-In-Al-S precursors did not show any aluminum containing phases. For this 
reason, the derived conclusions have already been discussed together with the findings from 
the ternary Cu-In-S system (compare section 4.1.3.3). 
 
 
4.1.3.5 Comparison of selenisation and sulfurisation mechanisms  
 

In the following, the selenisation and sulfurisation processes as investigated in this work will 
be summarised and compared. 
Both sulfurisation and selenisation start with intermetallic CuxIny phases besides elemental 
chalcogen (compare figs. 4-29, 4-30). Selenium is amorphous whereas sulfur is crystalline 
from room temperature on. As first selenisation and sulfurisation reactions of copper and 
indium are observed at sample temperatures around T = 500 K (which is above the melting 
point of both sulfur and selenium) this difference does not play a role for consecutive 
chalcogenisation processes.  
Comparing the chalcogenisation rate of the intermetallic alloy Cu11In9, (figs. 4-16, 4-19(a) 
and 4-19(b)), it is obvious that the sulfurisation of copper and indium is kinetically favoured 
as compared to the selenisation. If sulfur is present (figs. 4-19(a) and (b)), the detected 
amount of Cu11In9 decreases to zero within only 45 s (duration of two subsequent 
measurements). The selenisation of the Cu11In9 phase proceeds within a time slot of around 
225 s (duration of ten subsequent measurements, fig. 4-16), which is the fivefold time of the 
sulfurisation. Due to the differences in the actually offered amount of the chalcogen, a 
quantification of this observation remains difficult. As the chalcogenisation of the metallic 
precursor proceeds at the interface metals/chalcogen, the general difference is undoubtedly: 
The sulfurisation of the copper-indium alloy Cu11In9 is kinetically preferred as compared to 
the selenisation. 
When the intermetallic alloy Cu11In9 is selenised, the crystallisation of the indium selenide 
In4Se3 is observed simultaneously to the formation of the copper selenide CuSe2 (fig. 4-16). 
The quantitative phase evolution shows, that the crystallisation of copper selenides proceeds 
on a comparable time scale as compared to the formation of indium selenides. The maximum 
amount of indium selenides is almost identical to that detected for copper selenides.  
This is a distinct difference to the sulfurisation process of the Cu11In9 phase. It has been 
discussed earlier in this work, that the sulfurisation of copper is kinetically favoured as 
compared the sulfurisation of indium (cf. figs. 4-19(a) and (b)). As a consequence of this, a 
two-layered structure with CuS on top of indium containing sulfides is expected to develop at 
an early stage of the annealing process.  
This leads to another difference between selenisation and sulfurisation, which is related to 
chalcogen transfer reactions. After the formation of first selenides, selenium transfer reactions 
are observed while annealing Cu-In-Se samples. An ongoing selenisation within the indium-
selenium subsystem is accompanied by transitions to selenium poorer phases within the 
copper-selenium system [4-105]. During the annealing process of Cu-In-S samples, no sulfur 
transfer reactions have been observed. One reason for this may be found in the two-layered 
structure expected to form while annealing Cu-In-S samples. As the copper sulfide crystallites 
are not intermixed with indium sulfide crystallites, the transfer of sulfur atoms is not easy to 
be realised. As the selenisation kinetics of copper and indium are similar, it is likely that 
copper and indium selenides are completely intermixed. This can be understood as the basis 
for the observed selenium transfer reactions. 
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An experimental proof for these differences of selenisation and sulfurisation can be drawn 
from the EDXRD experiments as presented in [4-23, 4-62]. In these articles, the selenisation 
[4-23] and sulfurisation [4-62] of copper-indium thin-films has been investigated by in-situ 
EDXRD. The intensity ratio of the Cu-Kα and the In-Kα fluorescence lines is plotted for 
different process temperatures of the annealing process. During the sulfurisation process, this 
ratio increases significantly at a temperature when first sulfide phases are formed (for 
precursors with [Cu] / [In] = 1 or 0.8). This indicates, that the crystallisation of copper 
sulfides happens in the surface near absorber region [4-62]. This significant change of the 
fluorescence signals has not been observed for the selenisation of copper-indium thin-films, 
which shows that indium and copper selenides are intermixed better [4-23]. 
Another difference between selenisation and sulfurisation is, that the ternary sulfide CuIn5S8 
is observed as intermediate phase during the sulfurisation process. Only binary selenides are 
involved in the formation process of α−CuInSe2. The described differences of selenisation 
and sulfurisation are summarised in table 4-19. 
The idea to influence the reaction pathway of the α−CuInS2 formation by the amount of sulfur 
has been presented above. Obviously, it is possible to decide whether InS or the indium rich 
phase CuIn5S8 is involved in the chalcopyrite formation process. Due to the observed phase 
sequence within the indium-selenium subsystem, this opportunity is not given for the 
formation of α−CuInSe2. Even if the amount of selenium is high enough for a final formation 
of the selenium richest existing selenide γ−In2Se3, the selenisation sequence always starts with 
In4Se3. This means, that it is not possible to decide, which indium selenide is involved in the 
α−CuInSe2 formation by an adaptation of the selenium offer in RTP-SEL. In this case, the 
chalcopyrite formation will always start as soon as selenium transfer reactions have produced 
the fitting educts for the α−CuInSe2 formation. 
The possibility to influence the formation process by the sulfur offer may be technologically 
interesting for the formation of pentanary Cu(In,Ga)(S,Se)2 as well. 
 
Table 4-19: Similarities and differences of selenisation and sulfurisation of Cu-In thin-films 
annealing of →     Cu-In-Se samples    Cu-In-S samples 
room temperature     Se amorphous    S crystalline 
    
chalcogenisation 
kinetics of the alloy 
Cu11In9

 - chalcogenisation completed  
   within 225 s 
 

- comparable selenisation  
   kinetics for copper and  
   indium 
 

→ good intermixture of  
   copper selenide and  
   indium selenide 
   crystallites 

- chalcogenisation completed  
   within 45 s 
 

- sulfurisation of copper kinetically 
   favoured as compared to the  
   sulfurisation of indium 
 

→ copper sulfides formed on top   
   of indium containing sulfides 

    
further annealing  - Se tranfer reactions between  

   In-Se and Cu-Se subsystems 
 

- formation of binary indium  
   and copper selenides 

- no S transfer reactions observed  
   between binary subsystems 
 

- formation of binary and ternary  
   copper and indium sulfides 
 

chalcopyrite 
formation 

 from selenide educts and liquid 
selenium 

from sulfide educts and liquid 
sulfur 
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4.2 The formation of chalcopyrites from electroplated precursors  
 

Electrochemical deposition of Cu-In-Se precursors comprises a high potential of cost 
reduction due to more efficient material consumption and lower investment costs as compared 
to precursor production techniques involving high vacuum technology [4-73, 4-74]. 
A comprehensive review considering this field of research has been presented by Lincot et al. 
[4-75]. Conversion efficiencies of up to 11.5% have been demonstrated by the CISEL group 
using electroplated precursors with simultaneously deposited copper, indium and selenium on 
Mo-coated glass substrates [4-76]. In the described process, sulfur was added after the 
electrochemical deposition process prior to annealing in argon atmosphere. As these 
precursors were copper rich, CN- etching has been performed after the annealing process to 
remove excessive copper sulfides.  
The simultaneous electrochemical deposition of copper, indium, and selenium has been 
compared to precursors processed by sequential electrochemical deposition of the elements 
copper, indium and gallium followed by evaporation of selenium [4-77]. In this case, 
advantages concerning the absorber morphology and resulting cell efficiency have been 
observed for quaternary precursors produced by sequential deposition of the elements. 
A different approach to reach higher efficiencies has been presented in [4-78 - 4-81]: The 
electrodeposition of copper, indium and selenium is followed by a PVD process of indium, 
gallium and selenium to adjust the film composition. This process enables to reach conversion 
efficiencies of up to 15.4% [4-82]. However, this approach has to be considered critically 
concerning production costs, as additional PVD processes are involved. 
The deposition of gallium in addition to copper, indium and selenium within a single-bath 
electrodeposition process has been investigated in [4-83, 4-84]. It has been shown, that 
gallium levels up to 8 at.-% can be incorporated within Cu(In,Ga)Se2 samples [4-84] 
produced by one single electrochemical deposition step. 
In 2002, Atotech Deutschland GmbH presented results from a collaboration with Shell Solar 
GmbH and Hahn-Meitner Institute, which resulted in conversion efficiencies of 4% [4-85].  
In all presented examples, an annealing step of the as-deposited precursors is necessary to 
crystallise the desired chalcopyrite structure. As the reaction path and the α−CuInSe2 
crystallisation temperature have an extensive influence on the crystalline quality of the 
resulting semiconductor material, a knowledge and understanding of the mechanisms 
happening while annealing is mandatory for an optimisation of the production process. For 
this reason, in-situ XRD measurements were performed to monitor the solid-state reactions 
happening during the annealing process of electroplated precursors.  
These investigations have been accomplished in order to improve the applied annealing 
profile as well as to optimise the electrochemical deposition process of precursors. 
 
 
4.2.1 Results 
 

In the following, results of in-situ XRD experiments are presented. At first, a classification of 
differently produced electroplated precursors according to the observed chalcopyrite 
formation mechanisms is presented. Further experiments investigating precursors with 
varying selenium content are shown. Based on these results, solar cell results from precursors 
with a distinctly reduced amount of electrochemically deposited selenium are demonstrated. 
In addition, the concept of laser annealing was tested using electroplated precursors. Results 
are presented at the end of this section. 
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4.2.1.1 A classification of electroplated precursors according to the observed 
semiconductor formation mechanism 
 

The simultaneous deposition process of copper, indium and selenium enables to influence the 
initial phase composition of the samples by changing various parameters of the 
electrochemical deposition process. The in-situ XRD experiments presented in this section 
have been performed to learn about the mechanisms, which led to the observed differences of 
the morphology and structural quality of absorbers processed from precursors deposited with 
different parameters. Differing reaction paths will be presented and recommendations of a 
deposition technique resulting in α−CuInSe2 with high structural quality are given at the end 
of this section. An overview of the composition of investigated precursors is given in  
table 4-20. 
 
Table 4-20: Composition of investigated precursors 
denoted as “type” [Cu] / [In] [Se] / [In]1 [Se] / [In]2

(I) 0.88 2.04 - 
(II) 1.07 1.65 - 
(III) 0.75 0.70 2.33 
1atomic composition after the electrodeposition process, determined by XRF 
2atomic composition after additional evaporation of selenium (only done for type III) 
 
The selenium content of the samples was adjusted by changing the additive content of the 
bath. The chemical composition of type (I), type (II) and type (III) precursors was reached by 
increasing ppm amounts of the additive. The precursor composition after the electrodeposition 
process was determined by X-ray fluorescence measurements. Type (I) samples were slightly 
copper deficient and selenium rich with [Cu] / [In] = 0.88 and [Se] / [In] = 2.04 whereas type 
(II) precursors were copper rich and selenium poor with a molar ratio of [Cu] / [In] = 1.07 and 
[Se] / [In] = 1.65. The deposition parameters of the third precursor type (III) led to copper 
poor and selenium deficient precursors with [Cu] / [In] = 0.75 and [Se] / [In] = 0.70, 
respectively. The missing amount of selenium has been deposited after the electrodeposition 
by thermal evaporation of elemental selenium, resulting in [Se] / [In] = 2.33. This has been 
done in order to enable a complete conversion to the chalcopyrite α−CuInSe2 of this initially 
selenium deficient precursor type. 
During the in-situ XRD measurements, these precursors have been annealed from room 
temperature up to T = 923 K with a heating rate of 0.8 K/s. This temperature was held for 
450 s.  
The integrated, one-dimensional diffraction patterns were used for a time-resolved qualitative 
phase analysis. The powder patterns were refined by the Rietveld-method (compare 
section 2.4) to obtain a time- and temperature resolved phase evolution of present 
polycrystalline phases. The diffractograms were refined in the 2θ-range between 20° and 48°, 
the background has been fitted with a third order polynomial. As the polyimide substrate 
delivers a broad diffraction signal within the considered 2θ-range, an additional Gaussian 
peak at 2θ = 26.3° has been included in the fit. The position, intensity and width of this peak 
have been determined considering a room temperature diffractogram and kept constant for the 
refinement of subsequent powder patterns. The temperature factors of contributing phases 
(table 4-21) have been constrained to one common refinable value. Three observed phases 
show preferred orientations, the orientation directions of these phases were InSe <110>,  
γ-In2Se3 <001> and <111> and Cu11In9 <010>. The lattice parameters of the contributing 
phases have been refined, except for the nanocrystalline phases InSe and γ-In2Se3. This 
restriction was necessary in order to stabilise the multiphase fitting procedure. The scale 
factor – used for the calculation of the quantitative phase composition – was refined for all 



RESULTS AND DISCUSSION 97

contributing phases. In addition to the investigations performed by in-situ XRD, the processed 
samples have been characterised by SEM concerning the resulting absorber morphology. 
 
Table 4-21: Space groups and references of involved crystalline phases  
crystalline phase space group reference 
Se P 31 2 1 [4-33] 
In4Se3 P n n m [4-34] 
InSe R 3 m  [4-35] 
γ-In2Se3 P 61 [4-37] 
γ-CuSe P 63/m m c [4-38] 
Cu2-xSe F –4 3 m [4-39] 
α−CuInSe2 I –4 2 d [4-51] 
Cu11In9 C 2/m [4-30] 
 
 
Type (I) precursor 
 

The series of diffraction patterns recorded during the annealing process of type (I) precursors 
is illustrated in Fig. 4-31 (first diffractogram of the annealing process marked with (A)). The 
110 reflection of the polycrystalline molybdenum layer at 2θ = 40.5° as well as scattering 
from the polyimide substrate (around 2θ ≈ 19.5°) can be detected throughout the process.  
At the first diffraction pattern, a broad peak at 2θ ≈ 26.7° with an asymmetry on the low-angle 
side and a broad and weak peak at 2θ ≈ 44.2°can be observed. Using Cu-Kα radiation, the 
strongest reflection of the chalcopyrite α−CuInSe2 is situated at 2θ = 26.6° as well as the 111 
reflection of Cu2-xSe. The Bragg reflection at 2θ ≈ 44.2° can either represent the α−CuInSe2-
220 / α−CuInSe2-204 reflections or the Cu2-xSe-220 reflection (or a mixture of both). It is not 
possible to exclude the appearance of Cu2-xSe with coexisting α−CuInSe2, as all Cu2-xSe 
Bragg reflections coincide with reflections of the chalcopyrite as a consequence of their 
structural similarity. However, the appearance of the chalcopyrite can be definitely fixed on 
the observation of tetragonal reflections, e.g. the 103 and 211 reflections at 2θ = 27.7° and 
2θ = 35.5°, respectively. The low-angle asymmetry of the reflection at 2θ ≈ 26.5° originates 
from the 101 reflection of the indium selenide InSe. The crystallinity of all precursor phases 
at room temperature is poor. An estimation of the size of the coherent scattering area out of 
the full width at half maximum (FWHM) using the Scherrer formula [4-86] delivers a 
diameter of between 5 nm and 10 nm for InSe and Cu2-xSe (or α−CuInSe2). In the annealing 
process, the intensity of the Bragg reflections at 2θ = 26.6° and 2θ = 44.2° increases together 
with a decreasing FWHM. The low-angle asymmetry of the reflection at 2θ = 26.6° 
disappears at a temperature of about T = 650 K. This indicates the consumption of InSe for 
the crystallisation of α−CuInSe2 as the asymmetry decrease comes along with the appearance 
of the 211 reflection of α−CuInSe2 at 2θ = 35.5°. This shows, that the solid-state reaction of 
Cu2-xSe and InSe leads to the formation of α−CuInSe2 according to  

 
Cu2-xSe + 2 InSe + Se → 2 α−CuInSe2. 

 
The decreasing FWHM of chalcopyrite reflections shows an increasing grain size of the 
α−CuInSe2 crystallites with a further increasing sample temperature. This evolution has been 
quantified by fitting the 2θ-range between 23.4° and 29.4° with two peaks (Pseudo-Voigt 
functions). It was assumed, that the reflection at 2θ = 26.6° originates from the chalcopyrite 
α−CuInSe2, only. Using the Scherrer formula [4-86], the size of the coherent scattering area 
has been calculated from the FWHM of the fitted α−CuInSe2-112 reflection. The grain 
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growth of α−CuInSe2 crystallites with an increasing film temperature is shown in fig. 4-32. 
The crystallisation of the chalcopyrite starts at a process time of 200 s (sample temperature 
T = 470 K) and is finished after a process time of 400 s at a sample temperature of T = 650 K. 
The quantitative phase evolution as obtained by Rietveld refinement is shown in fig. 4-33. The 
coexistence of Cu2-xSe and α−CuInSe2 has not been considered for the fit. The amount of the 
precursor phase InSe is constant until the onset of the α−CuInSe2 formation at a process time 
of 200 s (T ≈ 470 K). After 400 s (T ≈ 650 K), InSe is completely consumed for the formation 
of the chalcopyrite α−CuInSe2. This means, that the chalcopyrite formation proceeds within a 
time slot of only 200 s. The comparison of fig. 4-32 and fig. 4-33 shows, that the 
semiconductor formation and crystallisation is completed at the same sample temperature 
(T = 650 K). 
The SEM micrograph of the surface of the processed absorber shows, that the grain size of the 
formed chalcopyrite is well below a micrometer scale (fig. 4-34).  
 
 

 
Fig. 4-31: In-situ XRD measurements while annealing electroplated type (I) precursors. The 
room temperature diffractogram is indicated with (A), (B) marks the beginning of the 
isothermal line at 923 K and (C) the end of the annealing process. The crystallisation of 
α−CuInSe2 out of the educts Cu2-xSe and InSe can be recognised by the appearance of the 
211 reflection of the chalcopyrite α−CuInSe2 at 2θ = 35.5°. 
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Fig. 4-32: Normalised grain size of 
α−CuInSe2 crystallites while annealing 
type (I) and (II) precursors. The 
crystallisation of both precursors is 
finished after about 400 s. The grain 
size of type (II) precursors remains 
smaller by a factor of about 0.8 as 
compared to type (I) precursors. 

 
 
 
 
 
 

 
Fig. 4-33:  
Quantitative phase evolution of type (I) 
precursors while annealing, obtained by 
subsequent Rietveld refinement of the 
set of powder patterns. The formation of 
α−CuInSe2 proceeds in a time slot of 
200 s starting at a sample temperature 
of 470 K. 

 
 

 
 
 
 
 
 
 
Fig. 4-34: SEM micrograph of the 
absorber processed from type (I) 
precursor. The grain size of α−CuInSe2 
crystallites is well below a micrometer 
scale. 
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Type (II) precursor 
 

Fig. 4-35 depicts the series of diffraction patterns recorded while annealing. As well as 
explained for type (I) precursors (fig. 4-31), the molybdenum and polyimide contributions to 
the diffraction patterns are detected throughout the process. The room temperature diffraction 
pattern (indicated with (A) in fig. 4-35) shows only a small increase of the intensity in the 2θ-
range around 27°. In contrast to the room temperature diffractogram of type (I) precursors 
(fig. 4-31), this diffraction signal does not show an asymmetry on the low-angle side. The 
evolution of the diffraction patterns with an increasing sample temperature shows, that this 
initially broad peak consists of three Bragg reflections. Two of these reflections can be 
ascribed to the 111 and 006 reflections of γ-In2Se3 at diffraction angles 2θ = 25.3° and 
2θ = 27.6°, respectively. The intensity increase of the reflection at 2θ = 26.6° coincides with 
an increasing intensity at 2θ = 44.2°. These peaks originate from Cu2-xSe and/or α−CuInSe2. 
The tetragonal reflections of the chalcopyrite α−CuInSe2 remain weak until the end of the 
annealing process, compared to type (I) precursors (fig. 4-31). The increasing intensity of 
α−CuInSe2 Bragg reflections comes along with a decreasing intensity of γ-In2Se3 Bragg 
reflections. This shows, that the chalcopyrite α−CuInSe2 is formed from Cu2-xSe and γ-In2Se3 
according to the chemical equation  
 

Cu2-xSe + γ-In2Se3 → 2 α−CuInSe2
 
for this precursor type. The evolution of the grain size of the chalcopyrite α−CuInSe2 is 
shown in fig. 4-32. For this precursor type, the 2θ-range between 23.4° and 29.4° has been 
fitted with three peaks (Pseudo-Voigt functions) due to the contribution of γ−In2Se3 instead of 
InSe. The reflection at 2θ = 26.6° was assumed to originate from α−CuInSe2 from the 
beginning of the annealing process. The crystallisation process of this precursor type also 
starts at a process time of about 200 s (sample temperature T = 470 K) and is finished after 
400 s (650 K). The chalcopyrite crystallite size (size of the coherent scattering area) of this 
precursor type remains smaller than the final grain size using type (I) precursors. 
 

 
Fig. 4-35: In-situ XRD while annealing type (II) precursors. The room temperature 
diffractogram is indicated with (A), (B) marks the beginning of the isothermal line at 923 K 
and (C) the end of the annealing process. The crystallisation of α−CuInSe2 from the educts 
Cu2-xSe and γ-In2Se3 can be observed. 
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The quantitative phase evolution as determined by Rietveld refinement is illustrated in  
fig. 4-36. Again, Cu2-xSe has not been considered for the refinement process. The 
consumption of γ-In2Se3 starts at a process time of 100 s (T = 400 K). The initial amount of 
40 cat.-% decreases slowly to about 20 cat.-% when the sample reaches the final temperature 
of T = 923 K (indicated by (B) in figs. 4-35 and 4-36). The consumption of the precursor 
phase γ-In2Se3 is finished at this stage of the annealing process. There is only a minor 
decrease of the amount of γ-In2Se3 until the end of the annealing process (indicated by (C)). 
The formation of the compound semiconductor α−CuInSe2 starts together with the 
consumption of γ-In2Se3 at a process time of 100 s (sample temperature 400 K) and is finished 
reaching the isothermal line at T = 923 K. A comparison of figs. 4-33 and 4-36 shows, that the 
chalcopyrite formation of type (II) samples proceeds within about 600 s, which is about the 
threefold time as observed for type (I) precursors. Type (II) precursors are not completely 
converted to α−CuInSe2, 20 cat.-% of the precursor phase γ-In2Se3 are detectable until the end 
of the annealing process. In order to determine, if this incomplete conversion originates from 
the missing amount of selenium, this precursor type has also been investigated with 
additionally deposited selenium (resulting in [Se] / ([Cu] + [In]) = 1.4 and 
[Se] / ([Cu] + [In]) = 2.0). In both cases, no change of the chalcopyrite formation mechanism 
could be observed. 
The SEM picture of this precursor type shows agglomerated crystallites with a grain size on a 
micrometer scale. An EDX analysis of this sample shows significantly stronger Mo-
Lα/Lβ fluorescence lines as compared to type (I) and (III) precursors. It is concluded that the 
dark area shows a direct view to the molybdenum back contact and that the agglomerated 
crystallites consist of CuInSe2. 
 

 
 
 
Fig. 4-36: Quantitative phase evolution of 
type (II) precursors while annealing. The 
formation of CuInSe2 starts at a process 
time of 100 s and is finished after about 
700 s. A rest of the precursor phase 
γ-In2Se3 remains until the end of the 
annealing process. (A) represents a 
sample temperature of 400 K, (B) and (C) 
mark the beginning and the end of the 
isothermal line, respectively. 

 
 

              

 
 
 
 
 
 
Fig. 4-37: SEM micrograph of the 
absorber processed from type (II) 
precursor. The absorber consists of 
agglomerated CuInSe2 crystallites with a 
grain size in the micrometer range. 



102  CHAPTER 4  

Type (III) precursor 
 

The evolution of diffraction patterns recorded while annealing type (III) precursors (fig. 4-38) 
is completely different from type (I) and (II) precursors (compare figs. 4-31 and 4-35). No 
phase information can be derived from the room temperature powder pattern (bottom of 
fig. 4-38) apart from the contributions of molybdenum and the polyimide substrate. The 
crystallisation of selenium is observed starting at T = 380 K. The strong Bragg reflections 
appearing at 2θ = 23.1° and 2θ = 29.4° can be ascribed to the 100 and 101 reflections of 
elemental selenium, respectively. A reflection at 2θ = 41.9° appears at about T = 410 K, 
representing the 020 reflection of the intermetallic compound Cu11In9. After the melting point 
of selenium (at T = 494 K) the selenisation of the intermetallic alloy Cu11In9 to binary copper 
and indium selenides can be observed. The first indium selenide observed is In4Se3, which is 
detectable by the 330 and 311/040 reflections at 2θ = 27.7° and 2θ = 28.7°, respectively. The 
copper selenide γ-CuSe is formed besides In4Se3. This is detectable by the CuSe-006 
reflection at 2θ = 31.0°. The further selenisation of In4Se3 to InSe can be observed by the 
appearance of the 006 and 101 reflections of InSe at diffraction angles of 2θ = 21.2° and 
2θ = 25.7°, respectively. The coexistence of Cu2-xSe and α−CuInSe2 is qualitatively observed 
starting at a film temperature of T = 540 K. The intensity of InSe Bragg reflections decreases 
rapidly at a temperature of T = 670 K. As this observation coincides with the appearance of 
tetragonal reflections of the chalcopyrite, it is concluded that this indicates the crystallisation 
of the chalcopyrite α−CuInSe2 out of Cu2-xSe and InSe according to the chemical equation  
 

Cu2-xSe + 2 InSe + Se → 2 α−CuInSe2. 
 
 

 
Fig. 4-38: In-situ XRD while annealing type (III) precursors. The room temperature 
diffractogram is indicated with (A), (B) represents the melting point of selenium, (C) the 
beginning of the isothermal line at 923 K and (D) the end of the annealing process. 
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The quantitative phase evolution of type (III) precursors after the melting point of selenium 
(at T = 494 K) is shown in fig. 4-39. The decreasing amount of the intermetallic compound 
Cu11In9 is caused by the formation of the binary selenides In4Se3 and γ−CuSe. The 
selenisation of the intermetallic alloy Cu11In9 is completed after the process duration of about 
420 s (corresponding sample temperature T = 660 K). The selenisation of In4Se3 to InSe starts 
after about 370 s (T = 610 K). The detected amount of InSe reaches its maximum at a process 
time of 450 s (T = 670 K). The first observed selenides In4Se3 and γ−CuSe are completely 
consumed after 440 s. As for type (I) and (II) precursors, Cu2-xSe has not been considered for 
the refinement procedure. For this reason, the increasing amount of the chalcopyrite 
α−CuInSe2 in the time slot between 400 s and 450 s has to be considered as an increase of 
Cu2-xSe (formed out of γ−CuSe by selenium release) and α−CuInSe2. The amount of InSe 
decreases starting at a process time of 450 s (sample temperature T = 670 K). This represents 
the onset of the formation reaction of α−CuInSe2 out of InSe and Cu2-xSe. The amount of 
InSe decreases to zero after 700 s and the increase of α−CuInSe2 saturates at the same time. 
This shows that the α−CuInSe2 formation is completed at this process time (corresponding 
sample temperature T = 870 K). The SEM picture of this processed absorber shows a compact 
arrangement of CuInSe2 crystallites with a crystallite size on a micrometer scale. 
 
 

 
 
 
 
 
 
 

 
Fig. 4-39: Quantitative phase evolution 
of type (III) precursors. The formation 
of binary selenides out of the 
intermetallic alloy Cu11In9 is followed 
by selenium exchange reactions and the 
formation of CuInSe2. 

 
 

             

 
 
 
 
 
 
Fig. 4-40: SEM micrograph of the 
absorber processed from type (III) 
precursor. The absorber surface 
consists of a compact arrangement of 
CuInSe2 crystallites with a grain size 
on a micrometer scale. 
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Comparison of type (I), (II) and (III) precursors 
 

It is obvious, that the α−CuInSe2 crystallisation of type (III) precursor is shifted to a higher 
process time and sample temperature, when the quantitative phase evolution of the three 
precursor types is compared (figs. 4-33, 4-36 and 4-39). The process time of the onset of the 
chalcopyrite formation can be determined to 200 s and 100 s for type (I) and (II) precursors, 
whereas the formation out of Cu2-xSe and InSe starts at a process time of 450 s for type (III) 
precursors. The chalcopyrite formation and crystallisation of type (I) precursors is already 
finished at this stage of the annealing process. The reason for this can be found in the as-
deposited phase composition of the three precursor types. 
It has been shown, that type (I) precursors consist of a nanocrystalline mixture of the binary 
selenide phases Cu2-xSe and InSe. These binary selenides are ideal reaction partners for the 
formation of the compound semiconductor α−CuInSe2. A crystallographic model has shown, 
that the faces expected to develop for both educts contain a common motif [4-60]. This motif 
consists of selenium hexagons. This epitaxial relation, together with the ion conductivity of 
Cu2-xSe and the fact that the formation of α−CuInSe2 out of Cu2-xSe and InSe is a redox 
reaction, enables the fast proceeding of this solid-state reaction [4-60]. Besides this, the as-
deposited samples consist of a nanocrystalline intermixture of both educt crystallites. This 
leads to a large contact surface of adjacent Cu2-xSe and InSe crystallites, which enables this 
early and fast proceeding chalcopyrite formation reaction. As the nucleation seed density is 
very high, the resulting chalcopyrite crystallite size remains remarkably smaller as known for 
absorbers processed from SEL precursors. 
The chalcopyrite formation reaction observed for type (II) precursors out of the educt phases 
Cu2Se and γ-In2Se3 is also epitactically favoured [4-60]. However, this reaction is no redox 
reaction. This difference as compared to the reaction described above may explain the 
inhibited and slower formation of α−CuInSe2 as well as the smaller resulting size of the 
coherent scattering area of type (II) absorbers as compared to type (I) samples (fig. 4-32). 
A semiconductor formation similar to the α−CuInSe2 formation as described for SEL 
precursors [4-19, 4-21, 4-22, 4-105] is observed for type (III) precursors. Binary selenides are 
formed from intermetallic Cu11In9 and elemental selenium at sample temperatures exceeding 
the melting point of selenium. A further increase of the sample temperature leads to selenium 
transfer reactions between these binary selenides, until the ideal educts for the chalcopyrite 
formation are present solid-state phases. The chalcopyrite crystallisation out of these finally 
formed educts Cu2-xSe and InSe is observed at an onset temperature of T = 670 K. This is the 
same chalcopyrite formation reaction as observed for type (I) precursors, however shifted to 
T = 670 K instead of T = 470 K as observed for type (I) precursors. As the chalcopyrite 
formation proceeds at a higher sample temperature, an increased mobility of the involved 
atoms results in a better structural quality of the formed chalcopyrite.  
As the direct educt compounds for the chalcopyrite formation, Cu2-xSe and InSe, are not 
present as initial phases in type (III) precursors, a well-defined reaction path and 
semiconductor formation temperature out of educts with a certain grain size is guaranteed in 
this case. This can be recognised comparing the FWHM of InSe Bragg reflections of type (I) 
and (III) precursors in fig. 4-31 and fig. 4-38, respectively. The formation of InSe at elevated 
sample temperatures leads to larger InSe crystallites for type (III) precursors as compared to 
the InSe crystallite size of type (I) precursors. The larger facets of these crystallites lead to a 
higher contact surface of the epitactically fitting facets of Cu2-xSe and InSe and to a lower 
nucleation seed density. A comparison of all SEM pictures of the absorber surface (figs. 4-34, 
4-37 and 4-40) shows, that only type (III) absorber shows a compact arrangement of CuInSe2 
crystallites with a grain size on a micrometer scale as known for SEL precursors. The 
morphology of type (II) absorbers is unsuitable as there is no cohesive layer of the absorber 
CuInSe2 on top of the molybdenum back contact. The SEM of absorber type (I) shows a 
dense arrangement of crystallites with a grain size well below one micrometer. This 
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morphology is unintended due to the elevated number of grain boundaries as compared to the 
absorber processed from type (III) precursor. This increases carrier recombination at grain 
boundaries [4-87] in resulting solar cells. 
The existence of a disordered chalcopyrite besides binary selenide educts as an as-deposited 
precursor phase in type (I) and (II) precursors cannot be excluded analysing the diffraction 
patterns. This means, that it is generally thinkable that chalcopyrite-like ordered copper, 
indium and selenium atoms with disordered cations and without the existence of a long-range 
ordering could result in a comparable diffraction pattern. The presence of this disordered 
chalcopyrite-like phase would impede the exploitation of epitaxial relations, which has been 
shown to be involved in all experimentally observed α−CuInSe2 formation reactions [4-60]. 
This would as well explain the undesirable morphology as observed for absorbers processed 
from type (I) and (II) precursors. The existence of α−CuInSe2 as initial phase together with 
Cu2-xSe and In2Se3 has been discussed for precursors produced by the simultaneous 
electrodeposition of copper, indium and selenium with selenium excess [4-89]. 
 
Summary of the investigations presented in this section 
 

A short summary of the classification presented in this section is presented in table 4-22. The 
observed semiconductor formation mechanisms were classified according to type (I), (II) and 
(III), whereas type (I) and (II) describe a semiconductor formation from binary selenides, 
which have already been formed during the electrochemical deposition process (table 4-22). 
The observed type (III) reaction path is SEL similar. The intermetallic alloy Cu11In9 and 
selenium are present as initial phases, the formation of the binary selenides In4Se3 and 
γ−CuSe is observed after the melting point of selenium. The chalcopyrite α−CuInSe2 is 
formed from Cu2-xSe and InSe after selenium transfer reactions at elevated sample 
temperatures. 
 
 
Table 4-22: Classified formation mechanisms of electroplated precursors 
 type (I) type (II) type(III) 
initial phases binary selenides 

Cu2-xSe and InSe 
 

binary selenides 
Cu2-xSe and  

γ-In2Se3

intermetallic Cu11In9 and 
elemental Se 

 
chalcopyrite 
formation 
mechanism 

 
 

from initial phases 

 
 

from initial phases 

 
formation of binary selenides 

above the melting point of 
selenium, followed by selenium 
transfer reactions, α−CuInSe2 

formation from Cu2-xSe and InSe 
 

formation 
reaction 

Cu2Se + 2 InSe + Se 
→ 2 α−CuInSe2

Cu2Se + γ-In2Se3  
→ 2 α−CuInSe2

Cu2Se + 2 InSe + Se  
→ 2 α−CuInSe2

 
chalcopyrite 
crystallisation 
temperature  

 
470 K 

 
400 K 

 
670 K 

 
 
As the semiconductor formation mechanisms and the resulting absorber morphology of type 
(III) precursors is similar to well-working vacuum processed SEL precursors, further 
investigations were concentrated on this precursor type. 
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4.2.1.2 The influence of the electrochemically deposited amount of selenium on 
the semiconductor formation mechanism 
 

It has been shown and explained in the previous section, why type (III) formation leads to a 
favourable absorber morphology in comparison to type (I) and (II) precursors. Comparing the 
composition of investigated precursors (table 4-20), it is obvious that type (III) formation 
behaviour was observed for samples with selenium deposited in an understoichiometric 
amount with [Se] / [In] < 2. For a complete selenisation of the precursor, the missing amount 
of selenium had been deposited by thermal evaporation on top of the electroplated precursors 
prior to annealing (table 4-20).  
The investigations presented in this section were intended to determine, if it is possible to 
realise SEL similar type (III) formation mechanism using single-bath deposited precursors 
with copper, indium and selenium in the molar ratio 1:1:2 of the chalcopyrite α−CuInSe2. 
This is especially interesting concerning technological aspects, as the production step of 
additional selenium deposition might be omitted in this case. 
For this reason, real-time XRD measurements while annealing electroplated precursors with a 
differing amount of electrodeposited selenium have been accomplished (table 4-23). The 
concentration of selenous acid (H2SeO3) within the electrochemical bath has been adapted in 
order to deposit precursors with differing selenium content over a wide range (table 4-23, an 
increasing sample number corresponds to an increasing amount of selenium). After the 
deposition process, the sample composition has been determined by X-ray fluorescence 
(XRF) measurements. These precursors have been annealed in the as-deposited composition 
(table 4-23) from room temperature to T = 923 K with a heating rate of 0.8 K/s.  
 
Table 4-23: Composition of investigated precursors, molar ratios from XRF 
sample (01) (02) (03) (04) (05) (06) 
[Cu] / [In] 1.03 0.75 0.92 0.92 0.93 0.95 
[Se] / [In] 0.60 0.70 0.88 0.92 1.40 1.44 
 
continued  
sample (07) (08) (09) (10) (11) 
[Cu] / [In] 0.96 1.05 0.90 0.94 0.96 
[Se] / [In] 1.48 1.65 1.72 2.04 2.20 
 
As in the previous sections, the integrated, one-dimensional powder patterns have been used 
for a temperature-resolved phase analysis. In addition to the in-situ XRD analysis, surface and 
cross-section SEM has been performed with a Zeiss Gemeni 1550. The electron energy was 
5 keV and 10 keV for cross-section and surface SEM, respectively. 
 
 
In-situ XRD analysis 
 

As an example for an in-situ XRD measurement, the diffraction patterns recorded while 
annealing sample (01) are depicted in fig. 4-41. As for all other investigated samples, no 
phase information concerning the electrodeposited precursor film can be derived from the 
room temperature diffractogram (bottom diffraction pattern). At 2θ ≈ 26°, a weak diffraction 
signal is detected. This signal originates from X-ray scattering at the polyimide substrate. 
Again, the Bragg reflection at 2θ = 40.5°, which is detected throughout the annealing process, 
can be identified to be the 110 reflection of the molybdenum back contact. In the annealing 
process, the crystallisation of the intermetallic alloy phase Cu11In9, the formation of binary 
selenides as well as a partial α−CuInSe2 crystallisation is observed. In the visualised 
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annealing process of sample (01), the binary selenides In4Se3 and Cu2Se are detected. 
Structural data of all crystalline phases mentioned in this section are listed in table 4-21. 
The existence of the intermetallic precursor phase Cu11In9 in an early stage of the annealing 
process may indicate, that the chalcopyrite formation proceeds as known for sputtered SEL 
precursors (compare table 4-22). For this reason, the 2θ-region between 38.6° and 45.5° of the 
recorded diffraction patterns is plotted in figs. 4-42, 4-43 and 4-44 for all investigated 
samples. This region comprises the 110 reflection of molybdenum at 2θ = 40.5°, the 020 
reflection of intermetallic Cu11In9 at 2θ = 41.9° as well as the 220/204 reflections of 
α−CuInSe2 at 2θ = 44.2°.  
 

 
Fig. 4-41: In-situ XRD measurements while annealing precursor sample (01). The 
diffraction patterns were recorded while annealing from room temperature (bottom) up to a 
sample temperature of 923 K (top). No phase information concerning the precursor film can 
be derived from the room temperature diffractogram. 
 
The precursor with the minimal amount of selenium (sample (01) in fig. 4-42) only shows the 
molybdenum back contact as polycrystalline phase at room temperature. At a sample 
temperature of T = 400 K, the crystallisation of the intermetallic alloy phase Cu11In9 is 
observed. The α−CuInSe2-220/204 reflections can be detected starting at a film temperature 
of T = 490 K. The precursor is not completely converted to α−CuInSe2 due to the 
understoichiometric amount of selenium. This is why a rest of Cu11In9 (respectively Cu16In9 at 
sample temperatures above T = 583 K) remains until the end of the annealing process. These 
observations can be qualitatively identified for samples (01) up to sample (07), which 
corresponds to a selenium content [Se] / [In] between 0.60 and 1.48. Comparing the 
intensities of the observed Bragg reflections of analysed samples, it is obvious that the 
amount of Cu11In9 decreases with increasing selenium content. This intermetallic phase is not 
detected during the annealing process of precursors with an electrochemically deposited 
selenium content of [Se] / [In] ≥ 1.65 (sample (08) up to sample (11), figs. 4-43 and 4-44). 
The verifiability of the Cu11In9 crystallisation is shifted from process temperatures of 
T = 380 K for sample (01) to a temperature of around T = 560 K for sample (05). The absence 
of Cu11In9 in the annealing process indicates that SEL-similar type (III) formation is not 
observed for precursors with an electrochemically deposited selenium content of 
[Se] / [In] ≥ 1.65.  
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Fig. 4-42: In-situ XRD measurements while annealing samples (01), (02), (03) and (04) with 
a corresponding selenium content [Se] / [In] = 0.60, 0.70, 0.88 and 0.92, respectively. 
Samples were annealed from room temperature (bottom) up to a sample temperature of 
923 K. The amount of the intermetallic phase Cu11In9 decreases with increasing amount of 
selenium. 
 
 

 

 

Fig. 4-43: In-situ XRD measurements while annealing samples (05), (06), (07) and (08) with 
a corresponding selenium content [Se] / [In] = 1.40, 1.44, 1.48 and 1.65, respectively. 
Samples were annealed from room temperature (bottom) up to a sample temperature of 
923 K. No Cu11In9 is detectable while annealing sample (08). 
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Fig. 4-44: In-situ XRD measurements while annealing samples (09), (10), and (11) 
(corresponding selenium content [Se] / [In] = 1.72, 2.04, and 2.20, respectively). Samples 
were annealed from room temperature (bottom) up to a sample temperature of 923 K. No 
intermetallic Cu11In9 is detectable while annealing these precursors. 
 
 
In order to identify type (I) and (II) chalcopyrite formation mechanism, the 2θ-region between 
24° and 30° of the diffractograms has been plotted for all investigated precursor samples (see 
figs. 4-45, 4-46 and 4-47). The formation of the binary selenides In4Se3 and Cu2-xSe has been 
observed starting at a sample temperature of T = 490 K during the annealing process of 
samples (01) and (02). Due to the structural similarity of Cu2-xSe and the chalcopyrite 
α−CuInSe2, the Bragg reflection at 2θ = 26.6° may either originate from the α−CuInSe2-112 
or from the Cu2-xSe-111 reflection. Both selenide phases, In4Se3 and Cu2Se, are the selenium 
poorest existing indium or copper selenides according to the binary phase diagrams for the 
systems Cu-Se and In-Se (cf. section 2.2.2.1).  
The formation of the selenium poorest indium selenide In4Se3 is not observed, when 
precursors with increased selenium content ([Se] / [In] ≥ 0.88) are annealed. However, the 
crystallisation of the indium selenide InSe besides Cu2-xSe (and/or α−CuInSe2) is detected in 
this case, starting at a film temperature of around T = 520 K. 
The in-situ XRD measurements recorded during the annealing process of precursors with a 
selenium content [Se] / [In] ≥ 1.48 show the formation of γ-In2Se3, which is involved in type 
(II) precursors, besides InSe and Cu2-xSe (and/or α−CuInSe2). Annealing precursors with a 
selenium content of [Se] / [In] > 2 (samples (10) and (11)), leads to a reaction of the precursor 
phases Cu2-xSe and γ-In2Se3 forming the chalcopyrite α−CuInSe2. This formation mechanism 
was denoted as type (II) (table 4-21). 
The results presented so far indicate, that the absorber formation mechanism changes with an 
increase of the electrodeposited amount of selenium. Selenium poor precursors show mainly 
SEL-similar type (III) formation behaviour. Precursors with an as deposited composition 
according to [Se] / [In] ≥ 0.88 already show an additional type (I) semiconductor formation 
from the binary precursor phases InSe and Cu2-xSe. 
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Fig. 4-45: In-situ XRD while annealing samples (01), (02), (03) and (04) (with a 
corresponding selenium content [Se] / [In] = 0.60, 0.70, 0.88 and 0.92, respectively), plotted 
in the 2θ-region between 24.0° and 30.0°. Samples were annealed from room temperature 
(bottom) up to a sample temperature of 923 K. The formation of the selenium poorest 
indium selenide In4Se3 can be detected for precursors (01) and (02), while InSe is formed 
during the annealing process of precursors (03) and (04). 
 
 

 
Fig. 4-46: In-situ XRD while annealing samples (05), (06), (07) and (08) (with a 
corresponding selenium content [Se] / [In] = 1.40, 1.44, 1.48 and 1.65, respectively), plotted 
in the 2θ-region between 24.0° and 30.0°. Samples were annealed from room temperature 
(bottom) up to a sample temperature of 923 K. The formation of InSe can be detected while 
annealing precursors (05), (06), (07) and (08). The diffraction patterns of samples (07) and 
(08) indicate the formation of γ-In2Se3 besides InSe. 
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Fig. 4-47: In-situ XRD while annealing samples (09), (10), and (11) (with a corresponding 
selenium content [Se] / [In] = 1.72, 2.04, and 2.20, respectively), plotted in the 2θ-region 
between 24.0° and 30.0°. Samples were annealed from room temperature (bottom) up to a 
sample temperature of 923 K. The formation of InSe and γ-In2Se3 can be detected while 
annealing precursor (09). Both samples (10) and (11) with a selenium content according to 
[Se] / [In] > 2 are completely converted to α−CuInSe2. 
 
A further increase of the deposited selenium amount according to [Se] / [In] ≥ 1.48 leads to 
additional type (II) α−CuInSe2 formation from γ-In2Se3 and Cu2-xSe. Mixtures of type (I) and 
(II) can be found with an as deposited precursor composition around [Se] / [In] = 1.7. 
Precursors with excess deposition of selenium show type (II) behaviour. 
It is not possible to realise SEL similar type (III) semiconductor formation with precursors 
produced by simultanoues electrodeposition of copper, indium and selenium in the molar ratio 
1:1:2 of the chalcopyrite α−CuInSe2. 
 
 
SEM analyis of processed absorbers 
 

The cross-section SEM micrograph of an absorber, processed from a precursor 
electrodeposited on a molybdenum coated floatglass substrate is shown in fig. 4-48. The 
electrochemically deposited amount of selenium was [Se] / [In] = 0.81. In order to enable a 
complete conversion to α−CuInSe2, the missing amount of selenium had been deposited in a 
second bath deposition step prior to annealing. Obviously, this absorber layer is separated into 
two regions. The surface-near absorber region consists of CuInSe2 crystallites with a grain 
size of over 1 µm while the lower part of the film in contact to the molybdenum back contact 
shows an average grain size well below the micrometer scale. The quantitative phase 
evolution - determined by Rietveld refinement - while annealing precursor sample (02) with 
additional selenium deposited prior to annealing has been determined. If necessary, a March 
Dollase model was used to refine preferred orientation. In this case, the orientation direction 
of textured phases was InSe <110> and Cu11In9 <020>. The electrochemically deposited 
selenium content of this precursor is comparable to the sample investigated with cross-section 
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SEM. Again, the copper selenide Cu2-xSe was not considered in the refinement process due to 
the structural relation between Cu2-xSe and α−CuInSe2. As shown above, samples with an as-
deposited selenium content of about [Se] / [In] = 0.8 show a mixture of type (III) and type (I) 
semiconductor formation behaviour.  
This mixture of formation mechanisms can also be deduced from the evolution of the molar 
fraction of precursor phases while annealing (fig. 4-49). In contrast to the reactions observed 
while annealing precursor (02) in its as-deposited composition (figs. 4-42, 4-45), the 
additional amount of selenium enables the formation of γ−CuSe after the melting point of 
selenium. 
 
 

 

Fig. 4-48: Cross-section SEM of an absorber, processed from a precursor with an initially 
electrodeposited selenium content according to [Se] / [In] = 0.81. The absorber formation 
and crystallisation was realised by an annealing process to a temperature of 823 K. The 
absorber layer is separated into a nanocrystalline part (at the absorber back electrode 
interface) below a layer with an average grain size on the micrometer scale (surface region). 
 
The indium selenide In4Se3, which is formed at around T = 550 K, is further selenised to InSe. 
The indium selenide InSe reaches its maximal amount of 35 mol.-% at a sample temperature 
of T = 680 K (dashed vertical lines in fig 4-49). The copper selenide CuSe decomposes to 
Cu2Se and elemental selenium at T = 650 K in agreement with the binary copper selenium 
phase diagram (cf. section 2.2.2.1).  
The fast consumption of InSe coincides with the existence region of Cu2Se resulting from the 
peritectic decomposition of CuSe at T = 650 K. This indicates the fast formation of 
α−CuInSe2 crystallites from the binary selenides InSe and Cu2Se as known for the annealing 
process of sputtered SEL precursors [4-19, 4-21, 4-22, 4-88]. The detected amount of the 
chalcopyrite α−CuInSe2 increases from around 60 mol.-% at T = 680 K to over 90 mol.-% at a 
sample temperature of T = 900 K.  
Besides this type (III) formation mechanism (denoted as “stage 02” of the chalcopyrite 
formation in fig. 4-49), type (I) formation can be identified from the quantitative phase 
evolution. It has been shown in the previous section, that type (I) formation involving the as-
deposited phases InSe and Cu2-xSe happens at an early stage of the annealing process. The 
chalcopyrite formation and crystallisation using type (I) precursors is almost finished at a 
sample temperature of T = 600 K (figs. 4-32, 4-33). In the annealing process analysed in 
fig. 4-49, the amount of InSe decreases between T = 550 K and T = 600 K. This indicates the 
additional type (I) semiconductor formation process, which leads to the existence of around 
60 mol.-% of α−CuInSe2 before the chalcopyrite crystallisation via type (III) formation 
mechanism starts. The process window, in which the CuInSe2 formation proceeds mainly via 
type (I) formation, is denoted as “stage 01” (fig. 4-49). Absorbers processed from type (I) 
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precursors show a surface morphology with a crystallite size in the sub micrometer range, 
while type (III) precursors form crystallites with a grain size on the micrometer scale (see 
figs. 4-34 and 4-40 for absorbers processed from type (I) and (III) precursors, respectively). 
These observations explain the absorber morphology as visualised in fig. 4-48. The lower part 
of the absorber layer crystallises via type (I) formation at stage (01) of the annealing process, 
while the upper part with enhanced grain size is formed at process stage (02). This type (III) 
formation leads to the compact arrangement of crystallites with a grain size of about 1 µm in 
the upper part of the absorber layer (fig 4-48). 
 

 

Fig. 4-49: Quantitative phase evolution - determined by subsequent Rietveld refinement of 
the full set of diffraction patterns - while annealing precursor sample (02) with additional 
selenium deposited prior to annealing. The evolution of the amount of the educt phase InSe 
indicates the mixture of type (I) and (III) formation behaviour of this precursor. The dashed 
vertical line illustrates the onset of the SEL-similar type (III) semiconductor formation 
(stage 02). 
 
 
Summary of the investigations presented in this section 
 

The in-situ XRD measurements presented in this section have shown, that a reduced amount 
of electrochemically deposited selenium is the decisive parameter in order to realise SEL 
similar chalcopyrite formation behaviour.  
During the annealing process of electrodeposited precursors, no crystallisation of elemental 
selenium is observed independent from the deposited amount of selenium. This shows, that 
selenium reacts with copper and indium forming binary or ternary selenides already during 
the electrochemical deposition process.  
A higher deposited amount of selenium results in the formation of a higher amount of binary 
selenides decreasing the amount of the intermetallic phase Cu11In9. If the electrochemically 
deposited amount of selenium exceeds a value of [Se] / [In] ≥ 1.48, the formation of the 
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selenium richest indium selenide γ-In2Se3 is observed besides the formation of InSe. The 
direct formation of binary selenides at the expense of the intermetallic phase Cu11In9 is the 
reason for the inability to realise a SEL similar formation mechanism, if the precursors are 
deposited in a one-bath process with a stoichiometric amount of selenium. This means, that it 
is not possible to imitate the semiconductor formation mechanism as observed for sputtered 
SEL precursors with precursors produced by simultaneous electrodeposition of copper, 
indium and selenium in the molar ratio 1:1:2 of the chalcopyrite α−CuInSe2. 
An electrochemically deposited amount of selenium according to [Se] / [In] = 0.81 is enough 
to enforce a mixture of type (I) and SEL similar type (III) crystallisation behaviour, which 
leads to the described unintended two-layered absorber morphology (fig. 4-48). For this 
reason, the realisation of pure SEL similar type (III) crystallisation of α−CuInSe2 demands for 
a distinct reduction of the amount of selenium, deposited together with copper and indium. In 
this case, the missing amount of selenium has to be deposited in an additional deposition step 
in advance of the annealing process. The deposition of additional selenium may be realised 
within a second electrochemical bath or by thermal evaporation prior to annealing. 
 
4.2.1.3 Effects of a further decreased amount of electrodeposited selenium 
 

It has been shown in the previous section, that a reduced amount of electrochemically 
deposited selenium is the decisive parameter in order to realise SEL similar type (III) 
chalcopyrite formation behaviour. In the following, the “as-deposited” selenium content refers 
to the molar ratio of [Se] / [In] after the electrodeposition process. 
Precursors produced by simultaneous electrodeposition of copper, indium and selenium with 
an as-deposited selenium content of [Se] / [In] around 0.8 resulted in an undesirable absorber 
morphology (fig. 4-48) due to a mixture of type (I) and (III) semiconductor formation. 
In order to improve the absorber morphology by isolating SEL similar type (III) formation, 
the as-deposited selenium content of the precursors produced by one-bath deposition was 
further decreased. 
As these precursors were selenium deficient, the missing amount of selenium was deposited 
in advance of rapid thermal processing (RTP). This deposition was performed by thermal 
evaporation (samples considered in “Ex-situ XRD analysis of precursor and absorber” and 
“Electrical characterisation of processed solar cells” subsections) or by electrodeposition in a 
second bath (samples of “SEM analysis of processed absorbers” section). The annealing 
process was realised in a sulfur-containing ambient in order to enable a simultaneous 
selenisation and sulfurisation of the precursor films. After the annealing process, subsequent 
process steps were accomplished to produce completed solar cells (cf. section 3.1.3). 
Current-voltage measurements were realised using a constant light source simulator at 
standard test conditions (T = 298 K, AM1.5). The absorber morphology has been analysed by 
SEM. A structural analysis of precursors and absorbers has been done by ex-situ X-ray 
powder diffraction using Cu-Kα radiation.  
 
SEM analysis of processed absorbers 
 

In fig. 4-50(a) the cross-section SEM of an absorber layer produced of a copper poor 
precursor ([Cu] / [In] = 0.95) with an as-deposited selenium content of [Se] / [In] = 0.87 is 
shown. In analogy to the absorber layer analysed within fig. 4-48, this absorber exhibits a 
double-layered structure with large crystallites at the absorber surface (average grain size on 
the micrometer scale). At the absorber/back electrode interface, a layer of nanocrystalline 
material is formed. A reduction of the as-deposited selenium content to [Se] / [In] = 0.21 
([Cu] / [In] = 0.97) increases the thickness of the layer comprising large chalcopyrite 
crystallites and reduces the thickness of the nanocrystalline layer (fig. 4-50(b)). Absorbers 
processed from precursors with an as-deposited selenium content as low as [Se] / [In] = 0.1 
([Cu] / [In] = 1.0) consist of a single layer of large crystallites from absorber surface to 



RESULTS AND DISCUSSION 115

molybdenum back contact. A small amount of nanocrystalline material seems to be present at 
the absorber/back electrode interface (fig. 4-50(c)). 

 
 

 
Fig. 4-50(a): Cross-section 
SEM of an absorber processed  
from a precursor with an as-
deposited selenium content of 
[Se] / [In] = 0.87. 
 

Fig. 4-50(b): Cross-section 
SEM of an absorber processed 
from a precursor with an as-
deposited selenium content of 
[Se] / [In] = 0.21. 

Fig. 4-50(c). Cross-section 
SEM of an absorber 
processed from a precursor 
with an as-deposited selenium 
content of [Se] / [In] = 0.1 

 
Ex-situ XRD analysis of precursor and absorber 
 

The diffraction pattern of an electroplated precursor with an as-deposited selenium content of 
[Se] / [In] = 0.1 ([Cu] / [In] = 0.95) is shown in fig. 4-51. The observed Bragg reflections 
indicate the presence of the intermetallic precursor phases Cu11In9 and CuIn2, which are 
known for sputtered SEL precursors. No crystalline binary selenides have been detected due 
to the decreased amount of electrochemically deposited selenium. The diffraction pattern of 
an absorber layer produced from an identically deposited precursor is plotted in fig. 4-52. This 
measurement shows Bragg reflections of the chalcopyrite CuIn(S,Se)2 and reflections of the 
molybdenum back electrode. No undesirable secondary phases have been detected. The 112 
main reflection of the chalcopyrite at 2θ = 26.9° can be fitted with two Pseudo-Voigt 
functions. The small asymmetry on the high angle-side of this reflection has been fitted by the 
insertion of the additional peak. This indicates an inhomogeneous sulfur distribution within 
the CuIn(S,Se)2 crystallites or over the film thickness.  
 
Electrical characterisation of processed solar cells 
 

As mentioned above, solar cells have been produced from absorbers with an as-deposited 
selenium content of [Se] / [In] = 0.1 ([Cu] / [In] = 0.95). The results of the electrical 
characterisation of these solar cells are summarised in table 4-24. The deposition process of 
these precursors was identical as for samples characterised by X-ray diffraction in the 
previous section.  

 
Table 4-24: Electrical characterisation of solar cells* produced from electroplated type (III) 
precursors with an as-deposited selenium content of [Se] / [In] = 0.1  

 mean value  
(16 cells) 

best cell best cell after light 
soaking 

Efficiency [%] 9.1 ± 0.6 9.8 10.0 
Voc [mV] 486 ± 6 494 505 
Isc [mA/cm2] 29.5 ± 0.9 30.9 30.5 
FF [%] 63.5 ± 1.8 64.0 64.8 
*) processed cell area of 1.38 cm2
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The mean value of the solar cell efficiency over 16 solar cells, processed from one precursor, 
is 9.1% ± 0.6%. The standard deviation of cell parameters presented in Table 4-24 shows the 
narrow distribution. The efficiency of the best cell increases to 10.0% after light soaking 
(further details are listed in table 4-24). 
 

 
Fig. 4-51: Diffraction pattern of an electroplated type (III) precursor with an as-deposited 
selenium content of [Se] / [In] = 0.1. The intermetallic alloy phases Cu11In9 and CuIn2 are 
detected besides the molybdenum back contact. Due to the small deposited amount of 
selenium, no selenide phases are observed. 
 
 

 
Fig. 4-52: Diffraction pattern of a CuIn(S,Se)2 absorber processed from a precursor with an 
as-deposited selenium content of [Se] / [In] = 0.1. The missing amount of selenium had been 
deposited in advance of RTP. As the RTP was performed in sulfur containing ambient, a 
simultaneous selenisation and sulfurisation was accomplished. The 112 main reflection shows 
an asymmetry to the high-angle side, representing CuIn(S,Se)2 with varying sulfur content. 
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Summary of the investigations presented in this section 
 

In chapter 4.2.1.2, it was shown by in-situ XRD that a simultaneous deposition of copper, 
indium and selenium with an as-deposited selenium content of [Se] / [In] around 0.8 results in 
a mixture of type (I) and (III) chalcopyrite formation behaviour. This leads to the described 
double-layered structure of the formed chalcopyrite film (figs. 4-48 and 4-50(a)). A further 
reduction of the as-deposited selenium content towards [Se] / [In] → 0 reduces the amount of 
binary selenides present in the precursor film after the electrochemical deposition. This 
minimises the contribution of type (I) semiconductor formation mechanism together with 
[Se] / [In] → 0, which reduces the thickness of the nanocrystalline layer of the absorber (figs. 
4-50(a) – (c)). The increased amount of intermetallic Cu11In9 and CuIn2 enables a chalcopyrite 
formation process similar to the one known for vacuum-deposited SEL-precursors. This 
explains the observed differences in the absorber morphology of absorbers processed from 
precursors with differing as-deposited selenium content (figs. 4-50(a) – (c)). 
The transition towards a SEL similar precursor induced by a reduced amount of 
electrodeposited selenium has also been proven by XRD measurements. The diffraction 
pattern of the precursor with a reduced as-deposited selenium content of [Se] / [In] = 0.1 
consists of the precursor phases Cu11In9 besides CuIn2. These intermetallic alloys are formed 
for sputtered SEL precursors as well [4-21, 4-88].  
The SEL similar type III semiconductor formation behaviour, which is induced by a reduction 
of the as-deposited selenium content to [Se] / [In] = 0.1, results in an improvement of the 
absorber morphology as well as in improved electronic properties of the produced solar cells. 
Solar cells produced from these absorbers show efficiencies of up to 10%. 
 
 
4.2.1.4 Chalcopyrite processing by laser annealing 
 

The annealing process applied for the experiments presented in the preceding sections was 
realised within an enclosed sample surrounding. If the crystallisation of the compound 
semiconductor α−CuInSe2 was realised by laser annealing in inert gas atmosphere, an entire 
in-line non-vacuum production process would become thinkable when electroplated 
precursors are used. In addition to this technological aspect, the impact of extreme annealing 
rates on structural properties of the resulting semiconductor material is interesting from a 
fundamental research point of view. 
Laser annealing of vacuum deposited SEL precursors has been performed. These experiments 
resulted in the formation of a small amount of the chalcopyrite CuInSe2 besides undesirable 
binary compounds [4-90]. Laser annealing experiments using electroplated precursors with a 
layered structure of copper, indium and selenium as well delivered only a small amount of 
CuInSe2 together with undesirable oxides [4-91].  
It has been shown in section 4.2.1.2 that the simultaneous electrochemical deposition of 
copper, indium and selenium with a composition close to the stoichiometry of the 
chalcopyrite α−CuInSe2 facilitates the formation of binary selenides during the deposition 
process. This means, that selenium is effectively bound to copper or indium atoms inside the 
precursor film. This precursor composition and the homogenous distribution of selenium 
within the precursor film should effectively suppress selenium loss during the annealing 
experiments. 
For this reason, the general feasibility of laser annealing was tested using electroplated 
type (II) precursors with the binary selenides Cu2-xSe and γ−In2Se3 as amorphous educt 
phases. The precursors used for these experiments were slightly copper poor with 
[Cu] / [In] = 0.95 and [Se] / [In] = 2.03 with a deposited total mass of 0.95 mg/cm2. 
In order to compare absorbers produced by laser annealing with absorbers produced with 
moderate heating rates, some of these precursors have been annealed within a PEO-603 
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furnace from ATV Technologie GmbH. These precursors have been annealed with heating 
rates of 2 K/s, 4 K/s and 6 K/s from room temperature to T = 823 K in N2 inert gas 
atmosphere. This temperature was held for 300 s. 
Laser annealing has been performed using a continuous wave Nd:YAG laser with a 
wavelength λ = 1064 nm (cf. section 3.1.2.3 for details). All laser annealing experiments have 
been performed in argon inert gas atmosphere (fig. 4-53, middle). 
Two parameters have been varied: (i) the incident laser power, and (ii) the hatch distance of 
the laser spot. The incident laser power was chosen to be 3.5 W, 1.5 W, and 1.1 W for 
different annealing experiments. The second investigated parameter was the hatch distance. 
The area to be annealed has been filled with parallel lines (traces) with a length of 25 mm and 
predefined hatch distances of 60 µm, 30 µm, 20 µm, 10µm and 5 µm for different 
experiments. This variation was performed in order to determine the effect of the number of 
subsequent cold-hot/hot-cold cycles on the structural properties of the formed absorber. 
Absorbers processed with the smallest hatch distance of 5 µm have locally been irradiated 
about 20 times during the annealing process due to the spot diameter of 110 µm. 
Precursors and absorbers have been analysed by ex-situ XRD. The measurements have been 
performed with a point focus and a mounted capillary, confining the X-ray beam to a width of 
0.5 mm in order to enable measurements of the processed absorber area of 25×2 mm2. All 
absorbers and precursors have been measured with this setup for reasons of comparability. 
The resulting absorber morphology has been investigated by SEM using a Jeol JSM-840. The 
chemical composition of precursors and absorbers was determined by EDX. The electron 
acceleration voltage was chosen to be U = 20 kV for these experiments. The obtained EDX 
spectra were evaluated by using the K-emission lines of copper and selenium and the  
L-emission line of indium.  
 

 
Fig. 4-53, left: Each laser annealing experiment has been performed on a 25×2 mm2 area of 
the 25×25 mm2 precursor sample. Three different annealing experiments have been done on 
this 25×25 mm2 precursor, recognisable by three stripes of different grey shading. Middle: 
Aluminum block with argon inert gas influx used for the laser annealing experiments. Right: 
Laser-annealed area in the letters of “CuInSe2” (grey) on a 25×25 mm2 precursor (black) 
produced by electroplating (black). 
 
 
XRD investigation of precursors and absorbers 
 

The powder diffractograms of absorbers produced with differing values of the incident laser 
power are compared to the diffraction pattern of the electrodeposited precursor (fig. 4-54). 
The diffractogram of the precursor (indicated with (a) in fig. 4-54) only shows Bragg 
reflections of the molybdenum back contact. As this precursor was produced with identical 
parameters as electroplated samples classified as type (II) precursors, the presence of the 
amorphous phases γ-In2Se3 besides Cu2-xSe is presumed. The diffraction patterns of absorbers 
show, that laser annealing leads to the formation and crystallisation of CuInSe2 (absorber 
diffractograms indicated with (b), (c) and (d) in fig. 4-54). The width of the observed 
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chalcopyrite reflections decreases with increasing laser power. Absorbers have been produced 
with an incidence laser power of 1.1 W, 1.5 W and 3.5 W (diffraction patterns indicated with 
(b), (c) and (d), respectively). The 2θ-region around the 112 reflection of the chalcopyrite has 
been plotted magnified for a better visualisation of the effect of a decreasing FWHM with 
increasing incident laser power (fig. 4-54). 
All absorber diffraction patterns have in common, that no reflections, which enable to 
distinguish between cubic (β−CuInSe2) and tetragonal modification of CuInSe2 (α−CuInSe2, 
chalcopyrite) can be observed in the diffraction patterns (for example the 101 reflection at 
2θ = 17.1°, 103 at 2θ = 27.7° or 211 at 2θ = 35.5°). For this reason, it will not be 
distinguished between the α− and β− phase in the following. A consideration concerning the 
transition between both phases will be presented later in this section. The crystallisation of the 
indium oxide In2O3 with the space group I a -3 is detected in the absorber produced with a 
laser power of 3.5 W [4-92]. 
The diffraction patterns of furnace-annealed absorbers are shown in fig. 4-55. Diffractograms 
of absorbers processed with heating rates of 2 K/s, 4 K/s and 6 K/s are indicated with (a), (b) 
and (c), respectively. All diffraction patterns show Bragg reflections indicating the formation 
of CuInSe2. As described for laser-annealed absorbers, no tetragonal reflections can be 
observed for these absorbers as well. A comparison of the diffractograms of fig. 4-55 shows, 
that there is no significant influence of the annealing rate if changed on the several 1 K/s 
scale. The powder pattern of the absorber produced by laser annealing with a laser power of 
1.5 W is compared to the diffractogram of a furnace-annealed absorber (heating rate of 2 K/s, 
fig. 4-58). Both diffraction patterns are similar concerning present polycrystalline phases and 
the FWHM of observed chalcopyrite reflections.  
The crystallinity of produced absorbers has been quantified by fitting the 112 chalcopyrite 
reflection of the diffraction patterns with a Pseudo-Voigt function. Two additional Pseudo-
Voigt functions have been inserted to fit the observed shoulders of the 112 reflection  
(fig. 4-60). Physically, these shoulders are likely to originate from a small amount of residual 
γ-In2Se3 as known for this type of precursors. The size of the coherent scattering area of 
chalcopyrite crystallites has been calculated from the FWHM of the fitted CuInSe2-112 
reflection [4-86]. This refinement procedure has been accomplished for the diffraction 
patterns of all processed absorbers. In fig. 4-60, the normalised chalcopyrite crystallite size is 
plotted for laser and furnace-annealed samples as a function of the incident laser power and 
the heating rate. The crystallinity of the formed chalcopyrite is comparable for furnace-
annealed absorbers for all applied heating rates. The crystallite size of laser-annealed samples 
increases distinctly with increasing incident laser power. An incident laser power of 3.5 W 
leads to an average size of the coherent scattering area, which is about twice as large as for 
absorbers produced by furnace annealing with moderate heating rates. Absorbers produced 
with an incident laser power of 1.5 W consist of CuInSe2 crystallites with an average grain 
size comparable to absorbers produced by furnace annealing. 
In addition to the incident laser power, the number of cold-hot/hot-cold cycles was varied for 
different annealing experiments. As the heat capacity of the 1 µm thin film is negligible as 
compared to the heat capacity of the 3 mm thick glass substrate, film cooling is assumed to 
happen instantaneously. A repeated irradiation of the same sample area can be considered as a 
subsequent cold-hot/hot-cold cycle of this sample area. The powder patterns of absorbers 
produced with different hatch distance of the laser spot are illustrated in fig. 4-59X. 
Diffractograms corresponding to absorbers processed with an increasing number of cold-
hot/hot-cold cycles (realised by a decreasing hatch distance of the laser spot) are plotted from 
bottom to top within fig. 4-59.  
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Fig. 4-54 Diffraction patterns of electroplated type (II) precursor (a) and absorbers produced 
by laser annealing (b-d). Absorber (b), (c) and (d) have been produced by laser annealing with 
a power of 1.1 W, 1.5 W and 3.5 W, respectively. The precursor film is amorphous. Absorber 
diffractograms show the crystallisation of CuInSe2. An increased laser power increases the 
CuInSe2 crystallite site. A laser power of 3.5 W leads to the crystallisation of In2O3.  
 
 

 
Fig. 4-55: Diffraction patterns of absorbers produced by furnace annealing. Absorber (a), (b) 
and (c) have been annealed with heating rates of 2 K/s, 4 K/s and 6 K/s, respectively. All 
absorbers consist of crystalline CuInSe2. 
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The number of subsequent cold-hot/hot-cold cycles during the laser annealing process was 2, 
4, 6, 11 and 22 for the absorbers indicated with (a), (b), (c), (d) and (e), respectively. The 
diffraction patterns show the polycrystalline phases CuInSe2, a small amount of In2O3 as well 
as the molybdenum back contact for all absorbers. As the phase composition of all absorbers 
is identical, it can be concluded that the chalcopyrite formation is already finished after two 
annealing cycles. However, a higher number of subsequent cold-hot/hot-cold cycles still 
increases the crystallite size of both CuInSe2 and In2O3. Both phases consist of larger 
crystallites in absorbers produced with a higher number of subsequent cold-hot/hot-cold 
cycles. This effect has been quantified by fitting the observed Bragg reflections using Pseudo-
Voigt functions. Results of this quantification are presented in fig. 4-61. The increase in grain 
size seems to saturate between 11 and 22 subsequent cold-hot/hot-cold. 
In order to obtain detailed structural information about the absorber films, Rietveld 
refinements of the diffraction patterns was accomplished. Space groups and references for the 
structural parameters of the involved phases CuInSe2, In2O3 and molybdenum are listed in 
table 4-25. A fifth order polynomial function was used to calculate the baseline curve. 
Assuming a preferred <112> orientation for the chalcopyrite phase CuInSe2, the best fit 
results have been obtained. 
 
Table 4-25: Crystalline phases used for the Rietveld refinement of absorber diffractograms 
crystalline phase space group Reference 
α−CuInSe2 I –4 2 d [4-51] 
In2O3 I a -3 [4-92] 
Mo I m –3 m  [4-26] 
 
In a perfectly ordered chalcopyrite α−CuInSe2 with space group I –4 2 d, copper atoms 
occupy the Wyckoff site 4a with x = 0, y = 0 and z = 0 with a site occupation factor (SOF) of 1. 
Indium atoms are located on the 4b site (x = 0, y = 0, z = ½) with an SOF of 1. Selenium 
atoms are situated on the 8d Wyckoff site with x = 0.2271, y = ¼ and z = 1/8 (see fig. 4-56). 
The lattice parameters are a = 578.2 pm and c = 2.010 a [4-51]. The refinements of absorber 
diffractograms using these input values show, that this structural model leads to a too high 
calculated intensity for the tetragonal chalcopyrite reflections as compared to the measured 
data (for example at the 101, 103 and 211 reflections). This is true for both laser and furnace-
annealed samples. An example of a refinement using this model of a perfectly ordered 
chalcopyrite is plotted in fig. 4-63. It is obvious, that the calculated intensity of the 103 and 
211 reflections (indicated in fig. 4-63) is too high as compared to the measured intensity. The 
difference plot shows negative intensity at the mentioned tetragonal chalcopyrite reflections. 
For this reason, another structural model allowing disorder in the chalcopyrite lattice was 
invented. This model permits the occupancy of indium sites (4b) with copper atoms as well as 
indium atoms on copper sites (4a). Physically, this represents the antisite point defects CuIn 
and InCu within the cation sublattice of the chalcopyrite. In order to retain the stoichiometry of 
the compound CuInSe2, CuIn = InCu was presumed. For example, a value of CuIn = InCu = 0.2 
represents a chalcopyrite with an SOF of 0.2 for indium atoms on copper sites and an SOF of 
0.2 for copper atoms on indiums sites. This model yields much better refinement results 
concerning the relative weakness of the measured intensity of tetragonal chalcopyrite 
reflections. As an example, the fit result applying this disorder model for the refinement of the 
same dataset as shown in fig. 4-63 is plotted in fig. 4-64. The difference plot shows, that the 
measured intensities of the 103 and 211 reflections (marked in fig. 4-64) can be fitted with 
this disorder model. As a consequence, this structural model has been applied for the 
refinement of all absorber diffraction patterns. The parameter SOF(CuIn) = SOF(InCu) was 
used as one common refinable parameter for each absorber diffraction pattern. 
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Fig. 4-56: Representation of one 
unit cell of the structure of the 
chalcopyrite α−CuInSe2 
(tetragonal, space group I –4 2 d). 
Copper atoms (blue) are situated 
on the Wyckoff site 4a with x = 0, 
y = 0 and z = 0 with a site 
occupation factor (SOF) of 1. 
Indium atoms (green) are located 
on the 4b site (x = 0, y = 0, z = ½) 
with an SOF of 1. Selenium atoms 
(red) are situated on the 8d Wyckoff 
site with x = 0.2271, y = ¼ and 
z = 1/8. The ratio of the lattice 
parameters c/a is 2.010 [4-51]. 

 
 
 

 

 
 
 
 
Fig. 4-57: Representation of two 
unit cells of the structure of the 
cubic β−phase of CuInSe2 (space 
group F –4 3 m). This structure is 
obtained from the tetragonal 
chalcopyrite structure of 
α−CuInSe2, when copper and 
indium atoms (both in blue) are 
statistically distributed on the 
Wyckoff site 4a with x = 0, y = 0 
and z = 0. The sight occupation 
factor is 0.5 for copper and indium 
atoms. Selenium atoms (red) are 
situated on the Wyckoff site 4c with 
x = ¼, y = ¼ and z = ¼ [4-93].  
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Fig. 4-58: Diffraction patterns of a laser-annealed absorber ((a), produced with a power of 
1.5 W) and a furnace-annealed absorber ((b), heating rate of 2 K/s). The diffractograms 
indicate, that both absorbers have comparable structural properties. 
 
 

 

Fig. 4-59: Diffraction patterns of laser-annealed absorbers produced with different number of 
cold-hot/hot-cold cycles. Diffractograms corresponding to an increasing number of cold-
hot/hot-cold cycles are plotted from bottom to top. The indications (a), (b), (c), (d) and (e) 
indicate numbers of subsequent cold-hot/hot cold cycles of 2, 4, 6, 11 and 22, respectively. 
An increased number of subsequent cold-hot/hot cold cycles increases the crystallinity of both 
CuInSe2 and In2O3. 
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The dependency of the intensity of tetragonal chalcopyrite reflections on the stage of cation 
order originates from the similarity of the chalcopyrite and the cubic sphalerite structure. 
Assuming a statistical distribution of copper and indium atoms on the cation 4a and 4b sites of 
the tetragonal chalcopyrite structure, changing the selenium position to x = ¼, y = ¼ and 
z = 1/8 and considering c = 2a , the cubic sphalerite structure (space group F –4 3 m) of 
β−CuInSe2 is obtained (see fig. 4-57, [4-93]).  
As a consequence of the higher symmetry, the tetragonal reflections (for example 101, 103 
and 211) are not observed in the diffraction pattern of a compound crystallising in the 
sphalerite structure. This means, that the relative intensity of the tetragonal chalcopyrite 
reflections can be considered as a measure of the degree of cation order within the 
chalcopyrite lattice. The ratio of the integrated Bragg intensities of the 101, 103 and 211 
reflections to the intensity of the 112 strongest chalcopyrite reflection has been calculated 
using the software Powder Cell 2.4 [4-94]. For these calculations, a range of cation antisite 
defect densities InCu = CuIn ∈ [0, 0.5] has been considered, reaching the sphalerite structure at 
a maximum of cation disorder with InCu = CuIn = 0.5. Considering the transition from the 
tetragonal chalcopyrite structure to the cubic structure, the x-position of selenium x(Se) and 
the tetragonal distortion of c/2a has been coupled with the degree of cation disorder. A linear 
evolution of the tetragonal distortion from c/2a = 1.005 for InCu = CuIn = 0 to c/2a = 1 for 
InCu = CuIn = 0.5 has been presumed. The x-position of selenium was also assumed to be 
linearly dependent on the disorder stage. A linear evolution from x(Se) from 0.2271 for 
InCu = CuIn = 0 to x(Se) = 0.25 for the cubic structure with InCu = CuIn = 0.5 was assumed as 
input value for the presented calculations. The calculated intensities of tetragonal chalcopyrite 
reflections in relation to the strongest chalcopyrite reflection 112 are plotted in fig. 4-62 for a 
varying degree of cation disorder. All tetragonal reflection intensities decrease from a 
maximum value for the perfectly ordered chalcopyrite (CuIn = InCu = 0) to zero for statistical 
cation distribution. This means, that the observed relative weakness of tetragonal reflections 
can be explained with a certain degree of cation disorder within the chalcopyrite lattice. 
The degree of cation disorder in the produced chalcopyrite crystallites was obtained with the 
refinement procedure as described above. Results are listed in table 4-26.  
 

Table 4-26: Degree of cation disorder of processed absorbers, determined by Rietveld 
refinement of the absorber diffraction patterns 
 laser-annealed with laser power p 
 p = 1.1 W p = 1.5 W p = 3.5 W 
CuIn = InCu

* 0.33 0.34 0.31 
  
 furnace-annealed with heating rate hr 
 hr = 2 K/s hr = 4 K/s hr = 6 K/s 
CuIn = InCu 0.39 0.38 0.37 
*Example: A value of CuIn = InCu = 0.33 represents a chalcopyrite structure, in which 33% 
of the indium sites are occupied with copper atoms and with a 33% occupancy of copper 
sites with indium atoms 

 
All absorbers – both laser and furnace-annealed – show a high degree of cation disorder 
within the chalcopyrite lattice. Between 37 and 39 percent of the chalcopyrite cation sites 
show antisite defects CuIn and InCu for furnace-annealed absorbers. Laser-annealed absorbers 
have a slightly higher degree of order with a smallest value of cation antisite occupation of 31 
percent. The absorber corresponding to this result has been produced with maximum laser 
power of p = 3.5 W. 
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Fig. 4-60: Normalised crystallite size of 
the chalcopyrite: Furnace-annealed 
absorbers consist of CuInSe2 crystallites 
with a comparable crystallite size 
independent from the heating rate. The 
CuInSe2 crystallite size of laser-
annealed samples increases strongly 
with increasing laser power. The dashed 
line is to be seen as guide-to-the-eye. 

 
 

 
 
 
 
Fig. 4-61: Normalised crystallite size of 
CuInSe2 and In2O3 as a function of the 
number of subsequent cold-hot/hot-cold 
cycles. Both phases show a distinct 
increase of crystallinity with an 
increasing number of cold-hot/hot-cold 
cycles.  
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Fig. 4-62: Calculated relative intensity 
of tetragonal chalcopyrite reflections 
101, 103 and 211 related to the intensity 
of the 112 reflection for the transition of 
a perfectly ordered chalcopyrite with 
CuIn = InCu = 0 to a maximum degree of 
cation disorder with CuIn = InCu = 0.5.  
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Fig. 4-63: Example of a Rietveld refined powder pattern (furnace-annealed absorber, heating 
rate 2 K/s), assuming a chalcopyrite α−CuInSe2 with ideally ordered copper and indium 
cations on the 4a and 4b sites, respectively [4-51]. The calculated intensity of the chalcopyrite 
tetragonal reflections (for example 103 or 211) is too high as compared to the measured data.  
 

 
Fig. 4-64: Rietveld refinement of the same dataset as analysed in fig. 4-63, applying a 
structural model, which permits the occupancy of indium sites (4b) with copper atoms as well 
as indium atoms on copper sites (4a). This model leads to a much better fit result concerning 
the observed relative weakness of the tetragonal chalcopyrite reflections (103 and 211 
indicated in the figure). 
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Energy-dispersive X-ray analysis and Scanning electron microscopy 
 

Selenium loss might be a critical issue of the annealing step due to the extreme heating rates 
realised by laser processing. For this reason, an EDX analysis of laser-annealed absorbers 
(produced with a laser power of 3.5 W and 1.5 W) was performed. Results have been 
compared to the precursor composition (table 4-27). The deviation in the [Cu] / [In] ratio 
should be considered as an error of this measurement method, as there is no persistent trend of 
[Cu] / [In] values with increasing laser power.  
This EDX analysis shows, that the selenium content of absorbers and precursor is identical 
within the accuracy of this method. This means that laser processing of electroplated type (II) 
precursors in inert gas atmosphere does not lead to selenium loss while annealing. 
 
Table 4-27: Absorber and precursor composition as determined by EDX 
 [Cu] / [In] [Se] / [In] 
precursor 
 

1.04 1.92 

laser-annealed absorber, p = 1.5 W 
 

0.94 1.91 

laser-annealed absorber, p = 3.5 W 
 

1.02 1.90 

 
The surface morphology of laser processed absorbers has been analysed by SEM (figs. 4-65 
and 4-66) for the absorbers produced with a laser power of p =1.5 W and p = 3.5 W. The 
absorber produced with an incidence laser power of p = 1.5 W consists of agglomerated 
CuInSe2 crystallites with an average grain size on the sub µm-scale (fig. 4-65). The absorber 
processed with a laser power of 3.5 W consists of congealed droplets of CuInSe2 with a 
diameter of about 20 µm, which have solidified from the melt (left half of the SEM picture in 
fig. 4-66). It is obvious, that precursor phases (right half of the SEM in fig. 4-66) are 
crystalline on a sub micrometer scale. The comparison of measured EDX spectra of both 
absorbers indicates, that the molybdenum Lα lines of the absorber produced with an incident 
laser power of 3.5 W is much stronger than for the absorber produced with p = 1.5 W. This 
indicates that the molybdenum back contact is partially laid open when the absorber has been 
processed with an incidence laser power of p = 3.5 W. 
 
 

 

 
 
 
 
 
 
 
 
Fig. 4-65: SEM micrograph of the 
absorber processed with an incidence laser 
power of p = 1.5 W. The formed CuInSe2 
crystallites have a grain size in the sub 
micrometer range. 
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Fig. 4-66: SEM micrograph of the 
borderline of the sample area irradiated 
with a laser power of 3.5 W (left half of 
the SEM picture) and unirradiated 
precursor area. This laser power leads to 
congealed droplets of CuInSe2 with a size 
around 20 µm. The precursor (right half of 
the SEM picture) is crystalline on a sub 
micrometer scale. 

 
 
Summary of the investigations presented in this section 
 

The comparison of experimental results presented above shows, that laser annealing may 
result in the formation of CuInSe2 absorber films with comparable structural properties as 
observed for furnace-annealed absorbers. A suitable incident laser power of p = 1.5 W results 
in the crystallisation of CuInSe2 with a crystallinity similar to that of furnace-annealed 
absorbers. 
The EDX analysis has shown, that laser annealing of electroplated type (II) precursors does 
not lead to significant selenium loss despite the high values of the vapour pressure of 
selenium (cf. section 2.2.1). This can be explained by the precursor phase composition. The 
in-situ XRD experiments presented in section 4.2.1.1 have shown, that electroplated type (II) 
precursors consist of the nanocrystalline phases Cu2-xSe and γ-In2Se3. Obviously, the chemical 
bonding of selenium to the metals copper and indium as well as the homogeneous distribution 
of the chalcogen inside the precursor film suppresses selenium loss very efficiently. As the 
crystallisation of CuInSe2 proceeds on a sub second time scale, no selenium is lost during the 
annealing process. This experimental result is of great importance thinking of a technological 
application of laser annealing for non-vacuum processing of CuInSe2 absorber films from 
electroplated precursors.  
However, a small amount of the indium oxide In2O3 has been detected for laser-annealed 
absorbers. Further experiments are required to check if an optimisation of the sample 
surrounding may help to suppress the formation of this unintended oxide. 
In general, laser annealing of electroplated precursors might be a suitable idea for complete 
non-vacuum processing of CuInSe2 absorber films. 
However, cation disorder has been observed for absorbers produced by both laser and furnace 
annealing. The determined degree of cation disorder is comparable for both applied annealing 
concepts (table 4-26).  
The crystallographic model presented in [4-60] shows, that in the case of the educt phases 
Cu2-xSe and γ−In2Se3, which are present in the applied type (II) precursors, the involved atoms 
already exist in the final oxidation state (Cu+, In3+, Se2-) of CuInSe2. As a consequence, no 
electron transfer is involved, which could break existing Se-Se bonds and ease the re-
coordination of copper and indium cations. This may explain the observed high degree of 
cation disorder in furnace-annealed absorbers. 
A comparable degree of disorder has been observed for laser-annealed absorbers as well 
(table 4-26). The extreme heating rates enforced by laser annealing should enable a break-up 
of chemical bonds in existing precursor phases. This means, that the phase composition of the 
precursor is unlikely to be the origin for the observed disorder in the resulting absorber films. 
For laser-annealed absorbers, the reason for this may be found studying the Cu-In-Se phase 
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diagram [4-95]. The phase diagram shows, that a cubic high temperature phase of β−CuInSe2 
(space group F –4 3 m, [4-93]) exists at temperatures above T = 1091 K. Copper and indium 
atoms are statistically distributed on 4a sites (x = 0, y = 0, z = 0) with an SOF of 0.5 both for 
copper and indium in this cubic phase. In the experimental setup used for the laser annealing 
experiments, it is not possible to measure the local film temperature during the laser 
irradiation. However, the assumption of a maximum film temperature exceeding the melting 
point of CuInSe2 at T = 1275 K seems to be reasonable, as the SEM in fig. 4-66 shows 
congealed droplets of CuInSe2. Film cooling proceeds instantaneously after the laser 
irradiation as the heat capacity of the semiconductor film is negligible as compared to the 
3 mm thick glass substrate. This film quenching could lead to a partial stabilization of the 
high temperature cubic β−phase of CuInSe2.  
These two models may explain the observed cation disorder of both laser and furnace-
annealed absorbers. 
The experiments presented in this section have shown, that laser annealing of electroplated 
precursors of copper, indium and selenium in inert gas atmosphere may be a suitable method 
for a completely vacuum free production technique of the compound semiconductor CuInSe2. 
It is possible to process absorbers with similar structural properties as compared to furnace-
annealed absorbers. In order to completely suppress the formation of In2O3, an optimised 
sample surrounding has to be constructed. However, cation disorder has been observed for 
absorbers produced by both laser and furnace annealing using this type of electroplated 
precursors. Laser annealing offers the possibility to reach extremely high film temperatures in 
combination with quasi-cold substrates. This may offer the chance to apply enhanced process 
temperatures within the active layer, whereas critical substrate temperatures are not exceeded. 
Whenever structural benefits concerning the processed thin-film semiconductor are expected 
from elevated process temperatures, laser annealing might be of high interest in order to 
maintain the functionality of the used substrate. However, high-cooling rates involved in this 
type of processing may be a critical parameter concerning the resulting stage of order within 
the chalcopyrite lattice. 
 
 
4.2.2 Discussion and Summary 
 

The experiments presented in section 4.2 show the importance of in-situ XRD for an 
optimisation of the precursor deposition process. The classification of precursors according to 
their semiconductor formation behaviour has shown the similarity of one precursor type to 
well working SEL precursors. Further in-situ XRD experiments could show, that a reduced 
amount of electrochemically deposited selenium is the decisive parameter to realise a 
favourable chalcopyrite formation process. The conclusions drawn from the fundamental 
investigations have been impressively approved by an improved absorber morphology and 
cell efficiencies of over 10%. It should be pointed out here, that recent experiments using 
electroplated type (III) precursors have even shown cell efficiencies of up to 11.4% [4-96]. 
From a technological point of view, it is noticeable that the precursor deposition is realised in 
process times below 300 s. The general feasibility of laser annealing has been demonstrated. 
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4.3 The formation of Cu(In,Ga)Se2 from SEL precursors  
       – the influence of deposition techniques and gallium  
 

The world record efficiency of chalcopyrite based thin-film solar cells is 19.5% [4-97]. This 
result has been achieved using a quaternary Cu(In,Ga)Se2 chalcopyrite with a bandgap of 
Eg = 1.14 eV, which has been produced by three-stage PVD as described in [4-98 - 4-101]. In 
contrast to PVD processes, the chalcopyrite production by SEL-RTP offers only a limited 
possibility to adapt the elemental offer during the semiconductor formation process as the 
absorber crystallisation is separated from the precursor deposition process. Using SEL-RTP, 
the selenisation of metallic Cu-In-Ga precursors often leads to a phase separation of CuInSe2 
crystallites on top of a Cu(In,Ga)Se2 layer with a high gallium content near the molybdenum 
back electrode [4-14 - 4-16]. The reason for this phase separation was investigated by thin 
film calorimetry (TFC) measurements [4-18]. This analysis revealed, that an increasing 
gallium content shifts the selenisation reactions, happening during the semiconductor 
formation process, to higher sample temperatures. In order to further understand the 
mechanisms leading to the observed phase separation, in-situ XRD measurements during the 
annealing process of Cu-In-Ga-Se precursors have been accomplished. These results have 
been compared to the formation reactions observed for gallium free Cu-In-Se precursors in 
order to identify the influence of gallium on the selenisation mechanisms while annealing. 
In the industrial production of Cu(In,Ga)(S,Se)2 solar modules by SEL-RTP, DC magnetron 
sputtering is used for the deposition of indium [4-15]. Concerning both the efficiency of 
material consumption as well as investment costs for production lines, evaporation techniques 
can have advantages as compared to sputtering. For this reason, the chalcopyrite formation 
process using precursors with indium deposited by thermal evaporation was investigated by 
in-situ XRD experiments. The results have been compared to experiments during the 
annealing process of precursors with sputtered indium. 
 
4.3.1 Investigated samples and conducted experiments 
 

As described above, two parameters have been investigated in the experiments presented in 
this section: (i) the deposition technique of indium, and (ii) the influence of gallium. An 
overview of investigated samples is listed in table 4-28. 
 
Table 4-28: Composition of investigated precursor samples 
[Ga] / ([In]+[Ga]) precursor composition*) indium deposition by 
0 one layer of Cu /  

one layer of In / one layer of Se 
sputtering 

0 one layer of Cu /  
one layer of In / one layer of Se 

thermal evaporation 

0.41 eight alternating layers of Cu, CuGa2 /  
one layer of In / one layer of Se 

thermal evaporation 

*) from molybdenum back electrode to surface 
 
The molybdenum back electrode (thickness of about 0.5 µm) has been deposited by DC 
magnetron sputtering for all samples considered in this section. Indium has either been 
deposited by thermal evaporation or by DC magnetron sputtering (compare table 4-28) while 
the metals copper and gallium have been deposited by sputtering from a Cu and a CuGa2 
target for all samples. The total amount of the metals copper, indium and gallium was 
56 mmol/m2 for all samples. All precursors were copper poor with a ratio of 
[Cu] / ([In]+[Ga]) = 0.92. After the deposition of the metals copper, indium and gallium, 
selenium has been deposited by thermal evaporation on top of the metallic precursor. 
Selenium was deposited in excess, resulting in a ratio of [Se] / ([Cu]+[In]+[Ga]) = 1.30.  
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During the in-situ XRD experiments, the sample temperature was increased linearly from 
room temperature to a temperature of T = 923 K with a heating rate of 0.8 K/s. This ramp was 
followed by an isothermal line with a duration of 450 s. 
 
4.3.2 Results 
 

In this section, the results from the described in-situ XRD experiments are presented. The 
experimental results are presented for the ternary Cu-In-Se system as well as for the 
quaternary Cu-In-Ga-Se system. 
 
Ternary Cu-In-Se precursors with sputtered or thermally evaporated indium 
 

The diffraction patterns recorded during the annealing process of a ternary Cu-In-Se precursor 
with sputtered indium (first sample of table 4-28) have already been presented in fig. 4-15. 
The corresponding quantitative phase evolution is shown in fig. 4-16. The chalcopyrite 
formation process was derived from figs. 4-15 and 4-16 and has already been described in 
details within section 4.1.2.3 (subsection “The ternary copper-indium-selenium system”). The 
general mechanisms observed during the annealing process have been summarised in  
fig. 4-29: Initially present intermetallic CuxIny phases are selenised forming binary copper and 
indium selenides at sample temperatures around the melting point of selenium. At further 
increased sample temperatures, selenium transfer reactions are observed between the indium-
selenium and the copper-selenium binary subsystems. The chalcopyrite is then formed by the 
consumption of these newly formed selenides according to the chemical equation 
Cu2Se + 2 InSe + Se → 2 α−CuInSe2. Using this precursor, elemental indium has been 
observed at room temperature besides the intermetallic phases CuIn2 and Cu11In9 (diffraction 
pattern indicated with (A) in fig. 4-15). The melting point of elemental indium and the 
peritectic decomposition of CuIn2 to Cu11In9 and liquid indium has been detected at a 
temperature of T = 429 K. At sample temperatures above T = 429 K, Cu11In9 is the only 
present polycrystalline metal phase. The quantitative phase evolution presented in fig. 4-16 
shows, that the intermetallic phase Cu11In9 is completely selenised at a sample temperature of 
T = 760 K.  
The diffraction patterns recorded during the annealing process of a Cu-In-Se precursor with 
thermally evaporated indium (second sample listed in table 4-28) are visualised in fig. 4-67. 
The diffraction pattern recorded at room temperature (indicated with (A) in fig. 4-67) shows 
Bragg reflections of CuIn2, only. The intermetallic alloy phase Cu11In9 is detected at sample 
temperatures above T = 429 K, where the peritectic decomposition of CuIn2 to Cu11In9 and 
indium melt is observed. As described for the precursor with sputtered indium, the formation 
of binary copper and indium selenides is observed at sample temperatures around the melting 
point of selenium. The copper selenide γ−CuSe is formed besides the indium selenide In4Se3. 
At further increased sample temperatures, the further selenisation of In4Se3 to InSe is 
observed. The rapid onset of the formation of the chalcopyrite α−CuInSe2 is detected at 
temperatures exceeding T = 680 K. The quantitative phase evolution during the annealing 
process shows, that Cu11In9 is completely selenised at a sample temperature of T = 700 K 
(fig. 4-68). The amount of the indium selenide InSe starts to decrease at temperatures around 
T = 700 K. As Cu2-xSe is the only copper selenide present at this film temperature, it can be 
concluded that the chalcopyrite α−CuInSe2 forms according to the chemical equation 
Cu2Se + 2 InSe + Se → 2 α−CuInSe2. This means, that the final chalcopyrite formation 
process is identical as compared to the above-described annealing process of a Cu-In-Se 
precursor with sputtered indium. Space groups of all observed phases are listed in table 4-9. 
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Fig. 4-67: In-situ XRD measurements while annealing a Mo/Cu/In/Se precursor with 
thermally evaporated indium with a heating rate of 0.8 K/s (second sample listed in 
table 4-28). Polycrystalline phases observed are Mo, CuIn2, Cu11In9, Se, In4Se3, InSe, 
CuSe, Cu2-xSe and the chalcopyrite α−CuInSe2. The room temperature diffraction pattern is 
indicated with (A). Sample temperatures of T = 500 K, 700 K and the beginning of the 
isothermal line at T = 923 K are indicated with (B), (C) and (D), respectively. The 
beginning of the annealing process is characterised by the presence of intermetallic CuIn2. 
When the sample temperature exceeds the temperature of T = 429 K, the intermetallic alloy 
Cu11In9 is the only polycrystalline metal phase. Binary copper and indium selenides are 
formed. A further temperature increase leads to selenium transfer reactions in between the 
binary selenium containing subsystems: In4Se3 is selenised to InSe and CuSe reacts to 
Cu2-xSe. The α−CuInSe2 formation finally proceeds by the consumption of the educt phases 
Cu2-xSe and InSe as soon as these solid-state educts are present intermediate phases. The 
final chalcopyrite formation process proceeds according to the chemical equation 
Cu2Se + 2 InSe + Se → 2 α−CuInSe2, which is identical to the chalcopyrite formation 
reaction using a Cu-In-Se precursor with sputtered indium (compare fig. 4-15). 
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Fig. 4-68:  
Quantitative phase evolution while 
annealing a Mo/Cu/In/Se precursor 
with indium deposited by thermal 
evaporation. At sample temperatures 
exceeding T = 480 K, the intermetallic 
alloy phase Cu11In9 is selenised 
forming binary copper and indium 
selenides. The selenisation of Cu11In9 
begins at a temperature of T = 480 K 
and is completed at temperatures 
around T = 700 K. The amount of the 
indium selenide InSe decreases from 
around 15 cat.-% to zero beginning at 
T = 700 K. This indicates the onset of 
the chalcopyrite formation according 
to the chemical equation 
Cu2xSe + 2 InSe + Se → 2 α−CuInSe2.

 
 
Quaternary Cu-In-Ga-Se precursor 
 

The diffractograms recorded while annealing a Cu-In-Ga-Se precursor (third sample of the 
overview given in table 4-28) are shown in fig. 4-69 (see table 4-29 for relevant space 
groups). At the beginning of the annealing process (diffraction pattern recorded at room 
temperature indicated with (A) in fig. 4-69), the polycrystalline phases In, CuIn2 and 
Cu9(GaxIn1-x)4 are present. The Cu9(GaxIn1-x)4 phase is denoted as “Cu9Ga4” within figs. 4-69 
and 4-70. In the annealing process, the crystallisation of elemental selenium is observed at 
T = 400 K. The peritectic decomposition of CuIn2 and the melting of elemental indium is 
observed at T = 429 K. In the temperature range between room temperature and T = 500 K, 
the gallium content x in the mixed crystal Cu9(GaxIn1-x)4 decreases, which is deduced from the 
observed shift of Cu9(GaxIn1-x)4 Bragg reflections to lower diffraction angles. At sample 
temperatures around the melting point of selenium, the formation of the selenium poorest 
existing indium selenide In4Se3 is observed. At further increased sample temperatures, this 
indium selenide is selenised to InSe, then to β−In2Se3 and finally to the selenium richest 
indium selenide γ-In2Se3. Besides stronger α−CuInSe2 Bragg reflections, the α−CuInSe2-211 
reflection at 2θ =35.5° is observed at sample temperatures around T = 790 K. As Cu2-xSe is 
the only present copper selenide at this temperature (compare binary Cu-Se phase diagram in 
section 2.2.2.1), it is concluded that the α−CuInSe2 formation proceeds according to the 
chemical equation Cu2Se + γ−In2Se3 → 2 α−CuInSe2 (for Cu2-xSe with x = 0). At a sample 
temperature of T = 800 K, the formation of α−CuGaSe2 is observed. The quantitative phase 
evolution as determined by Rietveld refinement (fig. 4-70) shows, that this gallium containing 
chalcopyrite forms according to the formation reaction  
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Cu2-xSe + β−Ga2Se3 → 2 α−CuGaSe2. 
 
The quantitative phase evolution shows, that the selenisation of the gallium containing 
precursor phase Cu9(GaxIn1-x)4 starts at a sample temperature around T = 650 K. The 
selenisation process of this compound forming the cooper selenide Cu2-xSe besides the 
gallium selenide β−Ga2Se3 is completed at a temperature of T = 780 K. 
 
 

 
Fig. 4-69: In-situ XRD measurements while annealing a Mo/Cu/In/Ga/Se precursor with a 
heating rate of 0.8 K/s (third sample listed in table 4-28). Polycrystalline phases observed at 
different stages of the annealing process are Mo, In, CuIn2, Cu9Ga4, Se, In4Se3, InSe, 
β−In2Se3, γ−In2Se3, Cu2-xSe, β−Ga2Se3, α−CuInSe2 and α−CuGaSe2. The room 
temperature diffraction pattern is indicated with (A). Sample temperatures of T = 500 K, 
700 K and the beginning of the isothermal line at T = 923 K are indicated with (B), (C) and 
(D), respectively. The first formed binary selenide In4Se3 is further selenised forming InSe, 
β−In2Se3 and finally γ−In2Se3. As the copper selenide Cu2Se is formed at a stage of the 
annealing process, where the indium selenide γ−In2Se3 is already present, the chalcopyrite 
α−CuInSe2 forms according to the chemical equation Cu2Se + γ−In2Se3 → 2 α−CuInSe2. 
At further increased sample temperatures the formation process of the gallium containing 
chalcopyrite α−CuGaSe2 is observed. The chalcopyrite α−CuGaSe2 forms according to 
Cu2-xSe + β−Ga2Se3 → 2 α−CuGaSe2. 
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Fig. 4-70:  
Quantitative phase evolution while 
annealing a Mo/Cu/In/Ga/Se sample. 
Ongoing selenisation reactions are 
observed within the indium-selenium 
subsystem before the selenisation of 
the intermetallic alloy phase Cu9Ga4 
begins at sample temperatures 
exceeding T = 650 K. The selenisation 
of Cu9Ga4 is completed at a 
temperature of T = 780 K. In this 
annealing process, two chalcopyrite 
formation reactions are observed. The 
chalcopyrite α−CuInSe2 forms 
according to
Cu2Se + γ-In2Se3 → 2 α−CuInSe2 in 
advance of the formation of 
α−CuGaSe2 according to 
Cu2-xSe + β−Ga2Se3 → 2 α−CuGaSe2. 

 
 
 
Table 4-29: Space groups of detected phases while annealing Mo-Cu-In-Ga-Se precursors 
crystalline phase space group reference 
Mo I m –3 m [4-26] 
In I 4/m m m [4-28] 
CuIn2 I 4/m c m [4-29] 
Cu9Ga4 P –4 3 m [4-102] 
Se P 31 2 1 [4-33] 
In4Se3 P n n m [4-34] 
InSe R 3 m [4-35] 
β−In2Se3 R –3 m [4-36] 
γ−In2Se3 P 61 [4-37] 
Cu2-xSe F –4 3 m [4-39] 
β−Ga2Se3 F –4 3 m [4-103] 
α−CuInSe2 I –4 2 d [4-51] 
α−CuGaSe2 I –4 2 d [4-104] 
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4.3.3 Discussion 
 

The presented results from in-situ X-ray diffraction experiments will be discussed concerning 
the parameters (i) deposition technique of indium, and (ii) the influence of gallium. 
 
Paramter (i): The deposition technique of indium 
 

The comparison of the above-described semiconductor formation mechanisms of Cu-In-Se 
precursors with sputtered or thermally evaporated indium shows, that the final chalcopyrite 
formation proceeds similarly for both samples according to the chemical equation  
 

Cu2Se + 2 InSe + Se → 2 α−CuInSe2. 
 
However, the room temperature phase composition of both precursors is different. Sputtering 
of indium leads to the formation of the intermetallic phases Cu11In9 and CuIn2 besides 
elemental indium whereas thermal evaporation of indium leads to the formation of CuIn2 as 
initial phase. The reason for this is found in the differences concerning the energy input 
associated with the deposition technique of indium. Higher energy input of indium atoms 
deposited by sputtering enables the formation of Cu11In9 besides CuIn2 and indium for the 
precursor with sputtered indium. Despite this difference concerning the room temperature 
phase composition, the subsequent selenisation behaviour of both precursors was found to be 
identical. In both cases, the formation of binary copper and indium selenides happens at 
sample temperatures exceeding the temperature of the peritectic decomposition of CuIn2 to 
Cu11In9 and indium at T = 429 K. This means, that the polycrystalline alloy Cu11In9 is present 
besides liquid indium for both precursors at this stage of the annealing process. This explains 
the similarities concerning the selenisation behaviour of both precursors as well as the 
identical α−CuInSe2 formation reaction despite the differences concerning initial precursor 
phases. 
 
Paramter (ii): The influence of gallium on the selenisation mechanisms 
 

It has been shown by thin film calorimetry (TFC) measurements [4-18], that the presence of 
gallium besides the precursor elements copper and indium shifts selensiation reactions to 
higher temperatures. The in-situ XRD measurement of the annealing process of a Cu-In-Ga-
Se precursor with a gallium content of [Ga] / ([In]+[Ga]) = 0.41 (analysed in figs. 4-69 and  
4-70) shows a retarded selenisation of the gallium containing precursor phase Cu9(GaxIn1-x)4 
in comparison to the selenisation process of Cu11In9 (compare figs. 4-16 and 4-68). The 
selenisation of the alloy phase Cu9(GaxIn1-x)4 starts at a sample temperature where the amount 
of Cu11In9 has already decreased to around a quarter of the initially detected amount. In the 
case of a gallium containing precursor, the thermal delay of the selenisation of Cu9(GaxIn1-x)4 
shortens the amount of copper and gallium selenides in the process window around the 
melting point of selenium: Copper and gallium atoms are bound in the intermetallic alloy for 
a long term of the annealing process. The in-situ XRD measurement of the gallium-containing 
precursor shows elemental indium and CuIn2 as initial indium containing precursor phases. 
As a consequence, it may be concluded that liquid indium is present at sample temperatures 
around the melting point of selenium. This enables the observed formation of the indium 
selenide In4Se3. As selenium is present in excess conditions ([Se] / ([Cu]+[In]+[Ga]) = 1.30), 
this leads to an ongoing selenisation process within the indium-selenium chemical subsystem. 
The initially formed indium selenide In4Se3 is further selenised forming InSe, then to 
β−In2Se3 and finally to the selenium richest indium selenide γ-In2Se3. Due to the retarded 
selenisation of the gallium containing alloy Cu9(GaxIn1-x)4, no copper selenides have been 
formed at a stage of the annealing process where the indium selenide InSe is present  
(fig. 4-70). For this reason, the above described formation reaction of α−CuInSe2 from  
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Cu2-xSe and InSe (see section above) is not observed in the considered annealing process. As 
the formation of copper and gallium selenides is shifted to sample temperatures above 
T = 650 K, the selenisation within the indium-selenium system can proceed until the 
formation of the selenium richest indium-selenide γ-In2Se3. Finally, this leads to a retarded 
α−CuInSe2 formation from γ-In2Se3 and Cu2-xSe as educts according to the chemical equation 
 

Cu2Se + γ-In2Se3 → 2 α−CuInSe2.
 
This reaction is usually not observed for gallium free SEL precursors [4-21]. This means, that 
the incorporation of gallium also affects the selenisation reactions within the copper-selenium 
and indium-selenium subsystems. The retarded selenisation of the gallium containing alloy 
Cu9(GaxIn1-x)4 is the reason for these observations. 
Besides the selenisation of the precursor elements copper and indium, the selenisation of 
gallium has to be taken into account. The quantitative phase evolution presented in fig. 4-70 
shows, that the gallium selenide β−Ga2Se3 is formed at sample temperatures around 
T = 650 K, when the selenisation process of Cu9(GaxIn1-x)4 begins. A comparison to gallium 
free Cu-In-Se precursors shows, that the gallium selenide formation is shifted to temperatures 
about 150 K above the typical formation temperature of copper and indium selenides. It can 
be concluded, that the selenisation of copper and indium is kinetically favoured in comparison 
to the selenisation of gallium. As the selenisation process of Cu9(GaxIn1-x)4 delivers copper 
selenides as well, a reaction partner is present for β−Ga2Se3 to form the gallium containing 
chalcopyrite α−CuGaSe2. According to the binary copper-selenium phase diagram (cf. section 
2.2.2.1), Cu2-xSe is the only copper selenide existing at temperatures above T = 650 K. This 
leads to a α−CuGaSe2 formation process according to the chemical equation 
 

Cu2-xSe + β−Ga2Se3 → 2 α−CuGaSe2.
 
The formation process of α−CuInSe2 and α−CuGaSe2 proceeds via separated formation 
processes at different sample temperatures (fig. 4-70). The origin for this is found in the 
differences concerning the selenisation kinetics of gallium containing and gallium free 
precursor phases. This may be understood as the reason for the usually observed phase 
separation, when Cu(In,Ga)Se2 is processed via SEL-RTP. If single-phase Cu(In,Ga)Se2 shall 
be processed, an interdiffusion reaction between both chalcopyrite phases has to occur. 
Technologically, this can be realised by extending the duration of the isothermal line at the 
end of the annealing process.  
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5 Conclusion 
 
The investigations concerning the crystallisation behaviour of three groups of alternative low-
cost precursors have been presented and discussed in this work. 
The experiments regarding the crystallisation process of the chalcopyrite Cu(In,Al)Se2 have 
shown, that the quaternary chalcopyrite forms from the ternary selenide (Al,In)2Se3 and from 
the ion-conductive copper selenide Cu2Se at elevated process temperatures as compared to the 
crystallisation of ternary α−CuInSe2. This explains the separation of the absorber layer into an 
aluminum-rich and an indium-rich chalcopyrite phase, which is observed in the processed 
absorbers. 
The comparison of selenisation and sulfurisation has shown distinct differences concerning 
the chalcogenisation kinetics of metallic copper-indium precursors. Four formation processes 
of the ternary chalcopyrite α−CuInS2 have been identified from a detailed analysis of the 
conducted experiments. The sulfides CuS, Dg-Cu2S, InS and CuIn5S8 have been observed as 
direct educts of the α−CuInS2 formation. The process parameters (i) the sample temperature, 
and (ii) the sulfur partial pressure have been discussed concerning their influence on the 
chalcopyrite formation process. 
The investigations concerning the crystallisation behaviour of electroplated precursors have 
impressively shown, that a fundamental understanding of the chalcopyrite crystallisation 
process is mandatory for a well-founded adaptation of important parameters within the 
production process. In-situ XRD experiments have shown, that one class of electroplated 
precursors shows a crystallisation behaviour similar to the one known for vacuum-deposited 
SEL precursors. Further experiments using a set of precursors with differing selenium content 
could show, that a reduction of the electrochemically deposited amount of selenium is the 
decisive parameter to obtain this chalcopyrite crystallisation behaviour. Based on these 
results, absorbers with an advanced morphology and distinctly improved cell results could 
have been processed. In addition to this, the non-vacuum annealing technique with a laser 
source has been successfully tested. Based on the XRD investigations of absorbers produced 
by laser annealing, a structural model considering disorder in the cation sublattice of the 
chalcopyrite has been developed. The application of this model has been used for a 
quantification of the antisite point defect CuIn and InCu in the chalcopyrite lattice for both laser 
and furnace annealed absorbers.  
The third group of experiments involving copper-indium-gallium-selenium precursors with 
thermally evaporated indium has shown, that the deposition technique of indium does not 
influence the selenisation behaviour despite the observed differences concerning initial 
precursor phases. The investigation of the selenisation process of a copper-indium-gallium-
selenium precursor with a high gallium content revealed distinct differences concerning the 
selenisation kinetics of gallium containing and gallium free intermetallic precursor phases. 
These results have been used to explain the usually observed phase segregation into a 
gallium-rich and an indium-rich chalcopyrite phase. 
All these experiments show the importance of real-time investigations for a fundamental 
understanding of the chalcopyrite crystallisation process. Based on these fundamental 
investigations, problems observed in the resulting absorbers may be understood. As shown for 
electroplated precursors, this fundamental understanding may result in technologically 
relevant improvements of the production process. 
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