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Zusammenfassung  
 

 

Cu(In,Ga)Se2 ist ein Verbindungshalbleiter mit einem sehr hohen Absorptions-Koeffizienten für 
sichtbares Licht, was dessen Einsatz als Absorber-Material für Solarzellen interessant macht.  

Diese Arbeit beschreibt die Untersuchung des Bildungsprozesses der Verbindung Cu(In,Ga)Se2, um 
deren Herstellung bei vergleichsweise niedrigen Temperaturen zu optimieren, wie es bei der 
Produktion von Dünnschicht-Solarzellen erforderlich ist.  

Der Hauptanteil der Experimente machten in-situ Pulverbeugungsmessungen an einer Labor-
Röntgenquelle aus. Durch gezielte Optimierung des Aufbaus wurde eine Zeitauflösung von 12,5 
Sekunden für einen Winkelbereich von 14° ≤ 2θ ≤ 76° erreicht. Die Daten eignen sich für eine 
Mehrphasen-Rietveld-Verfeinerung, aus der sich der molare Anteil jeder Verbindung während des 
Herstellungsverfahrens quantitativ bestimmen läßt. Es konnten fünf Reaktionen, die für die Bildung 
der quaternären Verbindung Cu(In,Ga)Se2 aus den binären Seleniden wesentlich sind, nach-
gewiesen werden.  

Darüber hinaus wurde der Einfluss von Natrium als Dotierstoff auf die Bildung des Absorbers 
untersucht. Die Natrium-Dotierung fördert einerseits eine Bildungs-Reaktion, verlangsamt anderer-
seits die Interdiffusions-Reaktionen. Beide Effekte werden erklärt unter der Annahme, dass Natrium 
an der Oberfläche wirkt.  

Ein theoretischer Ansatz untersucht die Kristallstrukturen der beteiligten Verbindungen auf 
epitaktische Beziehungen. Es stellt sich heraus, dass alle experimentell beobachteten Festkörper-
Reaktionen topotaktisch ablaufen. Epitaxie scheint die Voraussetzung für das Zustandekommen 
essentieller Reaktionsschritte (wie Elektronen- oder Ionenaustausch) zu sein.  

Dieses theoretische Modell ermöglicht es, vorteilhafte Reaktionen für andere ternäre und multinäre 
Chalkopyrit-Verbindungen im System Cu(Al,Ga,In)(S,Se)2 vorherzusagen. Diese Vorhersagen 
könnten als Ausgangspunkt zukünftiger zeitaufgelöster Röntgenbeugungs-Experimente während 
der Bildung dieser Verbindungen dienen.  

Die Arbeit demonstriert die Eignung von Real-Zeit-Röntgen-Pulverbeugung als geeignete 
experimentelle Methode, um chemische Festkörper-Reaktionen zu untersuchen.  
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Summary  
 

 

The compound semiconductor Cu(In,Ga)Se2 has a very high absorption coefficient for visible light 
and the idea to apply it as absorber material for solar cells has attracted much attention.  

This work investigates the formation process of the compound Cu(In,Ga)Se2 with the intention to 
optimise its synthesis at moderate temperatures, which is required for the production of thin film 
solar cells.  

The main experimental work consisted of in-situ powder diffraction measurements on a laboratory 
x-ray source. Due to targeted optimisation of the set-up a time resolution of 12.5 seconds for an 
angular range of 14° ≤ 2θ ≤ 76° was achieved. The data sets are suitable for quantitative multi-
phase Rietveld analysis, providing the molar fraction of each compound during the thermal 
synthesis. Five different reactions relevant for the formation of the quaternary compound 
Cu(In,Ga)Se2, starting from binary selenides as reactants, could be detected.  

Furthermore, the beneficial influence of sodium as a dopant to the absorber formation has been 
analysed. On one hand sodium doping promotes a certain formation reaction, on the other hand it 
slows down interdiffusion reactions. Both effects are explained by assuming sodium to act as 
surfactant.  

One theoretical approach is to analyse the crystal structures of the compounds taking part in the 
reactions with respect to epitactic relations. It shows that all solid-state reactions experimentally 
observed are topotactic. Epitaxy seems to be a prerequisite for initiating essential reaction steps 
(like a redox reaction or ion exchange) between the two compounds.  

This theoretical model allows to predict advantageous reaction paths for the formation of other 
ternary and multinary chalcopyrite compounds in the system Cu(Al,Ga,In)(S,Se)2. These 
predictions might motivate future time resolved x-ray diffraction studies during the formation of 
these compounds.  

This work illustrates suitability of in-situ powder x-ray diffraction as an appropriate experimental 
tool to investigate chemical solid-state reactions.  
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1  Introduction  
 

 

1.1  Motivation  
 

The compound semiconductor Cu(In,Ga)Se2 has a direct band gap with an absorption coefficient for 
visible light exceeding that of crystalline silicon by two orders of magnitude. According to this the 
absorber layer thickness of Cu(In,Ga)Se2 based solar cells can be reduced to less than two 
micrometers, which provides to save raw material and energy during the production. The review 
articles of RAU & SCHOCK [1-1] and STANBERY [1-2] provide an excellent overview of the current 
understanding and future trends of Cu(In,Ga)Se2 as an absorber material for the so-called thin film 
solar cells [1-3]. Meanwhile this kind of solar cells has attained readiness for marketing and first 
manufactures have started producing and selling it [1-3]. Different promising synthesis routes for 
Cu(In,Ga)Se2 absorber layers have been investigated. One possible method is to deposit all 
elements as separate layers followed by subsequent rapid thermal processing [1-4, 1-5]. This 
process has been investigated in this work and shall therefore be described in detail. In the first step 
the metals: copper, indium, gallium and selenium are deposited on top of a molybdenum coated 
soda-lime glass. Selenium is evaporated as the uppermost layer. This stacked elemental layer 
precursor is annealed in a selenium atmosphere where the metals react with selenium forming 
Cu(In,Ga)Se2 via various binary selenides [1-6, 1-7]. It is further known that sodium doping plays 
an important role in the growth process [1-8]. Therefore, knowledge of the solid-state reactions 
proceeding during the process is desirable to improve the quality of the absorber material.  

Angle-dispersive in-situ high-energy x-ray diffraction at a synchrotron source previously allowed 
the observation of the solid-state reaction sequences which take place during annealing of the 
metallic precursors in a reaction chamber [1-7] mimicking the industrial fabrication process 
developed by AVANCIS(*), München (Germany). The first part of the experiments described in this 
work was performed at a synchrotron source, too. Later, the set-up was modified and transferred to 
a laboratory x-ray source equipped with a parallel beam optics and a fast area detector. Systematic 
studies of the impact of gallium, sodium doping and selenium excess on the chalcopyrite formation 
have been performed in these experiments. The technique of x-ray powder diffraction is ideally 
suited to study this process, since it is non-destructive and allows to obtain information on the 
content of crystalline phases during the annealing experiments. The aim of this investigation was to 
determine the chemical reactions for the synthesis of Cu(In,Ga)Se2 from stacked elemental layers.  

Knowledge of these formation reactions helps to optimise the production process of Cu(In,Ga)Se2 
more tightly focused in the future with respect to the material properties of this compound.  

 

 

1.2  Structure of this work  
 

One of the major achievements in the course of this work is the set-up of an in-situ powder x-ray 
diffraction machine with a time resolution of ten seconds. Therefore, an adequate x-ray optics had 
to be combined with the correct measurement geometry of the sample enclosed in a reaction 

 
(*) AVANCIS, München (Germany), formerly named SHELL SOLAR and, before that, SIEMENS SOLAR  
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chamber. Furthermore, intensity corrections had to be applied to the raw data image as read out 
from the two-dimensional taper optics detector to obtain powder diffractograms suitable for 
quantitative data evaluation by RIETVELD refinement. The considerations for the design of the 
experimental set-up and for the data evaluation are described in detail in chapter 2.  

Chapter 3 comprises thermodynamic and structural information for all compounds which can be 
formed due to reaction of the metals copper, indium or gallium with selenium. Knowledge of the 
phase transition temperatures and the crystal structures is essential for the data evaluation.  

An overview of different investigated stacked layer samples is provided in chapter 4 and the 
conditions of the sample surrounding are specified.  

Chapter 5 summarises the results of the synchrotron experiments and the laboratory measurements 
at the rotating anode x-ray generator. The laboratory measurements are precise enough to derive the 
equations for chemical solid-state reactions.  

The experimental findings are complemented by theoretical approaches in chapter 6. Thereby the 
experimental results are supported or extended and are put in a more general perspective. The 
effects of sodium doping on the formation reactions are discussed in reference to reaction enthalpies 
and limited cation diffusion in some reactions. Moreover, a crystallographic model is developed 
describing the solid-state formation reactions on an atomic scale. This model facilitates the 
prediction of solid-state reactions initiated by epitaxial relation between starting compounds. 
Beneficial formation paths for other ternary and multinary chalcopyrite compounds are derived.  

The work concludes with a summary in chapter 7.  
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2  Optimisation of the experimental conditions  
 

 

The first part of the time-resolved experiments was performed at the beamline ID 15B of the 
European synchrotron radiation facility (ESRF) in Grenoble, France. The main fraction of the 
measurements, however, was done in the laboratory at a rotating anode x-ray generator. Therefore, 
this chapter describes the theoretical background of how to design an experimental set-up suitable 
for in-situ powder diffraction measurements at a conventional laboratory x-ray source. The 
experimental data taken with this set-up have been proved to allow for multiphase RIETVELD 
refinements to obtain time resolved quantitative information.  

Section 2.1 is devoted to the generation of x-rays with an x-ray tube. Special attention is drawn to 
compare sealed tubes to rotating anode generators. In section 2.2 the optical principle of parabolic 
multilayer mirrors is described. The effect of the sample geometry is discussed in section 2.3 
followed by a description of the detectors used (section 2.4) and an introduction into processing of 
two-dimensional diffraction data in section 2.5. Finally, section 2.6 briefly describes the 
quantitative RIETVELD analysis and the derivation of chemical reaction equations.  

 

 

2.1  Generation of x-rays  
 

In this chapter the focus lies on optimising current and voltage settings for different x-ray 
generators. Typical settings of the rotating anode generator as used for in-situ measurements and the 
ones of the stationary tube of the powder diffractometer on which the samples were characterised 
ex-situ, will serve as an example.  

 

2.1.1  Intensity of an x-ray tube 
The anode current i and the acceleration voltage U can be adjusted independently from each other 
over a wide range. A reasonable current-voltage setting can be derived from the following 
considerations:  

The photon spectrum emitted by an x-ray tube consists of the continuous bremsspectrum (bs) 
caused by the bremsstrahlung plus the characteristic emission lines as the Kα line. The intensity of 
both fractions [2-1] is dependent on the anode current i and the voltage U, approximates by  

Ibs ~ i·U2  and    IKα ~ i·(U�U0)p  with  1 < p < 2     (eq. 2-1) 

where U0 is the minimum voltage necessary to excite the Kα emission line. Both intensity fractions 
of the x-ray spectrum are dependent on the anode current and the voltage. Criteria to find ideal 
current-voltage settings for an x-ray tube are given in the next two sections.  

 

2.1.1.1  Considerations on the anode current 
As expressed by eq. 2-1 both intensity fractions of the x-ray tube spectrum increase linearly with 
the anode current i. This current consists of electrons which have left the tungsten filament 
accelerated on the anode. To leave the filament the electrons must overcome the work function W.  
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a)  

Fig. 2-1a:  

Lifetime Tlt of a 
tungsten filament 
(diameter: 0.2 mm) 
dependent on the 
filament heating 
current iH [2-2]. The 
curve approximately 
obeys the law 
iH = 6.0·Tlt

�0.047.  
In other words:  
A decrease of the 
filament current  
iH by only 3.3% 
doubles its lifetime. 

 

b)  
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Fig. 2-1b (on preceding page):  

After having exceeded the work function W by applying a filament current iH > 3 A  
the anode current i begins to rise steeply proportionally to U3/2 to reach saturation [2-3].   
In this example (0.3 mm × 0.3 mm focal spot size) a decrease from iH = 4.0 A by 5%  
to iH = 3.8 A reduces the anode current from i = 80 mA to i = 50 mA at U = 50 kV. 

 

The current density, i.e. the current emitted by the filament i divided by its surface, obeys  

j = a   T2 · e�W/kT         (eq. 2-2) 

with the material constants for tungsten a ≈ 600 mA·mm�2·K�2, W = 4.5 eV and the BOLTZMANN 
constant k = 1.38×10�23 J/K with a typical temperature for a tungsten filament in operation of 
2700 K [2-2]. The temperature of the filament is adjusted by the heating current iH. Consequently, a 
higher filament temperature requires an increased anode current i. This correlation is strongly 
limited in practice by the lifetime of the filament as shown in fig. 2-1a.  

The reason why the lifetime of the filament is limited by the heating current iH is that tungsten 
atoms evaporate from the surface. This effect is stronger pronounced at elevated temperatures and 
can thus only be limited by working with a moderate anode current i to keep the filament current iH 
reasonably low (fig. 2-1b). Moreover, one can reduce the temperature of the tungsten filament to a 
lower standby temperature whenever no radiation is needed from the tube. It shall be noted in 
addition that the heating does not need to be switched off completely since the lifetime of a filament 
being operated at 1500 K as standby temperature is not lowered noticeably any more [2-2].  

What comes out from these consideration is that the anode current i should be set reasonably low to 
prevent the filament from damage. The intensity of an x-ray tube increases only proportionally to 
the anode current i whereas the voltage U offers more potential. The conditions how to find an 
optimal voltage are discussed below.  

 

2.1.1.2  Considerations on the anode voltage  
The anode voltage U does not only influence the intensity of the x-ray tube. Since the 
bremsspectrum and the charasteristic emission lines obey different power laws, it is possible to 
optimise the radiation spectrum concerning the ratio of the contribution fractions. Angle dispersive 
x-ray diffraction is performed with monoenergetic radiation, usually exploiting the Kα line. Thus, 
the concern is to maximise the Kα intensity IKα with respect to the fraction of the bremsspectrum 
Ibs:  

max)(
2 →

−
U

UU~
I
I p

0

bs

Kα  or 0]22)[()( !

3 =+−⋅
− −

0

1p
0 UUp

U
UU   (eq. 2-3) 

The second expression is the first derivative of the left one with respect to U. Setting its second 
factor equal zero yields:  

p
UU
−

=
2
2 0            (eq. 2-4) 

The intensity of the Kα line, if plotted over the voltage U, reaches a smooth maximum with respect 
to the bremsstrahlung radiation at the position given by eq. 2-4. For the Cu-Kα line the exponents 
given in literature are p(Cu-Kα) = 1.63 [2-4] and p(Cu-Kα) = 1.71 [2-5]. The theoretically expected 
value for the exponent is p = 1.67 [2-4, 2-5] for which the maximum is met at U = 6U0 ≈ 54 keV 
with U0

 (Cu-Kα) = 8.979 kV. In practice, the voltage is set to lower values, typically to 
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U = 4�5U0. The reason therefore is the self absorption of the low energetic Cu-Kα radiation within 
the anode.  

The efficiency for the production of the characteristic Kα radiation was experimentally determined 
[2-4] to slightly depend on the atomic number Z of the anode material, described as  

63.1
0

5 )()91.0(1052.2
4

UUN Z −⋅⋅⋅=
π

−   for U, U0 in kV    (eq. 2-5) 

where N/4π is the number of Kα photons emitted into one steradian generated per incident electron. 
It shall be noted that the number of Kα photons N/4π decreases with increasing Z whereas the 
efficiency η for the generation of white spectrum x-ray photons increases linearly with Z (eq. 2-8). 
Thus lighter elements produce less bremsstrahlung relating to their characteristic Kα emission than 
heavier elements. For a copper target the total number of photons generated per steradian per 
second calculates to  

63.110 )kV979.8(100.1
4

−⋅⋅×=
π

UiN   for U in kV and i in mA    (eq. 2-6) 

resulting in N = 3.1 × 1015 Kα photons per second emitted into the total space 4π at U = 44 kV and 
i = 75 mA.  

This number must be corrected for the absorption within the target. For a planar anode only x-ray 
photons emerging backwards can be exploited for experiments, which reduces the solid angle from 
4π (whole space) to 2π. The number of photons emitted into the hemisphere above the anode 
depends on the take-off angle τ and the voltage U. Most photons leave the target perpendicular to its 
surface (τ = 90°) described by  

π
⋅=

π
τ

4
)(

4
NχfN

 with )(cosec τ
ρ
μχ ⋅=      (eq. 2.7) 

with µ: mass absorption coefficient and ρ the density of the anode [2-6]. The correction function 
f(χ) was experimentally determined by GREEN & COSLETT [2-7] and is shown for the Cu-Kα1 
emission line in fig. 2-2a. The factor f(χ) decreases with increasing voltage and is further influenced 
by the selected take-off angle τ. However, since the photon number N simultaneously increases for 
U > U0 the net effect must be paid attention to (fig. 2-2b). For a copper anode with typical take-off 
angles 6°≤ τ ≤ 7° voltages greater than 60 kV do not significantly increase intensity any more. One 
reasonable criterion to specify the take-off angle τ is that the maximum of the function Nτ(U) shall 
coincide with the voltage generating most Kα photons compared to the bremsspectrum, which is 
54 kV for Cu-Kα radiation. In practice the take-off angle is chosen slightly greater to compensate 
for the inevitable hole-burning effect in the anode material.  

 

Addendum:  

The recent work of EBEL [2-10] reviews earlier works and provides a more sophisticated expression 
for the bremsstrahlung emission spectrum of x-ray tubes for anode materials with atomic numbers 
12 ≤ Z ≤ 82. In addition to the white tube spectrum, the intensities of the characteristic emission 
lines Kα, Kβ and Lα are quantified by more sophisticated expressions than presented in 
section 2.1.1. For the initial question, how to maximise the Kα intensity with respect to the 
bremsspectrum, the simpler approach, as presented above, is sufficient.  
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b)

a)  

 

c)

Fig. 2-2:  Intensity correction factors  

a) The correction function f(χ) for the effect of target absorption, from [2-8].   
b) Number of emitted photons versus voltage for different take-off angles [2-9].   
c) The focal spot dimensions f1×f2 are considered in the function µ(f2/f1) [2-8]. See section 2.1.2.  

 

2.1.2  Maximum permissible load  
After thinking about the optimal settings for current and voltage according to the arguments 
discussed above one must take the maximal allowable electrical power P = i·U into account. 
Unfortunately, most of the electrical power does not contribute to the generation of x-rays. The 
efficiency of x-ray photon generation is defined as  

UZbη ⋅⋅==
energyelectricalinjected
photonsemittedofenergy       (eq. 2-8) 

with b ≈ (1.0�1.5) × 10�6 kV�1 as proportional constant [2-11]. It shall be noted that the efficiency 
η is independent of the current i but increases with the atomic number Z and the acceleration 
voltage U. For a copper target, Z(Cu) = 29, one obtains η ≈ 0.2%. Most of the x-ray energy is 
contained in the bremsstrahlung, not in the characteristic emission lines [2-11]. The formula also 
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implies that an efficiency of η = 100% was achieved simply by increasing the voltage U further and 
further; for a lead anode (Z = 82) this became the case for U ≈ 10 MV already. However, 
measurements on a lead anode proved that the efficiency η increases remarkably slower for 
U > 1 MV approaching 75% at 100 MV [2-12].  

At usual working conditions in the range of U ≈ 50 kV one can assume that the electrical power is 
completely transformed into heat load inside the anode material. Therefore the target must be 
efficiently cooled to prevent the anode from melting.  

The maximal permissible power load for an anode is determined by the melting point of the anode 
material, or, to be more exact, by its vapour pressure which must stay below 10�2 Pa to prevent an 
electrical short circuit between cathode and anode. Additionally, the thermal conductivity of the 
anode material and the efficiency of the cooling system must be considered. The maximum power 
load for a stationary anode [2-8] was calculated to:  

)()(2ln
1

2
10 f

f
stat μfTTκP ⋅⋅−⋅⋅π=       (eq. 2-9) 

with the thermal conductivity κ, the temperature difference between the focal spot area and the 
cooling water T�T0, the length of the focus f1 and the function µ(f1/f2) dependent on the focal spot 
dimensions f1 and f2 with the condition f1 ≥ f2. The function µ(f1/f2) is drawn in fig. 2-2c.  

The maximally permitted power load as calculated by eq. 2-9 shall be compared to the maximum 
given by the manufacturer. Let us consider a PHILIPS long fine focus copper tube 
(f1×f2 = 12 mm × 0.4 mm) with a guaranteed maximum power load of 2.2 kW as an example. This 
x-ray tube was used for the ex-situ measurements.   
Inserting the values κ(Cu) = 0.398 W·mm�1·K�1 and µ(30) = 0.32 and assuming a temperature 
difference T�T0 = 550 K, so that κ·(T�T0) = 219 W/mm [2-8] yields Pstat ≤ 1.8 kW being a 
reasonable estimate for the maximum power.  

The maximum power load for a rotating anode [2-8] was calculated to:  

)(4
2

)(2ln
4

5210

3

Γ
⋅⋅⋅−⋅⋅π=

κρc
vffTTκProt      (eq. 2-10) 

The rotating anode x-ray generator was driven with f = 50 Hz. For a target diameter of 2r = 89 mm 
this results in a target speed of v = 2π·r·f = 14×103 mm/s. In eq. 2-10 the density ρ and the heat 
capacity c are contained, for copper ρ = 8.93×10�3 g/mm3 and c = 0.385 J·g�1·K�1. The gamma 
function gives a numerical correction factor of Γ(5/4) ≈ 0.9064. The maximum power load for a 
copper anode in the fine focus configuration f1×f2 = 3 mm × 0.3 mm calculates for to 7.2 kW. The 
limit set by the manufacturer under these conditions is already at 3.3 kW. This seems to be due to 
the limited heat transport from the copper to the cooling water. The equation also shows that 
rotating anodes give useful improvements in permissible loading only in the case of narrow focal 
spots (f2 < f1) and, if the surface speed v is very high.  

Calculating the ratio of eq. 2-9 and 2-10 results in an improvement factor of the power load for 
rotating anodes compared to stationary anodes under otherwise identical conditions:  

 κρcvf
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⋅⋅
⋅Γ

π
=       (eq. 2-11) 

Choosing f1×f2 = 12 mm × 0.4 mm, v = 14 m/s and copper as target material this factor is 19.2 and 
for f1×f2 = 3 mm × 0.3 mm calculates to 12.7. For a fixed focal spot the only parameter is the speed 
of the anode. Unfortunately, the speed v must increase by a factor of four to double the power load 
ratio. Moreover, the rotating speed is in practice limited by the strength of the anode material.  
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In eq. 2-8 the efficiency was formulated as η ~ Z·U from which follows that η ~ Z·P/i. The factor 
Z·P is used to classify anode materials for x-ray tubes used to produce bremsstrahlung, mainly  
[2-2]. Table 2-1 gives an overview of some metals classified by ηstat ~ Z·Pstat ~ Z·(T�T0)·κ or by 
ηrot ~ Z·Prot ~ Z·(T�T0)·(κρc)1/2. The expression (κρc)1/2 is called the thermal inertia, representing 
the ability of the material to conduct and store heat. The formulae show that the efficiency to 
produce x-rays of a stationary target ηstat is influenced by the thermal conductivity, whereas for 
rotating targets the thermal inertia is the deciding parameter.  

 

Tab. 2-1:  Suitability of some elements as anode materials, adapted from [2-2]  
 

Element Z Tmax 
[K] 

κ  
[W·m�1·K�1] 

Z·(Tmax�T0)·κ  
[106 W/m] 

Z·(Tmax�T0)·(κρc)1/2

[106 (W/m2)·s1/2] 

C*   6 2360 129   1.6 0.18 

Al 13        933** 236   2.0 0.21 

Cr 24 1430   94   2.6 0.48 

Cu 29 1290 398 11.7 1.09 

Mo 42 2360 138 12.1 1.65 

Ag 47 1090 429 16.5 1.25 

W 74 3030 173 35.3 4.28 

Re 75 2800   48   9.1 2.11 

Au 79     1337** 318 26.7 2.36 

U 92     1405**   28   2.9 0.81 

*   Values given refer to graphite.   
** Melting point. The vapour pressure does not exceed 13.3 × 10�3 Pa below melting temperature.  
 

 

 

 

 

 

 

 

 

Fig. 2-3  
Intensity decrease of 
different W/Re alloys 
used as material for 
rotating anodes versus 
the number of duty 
cycles of the tube. 
Adapted from [2-2].  
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The maximum temperature Tmax was selected so that the evaporation pressure does not exceed 
13.3×10�3 Pa to maintain the electrical isolation between cathode and anode. The cooling water 
temperature is set to T0 = 273 K; the values for κ, ρ and c refer to T0.  

It turns out that both for stationary and rotating anodes tungsten is the most efficient material due to 
its high melting point and moderate heat conductivity. This statement remains true even when 
taking into account the fact that so-called tungsten anodes do not consist of pure tungsten, but of a 
tungsten alloy containing 5�10% rhenium to increase the lifetime of the target (fig. 2-3). 
Nevertheless, in experiments in which characteristic Kα radiation is required having less energy 
than the W-Kα line (≈60 keV), the usage of lighter elements is required. For elements with a low 
atomic number the use of a copper anode is by far the best choice and was thus used for all 
laboratory measurements presented in this work.  

 

2.1.3  Settings for anode current and voltage  
In the laboratory in-situ experiments a rotating anode generator with a copper target was used. The 
maximal permissible power load was P = 3.3 kW for a 0.3 mm × 3 mm fine focus.  

 

 

Fig. 2-4  
Intensity development  
(Cu-Kα line) at the rotating  
anode generator calculated 
according to eq. 2-6.  

The limiting values (i = 100 mA 
for U ≤ 33 kV and P = 3.3 kW  
for higher voltages) refer to the 
limitations of the laboratory 
anode generator with a fine focus 
filament of 0.3 mm × 3 mm.  

 

Fig. 2-4 shows the expected intensity evolution of the Cu-Kα line for increasing voltage U. Below 
33 kV the current i is set to the maximum value of 100 mA, so that the intensity increases 
proportionally to (U�U0)1.63. From U = 33 kV onwards the power is limited to P = U·i = 3.3 kW. 
Since P = const. the anode current must obey i = P/U and the intensity increases more slowly 
according to U�1·(U�U0)1.63.  
The arguments given in the previous sections were the reason of the decision to operate the rotating 
anode x-ray generator with an anode current of i = 75 mA, which is three quarters of its maximum 
value, to prolong the lifetime of the filament, and U = 44 kV as high voltage.  

 

2.1.4  Quality factor  
A quality factor for x-ray tubes [2-11] can be defined as  

areaspotfocal
intensityemitted

=q          (eq. 2-12) 

This allows to compare the two x-ray sources available in the laboratory. The in-situ measurements 
were performed at a rotating anode driven at the power limit of Pmax = 3.3 kW (i = 75 mA, 
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U = 44 kV), whereas the stationary anode was driven at i = 40 mA and U = 45 kV below its power 
limit of Pmax = 2.2 kW. In both cases Cu-Kα radiation has been used. Comparing the emitted Kα 
intensities according to eq. 2-1 and setting the exponent p = 1.63 results in IKα(rot) / IKα(stat) = 1.96. 
With the focal spot dimensions as given in section 2.1.2 the ratio of the obtained quality factors 
calculates to qKα(rot) / qKα(stat) = 10.5. The higher quality factor of the rotating anode is mainly 
caused by the smaller dimensions of the focal spot.  

 

2.1.5  Further measures to increase the x-ray intensity  
So far, the effect of absorption has not been considered. However, especially low-energetic 
radiation is noticeably absorbed, even in air. For Cu-Kα radiation the mass attenuation coefficient 
in dry air is µ/ρ = 10.83 cm2/g [2-13]. For standard conditions (25°C) dry air has a density of 
ρ = 0.001184 g/cm3 and the intensity of a parallel beam traversing over a distance d calculates to  

  with  µ·dμd
0IdI −⋅= e)( 1/2 = ln 2   for d1/2 = 54 cm   (eq. 2-13) 

This means that the intensity I0 drops down 50% after a distance of 54 cm. Thus, a larger distance in 
air should be avoided.  

The least absorbing beam windows available consist of polyimide foil which is available as thin as 
7 µm. Such a foil has a density of ρ = 1.42 g/cm3, its chemical composition is provided in fig. 2-5.  

 

 

 

Fig. 2-5  
Polyimide is a polymer consisting of building 
blocks with the sum formula [C22H10O5N2]x.  

 

The mass attenuation coefficient calculates to µ/ρ = 6.05 cm2/g. This means that a 7 µm foil will 
transmit 99.4% of the incoming intensity which is equivalent to 0.47 cm in air. Since a beam tube 
requires two windows (2 × 7 µm), the insertion of an evacuated beam tube will already gain 
intensity for beam paths longer than 1 cm. This has become feasible due to the availability of 
extreme thin polyimide foils as window material.  

In practice, a polyimide window will be forced into a parabolic shape as soon as the beam tube is 
evacuated. The window deflection shortens the beam path in vacuum by more than one millimetre 
for polyimide windows with 1 cm diameter. Semi-empirical formulas to estimate the deflection and 
the maximum allowable diameter for vacuum windows can be found elsewhere [2-14].  

Principally, a beam tube can also be inserted between the sample and the detector to reduce the air 
absorption of the diffracted x-ray beams. This would have been desirable for the laboratory set-up, 
but could not be realised because the space between the reaction chamber and the detector window 
was difficult to access.  

However, low absoption of a 7 µm polyimide foil facilitated its use to seclude selenium on the 
sample surface during annealing (cf. figs. 4-1, 4-2).  

Another possibility to gain the intensity is to insert active optic elements like bent crystals or bent 
multilayer mirrors. The operating mode of parabolic multilayer mirrors is described in detail in the 
next section.  
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2.2  Parabolic multilayer mirrors as x-ray optics 
 

2.2.1  Motivation 
In the previous section criteria were discussed to maximise the x-ray intensity focusing on the 
characteristic Kα line. For a diffraction experiment, however, only a small fraction of the photons 
emitted into the solid angle described by a cone with an apex angle φ can be used. For φ < 6° one 
can approximate the surface of the spherical cap of the unit sphere by π·r2 with r = sin(φ/2) ≈ φ/2. 
This reduces the number of photons emerging into this cone by  

164

22 φ
=

π
π

≈
θ

φ r
N
N

          (eq. 2-14) 

which gives 48×10�9 for φ2 = (0.05°)2 and 11×10�6 for φ2 = (0.6° × 1°).  

In this formula the total number of photons emitted into a sphere of 4π, N, is already corrected for 
absorption in the target by taking the angle between the referred emission direction and the target τ 
into account. For a copper anode Nτ = 0.63·N at τ = 6.5° (fig. 2-2a).  

The solid angle φ2 is determined by the allowable divergence of the beam. In the laboratory 
experiments at the rotating anode generator the divergence was φ2 = (0.05°)2. This solid angle was 
not defined by slits in the primary beam, but is the divergence of an x-ray mirror optics collecting 
intensity from an acceptance angle φ2 = (0.6° × 1°) (see below for details). This allows a remarkable 
gain in intensity of the x-ray beam used for the experiment.  

 

2.2.2  The principle of curved x-ray mirrors 
Classical x-ray mirrors fulfilling the total reflection condition, work only for angles smaller than 
0.1° (for Cu-Kα). If such a mirror is shaped elliptic (or parabolic) it has two foci (or one focus), 
respectively. A typical application of a parabolic mirror is to shape a diverging x-ray beam into a 
parallel beam using a parabolic mirror at low angles allowing for total reflection (fig. 2-6). Note that 
no monochromatisation is involved here. The complete white beam is reflected as long as the 
wavelengths contained in the spectrum are not too short not to be reflected by the bent mirror any 
more. Thus, the spectra of the total reflected beams have been low-pass filtered. The maximum 
energy reflected depends on the reflection angle which must not exceed the total reflection angle for 
this energy to fulfil the total reflection condition.  

 

 

Fig. 2-6  

A parabolic mirror parallelises the 
primary beam. Note that the mirror has 
no effect along the line of sight.   
The different diffracted beams are not 
monochromatic, but low-pass filtered.  

 

Inserting a second mirror which is tilted by 90° around the beam propagation direction results in the 
so-called KIRKPATRICK-BAEZ set-up. If both mirrors are adjusted in the way that they share a 
common focal point, the beam is focused in both dimensions for two elliptical mirrors or shaped 
parallelly in two dimensions for parabolic mirrors (fig. 2-7).  
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Fig. 2-7   
Two crossed-coupled mirrors 
arranged perpendicularly to each 
other are limiting the divergence 
of two directions which results 
in a parallel beam. 

 

The serious disadvantage of x-ray mirrors working in the total reflection regime is not so much the 
small accepting angle, but that neither any limitation of the divergence (because all incident angles 
< 0.1° are reflected) nor a monochromatisation is achieved. The only possibility to influence the 
direction and the divergence of an x-ray beam simultaneously is to exploit BRAGG reflection at bent 
multilayer mirrors as shown in fig. 2-8. 

 

 

Fig. 2-8  
With increasing distance from the focal point 
the layer distance increases, d1 < d2. The 
relative increase referring to the length of the 
mirror is as low as (d2�d1)/l ≈ 10�8 !  

 

When using a multilayer mirror it is not sufficient to place the focal spot in the focus of the mirror 
any more. Additionally BRAGGs� equation must be fulfilled for any distance from the focal spot, i.e. 
interlayer distances have to be adjusted to the incidence angle at any point of the mirror. The closer 
a mirror is placed to the focal spot the more of the solid angle φ2 of the radiation is collected, since 
the curvature of the mirror is adjusted such that it increases when approaching the focus. In practice 
the minimum distance is limited to > 60 mm due to the housing of the x-ray tube. When using two 
mirrors one can additionally gain intensity if the second mirror is not placed behind the first but in 
the same distance to the source point. Then, both mirrors share the surface of a common ellipsoid or 
paraboloid (fig. 2-9).  

 

 

Fig. 2-9   
In �Side-by-side� geometry 
both mirrors are located in the 
same distance from the focal 
point, being a point focus. 

 

A further improvement is achieved by selecting materials for the multilayer stack (depicted in 
fig. 2-8) providing a high difference in their electronic density. Alternating layers of B4C and W 
yield to the highest difference currently achieved. Another appropriate choice for Cu-Kα radiation 
is the combination of C and Ni suppressing the Cu-Kβ line efficiently due to absorption. Multilayer 
mirrors designed for Cu-Kα radiation typically achieve 75% reflectance. This value depends on 
several parameters like the difference in the refractive indices, the number and the roughness of the 
layers, which has been treated theoretically elsewhere [2-15]. For the purpose of this work it is 
sufficient to be restricted to the operating principle of a crossed pair of parabolic multilayer mirrors 
as used in the laboratory experiments.  
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2.2.3  Geometric conditions for a parabolic mirror  
In this section the conditions and properties of a parabolical multilayer mirror will be derived 
analytically. An alternative derivation has been provided by SCHUSTER & GÖBEL [2-16] with a 
comment added by GUTMAN & VERMAN [2-17].  

Fig. 2-10 shows a mirror limited by end points  
A and B. Its surface lie on a parabola described by  

z(x) = ax2 + bx + c 
All rays emerging from the focus F are reflected 
at the mirror becoming parallel to the z-direction.  

The following conditions can always be fulfilled:  

 1. The mirror is located in the first quadrant,  

      00 >∧>⇒ xa

 2. The focus F is chosen as origin F(0/0),  

     caxxzb +=⇒=⇒ 2)(0  

The parameter c is determined by one ray emitted from 
F(0/0), reflected in the intersection point P(xP/0) of the 
parabola with the x-axis and leaving parallelly to the 
z-direction:  

aPPP xaxxz 2
112)( =⇒==′   with  z´ = dz/dx 

 aa cz 4
1

2
1 0)( −=⇒=   

This determines the equation of the parabola  

  

   
  

Fig. 2-10:  

Optical paths at a parabolic mirror
except for one free parameter a > 0:   
 aaxxz 4

12)( −=          (eq. 2-15) 

The parameter a has the unit [a] = 1/mm and expresses the curvature of the parabola. For a 
parabolic mirror working in total reflection, the curvature a can be chosen arbitrarily. This means 
that any parabola whose focus coincides with the focal point of the x-ray tube will reflect the white 
beam. The reflected beam is parallel, if and only if the focus is a point, not a region.  

When coating the parabolic shape with alternating layers, the interlayer distances of the mirror 
abutting on the parabola have to fulfil BRAGGs� equation  

m·λ = 2d·sinθ (*).         (eq. 2-16) 

Since any beam emerging from the focus leaves the mirror in the z-direction, the BRAGG angle must 
equal the angle between the parabola and the z-axis. Assuming A(xA/zA) as that end point of the 
mirror which is closer to the focus than end point B and has the interlayer distance dA yields  

λdθθz AA 2sin1cot =≈=′         (eq. 2-17) 

                                                 
(*) BRAGGs� equation in its given form is valid for reflection at a lattice plane within a crystal only. 

It does not include the optical refraction for the transition from air into matter, for which the 
refractive index is n < 1 for x-rays. The refraction effect is considered in the modified BRAGGs� 
equation, λ = 2d·sinθ·[1 � Re{<n>}·(2d/λ)2], where Re{<n>} means the real part of the mean 
refractive index of the layer stack. To simplify the forthcoming calculations will not consider 
refraction. The accuracy obtained is sufficient for the estimations at the end of this section.  
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exploiting the small angle approximation, since θ < 2°. Inserting   AA axz 2=′    delivers:  

aλ
dx A

A =           (eq. 2-18) 

By putting the last expression into eq. 2-15 one obtains:  
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A        (eq. 2-19) 

In the first quadrant zA > 0, furthermore a > 0, from which follows dA > λ/2 as smallest possible 
interlayer distance. Since the interlayer distance dA as well as the curvature is determined by the 
mirror, the ordinate of the mirror from the focal point zA is defined by the wavelength λ, for which 
the mirror is designed.  

For the second endpoint of the mirror B(xB/zB BB) eq. 2-15 must be fulfilled, too, with one common 
focusing parabola. This means:  
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   with   zB = zB A + Δz   (eq. 2-20) 

The ordinate zA of the mirror, i.e. where the mirror must be positioned with respect to the focus, 
follows from its length in z-direction Δz and the interlayer distances dA and dB in the end points:  B
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     (eq. 2-21) 

It shall be noted that the ordinate zA is practically independent of the wavelength λ, since 4dA
2 >> λ2 

for dA ≈ 40 Å and λ ≈ 1,5 Å. Nevertheless, a parabolic mirror cannot operate for other than for the 
intended wavelength λ. This is due to eq. 2-20 which fixes the curvature for one certain wavelength 
λ. For eq. 2-20 being fulfilled in the endpoints A and B simultaneously, the ordinate distance of the 
mirror Δz is determined, as well.  

To achieve BRAGG reflection the mirror is coated with alternating layers abutting on the focusing 
parabola. For a parabolic mirror the thickness of these multilayers is not constant along the mirror, 
as seen by inserting eq. 2-18 into eq. 2-15:  

 41)()( +⋅= xazλxd          (eq. 2-22) 

The thickness d of one alternating layer increases for larger distances from the focal point and 
matches one wavelength only.  

 

2.2.3.1  Width and divergence of the secondary beam 
Any beam emerging from the focal point F(0/0) will leave parallelly to the z-direction after being 
reflected at the mirror. The width of the output beam is defined by the endpoints A(xA/zA) and 
B(xB/zB BB) as Δx = xB � xA. There is no influence in the y-direction.  

The diffraction angles in the endpoints are θA ≈ arcsin{λ/(2dA)} and θB ≈ arcsin{λ/(2dB BB)} which 
follows from BRAGGS� equation for m = 1 with θA > θB for Δz > 0. The difference θB B � θA however, 
corresponds neither to the acceptance nor to the divergence angle of the mirror. The reason is that 
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there is only one possibility for a beam emerging from the focus F to be reflected parallelly to the z-
direction at any point on the mirror. For other angles the mirror does not reflect, because the BRAGG 
condition (eq. 2-16) is not fulfilled in such cases.  

In practice, multilayer mirrors accept a divergence of typically δx = 0,05°, or, in other words, the 
output angle must be equal to the incident angle with an accuracy of δx. Thus, a multilayer mirror 
collects not only beams emerging from the focal spot F(0/0) but also tolerates beams which origin 
deviates from F by tan(δx/2)·zB in x-direction. The dimension of the allowed emission region is in 
the range of 0.1 mm for δ

B

x = 0.05° and zBB = 110 mm. In consequence the use of focal spots larger 
than the emission region accepted by the mirror does not increase the intensity any more. Multilayer 
mirrors thus fit perfectly to fine and micro focus x-ray tubes.  

The divergence of the secondary beam δx is caused by the deviance of the mirror from the ideal 
parabolic shape, by fluctuations of the layer thickness d, and by the fact, that only a finite number of 
layers can contribute to the interference due to the absorption of the x-ray beam.  

1. The influence of shape aberrations is easiest to understand. As in reflection condition on the 
surface the angles of incidence and reflection are equal, the output beam will deviate by the 
double deviation angle of the mirror. Consequently, the mirror is allowed to maximally vary by 
± δx/2 from the parabolic shape.  

2. The thickness of the alternating double layers must be adjusted carefully. The maximal deviance 
Δd tolerable follows from BRAGGs� equation:  
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For λ = 1.5418 Å, δx = 0.05° and dA = 31 Å (double layer thickness in endpoint A) one obtains 
ΔdA = 0.11 Å; corresponding to a relative deviation of ΔdA/dA = 0.003. Hence, even minimal 
aberrations of the interlayer thickness, such as roughness will utter remarkably in the divergence.  

3. An estimate for the minimal necessary number of double layers is obtained by assuming the 
perfect parabolic shape for the mirror coated with smooth multilayers of ideal thickness. The 
width of the first maximum observed when light scatters at a p-fold slit results from the intensity 
distribution:  

)2(sin
)2(sin~ 2

2

δ
pδI            (eq. 2-23) 

with the phase difference  δ = 2πΔ/λ  and the optical retardation Δ.  

Main maxima are observed at δ = m·2π with integer values for m. Each main maximum is confined 
by two minima. The upper bound for the half width of the main maxima is thus the distance 
between the zeroth and the first minimum.  

The numerator in eq. 2-23 approaches zero for δ = ±2π/p, the position of the first minimum. Thus, 
the half width of the main maxima can maximally approach δ = 4π/p. With increasing number of 
slits p the maxima become narrower proportionally to 1/p whereas their intensity increases 
according to p2.  

Consider now a parabolic mirror reflecting the first main maximum in the endpoint A under the 
angle θA. If the mirror was coated by one alternating layer (p = 2) only, it would follow that  

 δ = m·2π = 4π/p    for    m = 1    and    p = 2 .     (eq. 2-24) 
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This means that the maximum full width of the first order BRAGG reflection when reflecting at front 
and back of one alternating layer were θA. In Practice, the divergence δx is much lower which is due 
to the higher number of layers (p > 2). For θA = δx, m = 1 and p = 2 BRAGGs� equation gives:  
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2
2

)sin(  for p layers, or p/2 alternating layers   (eq. 2-25) 

Resolving eq. 2-25 with respect to p and using λ = 1.5418 Å and dA = 31 Å shows that a divergence 
already falls below δx = 0.05° for p > 28 alternating layers. As p = 50�100 typically, the other two 
effects described above are also contributing to the divergence. The technical limit for multilayer 
mirrors is δx ≈ 0.01°.  

It shall be added here that the absorption of the x-ray beam within the multilayer stack limits its 
thickness. For a layer stack built up from alternating tungsten and graphite layers of equal thickness 
eq. 2-13 gives d1/2 = 4.1 µm as penetration depth for an intensity decay to 50%, which corresponds 
to 25% for the reflected beam. For this calculation the absorption coefficient for the compound WC 
(µ/ρ)WC = 158 cm2/g and the average density ρ = 1/2·(ρW+ρC) have been used. Assuming a reflection 
angle of θA = 1.42° the total thickness of the layer stack calculates to d1/2·sin(θA) = 0.1 µm, or p = 32 
alternating layers.  

 

2.2.3.2  Acceptance of the multilayer mirror 

The range of incidence angles for beams reflected by the mirror is called acceptance φ. This angle is 
related to the divergence δx. Consider a beam in the x-y-plane, incident with φ = 0 on the parabolic 
mirror. If φ ≠ 0 the beam possesses an additional component in the y-direction. The resulting angle 
θ´ is then enlarged and the mirror can reflect this beam only as long as θ´ ≤ θ+δx. The angle 
addition described by the cosine theorem of a side(*) for the special case of orthogonal axes yields:  

 ( ) ( ) ( ) ( )2coscos2coscos φ⋅=+=′ θδθθ x       (eq. 2-26) 

Since the acceptance and the divergence are associated with each other, the request for less 
divergence inevitably results in a decreased acceptance allowing less radiation being collected. The 
acceptance φ has the same meaning as the solid angle φ described at the beginning of this section. 
Thus, the angle φ shall be large to enhance the intensity, on the other hand, the divergence of the 
reflected beam shall be low to achieve a better defined secondary beam. In practice a compromise 
between these contrary aspects must be found.  

 

2.2.3.3  Monochromatisation of the secondary beam 
As mentioned at the beginning, multilayers are not only shaping but also monochromatising the 
beam. The quality of the monochromatisation Δλ/λ is determined by the divergence δx. BRAGGs� 
equation states that larger wavelengths λ result in larger diffraction angles θ for a fix interlayer 
distance d. For dA = 31 Å the reflection angles in the endpoint A are θA(Kα1) = 1.424° and 
θA(Kα2) = 1.427°. Since the angle θ is not defined exactly, but only given as interval  
[θ�δx/2; θ+δx/2], the calculated difference is too small to get a separation of the Kα line, because 
θA(Kα1) � θA(Kα2) < δx/2. To obtain an estimate of the upper bound of wavelengths reflected by the 
mirror one may assume the divergence δx to be caused by deviance of the interlayer distance Δd, 
exclusively. Hence  

                                                 
(*) The cosine theorem of a side   cos a = cos b cos c + sin b sin c cos α   as used for the description  

of spherical triangles, simplifies to eq. 2-25 in the special case that α is a right angle.  
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 in which   ( ))2(arcsin A,BA,B dλθ =  

For dA = 31 Å one obtains ΔdA/2 = 0.54 Å and dB = 38 Å results in ΔdB BB/2 = 0.82 Å. An incident 
beam with a wavelength other than λ(Kα) for which the mirror is designed can be diffracted under 
the ideal BRAGG angles θA,B by exploiting the deviances ΔdA,B. Those wavelengths just passing the 
mirror with the maximal divergence δx = 0.05°, are derived from the combinations of the extreme 
cases listed in tab. 2-2.  

 
Tab. 2-2:  Determination of extremal wavelengths reflected by the multilayer mirror   
 

wavelength layer distance in A layer distance in B (dB
2 � dA

2)1/2

λ(Kα) = 1.5418 Å dA         = 31.00 Å dB         = 38.00 Å B 21.98 Å 

λmin dA+ΔdA/2 = 31.54 Å dB�ΔdB BB/2 = 37.18 Å 19.69 Å 

λmax dA�ΔdA/2 = 30.46 Å dB+ΔdB BB/2 = 38.82 Å 24.07 Å 

 

Inserting the relation zB = zB A + Δz into eq. 2-20 yields  
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  (eq. 2-28) 

Eq. 2-28 gives the wavelength λ(Kα) for which the mirror is designed. With dA = 31 Å and 
dB = 38 Å (tab. 2-2) one obtains λB min = 1.381 Å and λmax = 1.689 Å. These are the wavelengths for 
which the mirror still reflects at its whole length. This result shows that the Kβ-line with 
λ(Kβ) = 1.3922 Å is well reflected, which is helpful during the mirror alignment. The complete 
accepted wavelength range amounts to Δλ = 0.308 Å corresponding to Δλ/λ(Kα) = 0.20. For all 
wavelengths differing even further from λ(Kα) the mirror can only reflect in a part of its length 
which is facilitated only if the interlayer distances deviate from their reference value. If these 
distances were perfect, i.e. Δd = 0, a wavelength λ ≠ λ(Kα) could be only reflected from a single 
point of the parabola. It shall be noted that the values derived for Δλ in this chapter are the upper 
bound due to the initial conditions set.  

 

2.2.3.4  Extension by a second multilayer mirror 
The second mirror must abut on a parabola located perpendicularly to the parabola located by the 
first mirror. Hence eq. 2-15 modifies to:  

 IIII ayayz 41)( 2 −=  

This would allow to choose the curvature of the second mirror aII arbitrarily. However, if both 
mirrors should contain the common focal point F(0/0) one must set aII = a so that both mirrors will 
lie on the same paraboloid.  
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Eq. 2-29 describes the first mirror for φ = 0 as well as the second one (φ = 90°). In addition, it shall 
be noted that the request for a common focal point does not define the curvatures very well in 
practice. To give an example, assume the following curvature values: aI = 5 mm�1 for the first and 
aII = 10 mm�1 for the second mirror. The vertices of the two focusing parabolas are then located at 
SI(0 / 0 / �0.050 mm) and SII(0 / 0 / �0.025 mm) with a distance of 21SS = 0.025 mm. If the focal spot 
of the x-ray tube from which the radiation emerges is large enough to include the foci of both 
parabolic mirrors, both mirrors will collect and focus the x-rays. Thus it is useful to adjust a focal 
area rather than a focal point in the x-ray tube. This is not only true for the z- but also for the  
x-direction due to the divergence of x-ray mirrors. Above it was shown that the divergence δx 
allows to collect incident beams emerging from a region of 0.1 mm, not only from the focal point F. 
Thus, an x-ray tube with an emission region with a diameter of 0.1 mm allows to collect divergent 
beams as well as to combine multilayer mirrors with different curvatures at one common focal area. 
This results in one parallel output beam as long as the curvatures of the two mirrors are relatively 
large. In practice a > 5 mm�1 is sufficient.  

Due to the perpendicular arrangement of the two mirrors each one limits the divergence of the 
primary beam to δx = δy = 0.05°. The intensity is collected from the solid angle φy·φx = 0.6° × 1° 
resulting in an intensity gain factor of 240. The real factor is lower, approximately around 100, 
because the reflectivity of each mirror which is in the range of 0.65 has to be considered. 
Nevertheless, this win in intensity is the main argument for the application of multilayer mirrors, 
especially if the distances between the x-ray source and the sample are large. Technical reference 
data for the used multilayer mirrors, manufactured by OSMIC Inc. (U.S.A.), are given in table 2-3.  

 

Tab. 2-3: Technical reference data for the first / second multilayer mirror   
 

wavelength [Å] 1.5418 (Cu-Kα)    beam width xB�xB A [mm] > 0.5 

length AB  [mm]    40  /    60    acceptance φ [°] 0.6  /  1 

distance FA  [mm]   70  /  120    divergence δx [°] 0.05 

layer dist. dA�dB [Å] B 31�38  /  40�50    reflectivity [%] 65 

 

 

2.3  Geometric arrangement of the sample  
 

The studied samples are thin films consisting of several layers with a total thickness of about 2 µm 
deposited on a glass substrate. Below, different geometric arrangements of the sample with respect 
to the primary x-ray beam are discussed.  

 

2.3.1  Reflection geometry  
This arrangement is widely referred to as BRAGG geometry. In this set-up the x-ray diffraction 
pattern is recorded in backscattering geometry, i.e. the primary and the secondary beams are both 
located within the same half space with respect to the sample surface.  
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2.3.1.1  Parallel incidence  
In this condition the primary x-ray beam is incident parallelly to the surface of the thin film sample, 
the incidence angle equals α = 0. The incoming beam is scattered along its penetration depth L into 
the sample. The diffracted beams have a height H which is determined by the film thickness and the 
diffraction angle 2θ as  

1)2(tan)2( 2 +⋅= θdθH          (eq. 2-30) 

which can easily be derived from fig 2-11.  

 

 

Fig. 2-11  

The height of a diffracted beam from a sample 
(shaded in grey) with the rectangular cross-section 
(d × b). A non-divergent primary beam is incident 
parallelly to the sample with thickness d.  
If diffraction occurs in the sample the breadth  
H(2θ) of the diffracted beam becomes greater  
than the sample thickness d.   
From H2(2θ) = L2+d2 and L = d·tan(2θ) follows  
that H2(2θ) = d2·[tan2(2θ)+1]. The formula is valid  
if L ≤ b which means that 0 ≤ tan(2θ) ≤ b/d.  

 

Although eq. 2-30 is restricted to 0 ≤ 2θ ≤ arctan(b/d), this is sufficient for the investigated samples 
where b >> d. A further assumption for eq. 2-30 is that the primary beam has zero divergence. This 
is approximately fulfilled for synchrotron radiation as well as in the laboratory set-up 
(parallelisation by multilayer mirrors). For 2θ = 0 the height of the diffracted beam equals the 
sample thickness (H = d) whereas H becomes maximal for 2θ = 90°. For the latter case the height is 
determined by the absorption length L within the sample resulting in an asymmetric intensity 
distribution in the diffracted beam.  

It shall be added that the halfwidth of the diffracted beam FWHM(2θ) is proportional to H(θ) and 
can be modelled approximatively by most RIETVELD software by the CAGLIOTI function [2-18].
 WθVθUθFWHM +⋅+⋅= tantan)( 2        (eq. 2-31) 

However, this function must be remain an approximation, since it depends on θ whereas eq. 2-30 
derived for parallel incidence uses 2θ as argument. Therefore, the CAGLIOTI function is an 
inappropriate description for this geometry. It is expected to do well for small diffraction angles 
only, because only then tan(2θ) = 2·tanθ / (1�tan2θ) ≈ 2·tanθ. If the parallel incidence geometry 
shall be used to obtain diffraction data suitable for a full pattern RIETVELD analysis (see section 2.5) 
the diffraction angles must be kept small. Thus, this set-up is most favourable for using high 
energies. For this reason, this geometry has been chosen for preceding in-situ experiments [2-19] at 
the high energy beamline ID 15B at the ESRF and also for the in-situ experiments reported in this 
work performed at the same beamline. Under such conditions the absorption of the x-ray beam in 
the sample is so low its correction (see section 2.5) might be neglected. The combination of this 
measuring geometry with high energetic radiation results in some peculiarities demonstrated in 
fig. 2-12.  

However, the parallel incidence set-up bears also some disadvantages. The most critical point here 
is the perfect alignment of the sample prior to each in-situ experiment to guarantee parallel 
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incidence and, even more difficult, to maintain the 0° incidence condition throughout the whole 
experiment. In the experiments described in this work the samples were clamped to a ceramic heater 
mounted below a steel plate of which both devices undergo some thermal expansion due to heating.  

 

a)  b)   

Fig. 2-12:  Observation of texture  

Although the upper half of the diffraction pattern had to traverse through the substrate of the 
sample, its intensity is not weakened noteworthy. This is due to the high penetration depth of the 
synchrotron radiation (81 keV) used in this experiment compared to the laboratory Cu-Kα x-ray 
sources with an energy of only 8 keV. Therefore, the use of high energetic radiation in combination 
with this geometry is suitable for texture analysis.   
a) In this annealing process of an indium layer (molar coating: 56 mmol/m2) sputtered on top of a 
molybdenum layer covered by a selenium layer ([Se]÷[In] = 1.5(*)) and with additional selenium 
supply from an evaporation source during the tempering program (see fig. 4-6) the compounds  
3R-InSe and β-In2Se3 have been formed. The diffracted x-ray beams forming the upper half of the 
image had to traverse the 2 mm thick glass substrate (which absorption cannot be perceived in this 
picture) on which the stacked elemental layer precursor has been deposited. The brighter area in the 
top of the image is due to the absorption of the secondary beams in the sample heater consisting of 
steel. Even in this region the powder diffraction rings with the highest intensities can be recognised. 
During cooling down from 550°C the two phases 3R-InSe and β-In2Se3 become highly <0 0 1> 
textured.   
b) From the indexed reflections in the extract of a) follows that 2H-InSe is even stronger textured 
than β-In2Se3. The weaker powder diffraction rings belong to β-In2Se3, but only the strongest have 
been indexed.  
This example demonstrates that it is well possible to record 360° azimuth angle  
with high energetic radiation despite of the shading of the sample substrate.  

 

If the expansion of the whole set-up (heater plus sample) becomes greater than the height of the 
primary beam the diffraction pattern will be lost. A second disadvantage is the necessity of a beam-
stop to protect the detector from the primary beam.  
                                                 
(*) The symbolism �[X]÷[Y]� is used in the meaning: �ratio of the concentrations of X and Y�.  
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2.3.1.2  Asymmetric reflection geometry  

In this geometry the sample is tilted by the angle α towards the incident beam and, together with the 
sample heater, serves as beam-stop. Thus the diffraction image is free from any air scattering. This 
geometry is also advantageous for thick samples as the incident beam automatically selects its 
optimal penetration depth. The smallest diffraction angle which can be detected equals 2θ = α. 
Therefore the lowest angle BRAGG reflection of interest should occur at 2θ > α and the intensities of 
reflections in the low angle region (i.e. small 2θ�α) suffer from sample absorption, which must be 
corrected (see section 2.5).  

A primary beam with a diameter of D is projected onto the sample as an elliptical footprint with the 
length L calculated as  

 L = D·cosec α = 4.4 D  for   α = 13.1°      (eq. 2-32) 

If the sample is longer than 5 D the intensities of the diffracted beams becomes insensitive to 
moderate thermal expansion during in-situ experiments, because the sample remains inside the 
primary beam. If the sample moves by an amount of ΔD up or down in the y-direction (fig. 2-13) 
the footprint will be displaced an the sample surface by a distance of ΔL which can be calculated by 
eq. 2-32 by replacing the variables L and D by ΔL and ΔD, respectively. For α = 13.1° a thermal 
expansion in the range of some tenths of a millimetre will shift the footprint of the primary beam by 
less than 2 mm. However, it has to be ensured by choosing sufficiently large samples with a 
diameter larger than 10·(D+ΔD) that edge effects like selenium loss upon heating do not contribute 
to the measured data. The measurements, i.e. the footprint of the primary beam should focus on the 
central part of the sample in which the chemical conditions are homogeneous.  

Another effect is that the thermal expansion influences the position of the reflection spots or rings 
on the detector (fig. 2-13). The distance of the beam footprint on the sample to a plane detector 
oriented with its surface normal parallel to the primary beam is shifted by Δz for a perpendicular 
sample displacement ΔD by  

 Δz = ΔD·cot α  and thus  const.2tan ==
Δ+
Δ+ θ

zz
yy    (eq. 2-33) 

which causes a shift in the detector coordinate by Δy. Since each detector pixel corresponds to a fix 
2θ value, this yields a shift of the diffraction pattern proportional to 2θ. This effect cannot be 
eliminated by the widely available zero-offset correction but requires a Δ(2θ) ~ tan 2θ dependence.  

 

 

Fig. 2-13  

The same reflection (2θ = const.) is recorded at  
two different positions on the detector surface due  
to change of the sample position from black to grey. 
If the point, in which diffraction occurs, moves  
by Δz along the normal of the detector plane, the 
reflections are separated by the distance Δy. This 
effect is less pronounced for higher sample tilts α.  
Note that the minimal diffraction angle which can  
be recorded is 2θmin = α due to the absorption of the 
primary beam in the sample or the sample substrate. 
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Considering the halfwidth of the diffracted beam for a tilted sample under otherwise identical 
conditions as in section 2.3.1.1 eq. 2-30 modifies to  

1)2(tan)2( 2 +α−⋅= θdθH         (eq. 2-34) 

shifting the range of the low angle approximation (as required to approximate this dependence by 
the CAGLIOTI function, eq. 2-31) towards higher diffraction angles 2θ by an amount of α. Moreover, 
eq. 2-33 provides a possibility to decrease the halfwidth of the diffracted beams by increasing the 
sample tilt angle α. The only restriction here is that the minimum observable diffraction angle is 
2θ�α. However, according to BRAGGs� equation (eq. 2-16) the 2θ-position for a reflection referring 
to a fix lattice spacing can be adjusted arbitrarily by selecting an appropriate wavelength, or energy 
of the x-ray beam. For this reason the asymmetric reflection geometry fits better to low energetic 
radiation like Cu-Kα rather to working with high energy x-rays which produce diffraction patterns 
contracted in the 2θ scale  

 

2.3.1.3  Symmetric reflection geometry  

This arrangement is better known as BRAGG-BRENTANO or θ / 2θ geometry. It is widely used as 
standard configuration in powder diffractometers and has been used for the ex-situ x-ray 
measurements of this work. For these investigations a PANALYTICAL X�Pert MPD Pro powder 
diffractometer [2-20] has been used.  

The deciding advantage of this geometry is that primary and detected scattered beam have the same 
angle θ towards the sample surface (fig. 2-14). In this case both beam paths inside the sample have 
the same length. The halfwidth of the diffracted beam can be fitted well by the CAGLIOTI function 
(eq. 2-31). Moreover, this geometry provides an approximate focusing (parafocusing) of the 
divergent primary beam into a convergent secondary beam towards the detector. Furthermore, this 
geometry is ideally suited for quantitative RIETVELD refinement, since the scattering sample volume 
is independent of the scattering angle 2θ. This is because the length of the footprint of the primary 
beam L = D·cosec θ (eq. 2-32) and its penetration depth d1/2·sin θ are reciprocally dependent on sin θ 
eliminating the θ-dependence each other so that the scattering volume is always constant. The only 
condition is that the sample is thick enough to absorb the primary beam even for θ = 90°.  

 

 

Fig. 2-14  
In the Bragg-Brentano geometry the x-ray 
source and the detector are positioned in the 
same distance from the sample. Moreover,  
the primary and the secondary beam paths  
have the angle θ at each point on thecurved 
sample surface. The scattering vector coincides 
with the normal vector of the sample surface.  

If the sample was curved (as drawn above) with the correct radius (dependent on 2θ) this geometry 
would provide focusing of the scattered beams in the detector as shown in the figure. In practice, 
however, the sample is flat, which is good enough to achieve reasonable focusing (�parafocusing�). 
 

The investigated thin film samples had a thickness of below 2 µm and did not fulfil the latter 
condition. According to eq. 2-13 an intensity drop of a Cu-Kα primary beam to 5% in a compact 
film of CuIn0.75Ga0.25Se2 would have required a beam path length of 38 µm or a sample thickness of 
d = 1/2

 · 38 µm · sin θ. Inserting d = 2 µm into the last formula gives an allowed (i.e. correction free) 
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angular range of just 0° ≤ θ ≤ 6°. This is the reason why a quantitative RIETVELD analysis of 
measurements taken in BRAGG-BRENTANO geometry of thin film samples requires an intensity 
correction due to absorption which increases the intensity at high diffraction angles 2θ.  

 

2.3.2  Symmetric transmission geometry  
 

 

Fig. 2-15: This picture was taken at the 
laboratory source at a 0.5 µm thin Cu11In9 
layer on 0.5 µm molybdenum sputtered on 
a 75 µm thick x-ray transparent polyimide 
foil. The exposure time was 10 s with the 
tube settings U = 44 kV and i = 75 mA.  

The outmost reflection (Mo 110) has 40 cts 
on average within the central pixels of the 
ring before numerical summation of the 
ring. Since the full azimuth ϕ is recorded an 
intensity win factor of six results compared 
to asymmetric reflection geometry. More-
over, the shorter sample-detector distance 
of d = 57 mm reduces absorption in air 
compared to d = 143 mm as adjusted in  
the asymmetric reflection geometry set-up.  

 

In this geometry the incidence angle equals α = 90°. The advantage of this set-up is that the full 
azimuth angle (φ = 360°) of the diffraction pattern can be recorded, compared to the reflection 
geometry settings in which a certain part of the diffraction pattern is always shaded by the sample. 
Furthermore, the two-dimensional data are extremely helpful for texture analysis (cf. fig. 2-12) of 
powder samples. The numerical summation of the complete DEBYE-SCHERRER rings (fig. 2-15) 
results in an increased the signal-to-noise ratio. For thin samples the width of the diffracted beam 
H(2θ) is correlated to that of the primary beam d = H(0) by eq. 2-30 which can be approximately 
fitted by the CAGLIOTI function (eq. 2-31) for small diffraction angles 2θ. To record a large angular 
range the sample-to-detector distance z must be kept small, which lowers absorption in the air and 
results in another increase in intensity. However, any variation of the sample-to-detector distance Δz 
becomes very critical since Δz/z is usually larger than in the reflection geometry setting (see section 
2.3.1).  

To protect the detector this set-up requires a beam-stop which should be designed such that air 
scattering is well suppressed [2-21].  

 

 

2.4  X-ray detectors  
 

The history of x-ray detectors goes back to the detection of x-rays by RÖNTGEN in 1895 [2-22] on 
photographic plates and films as well as to the first recording of a single crystal reflection pattern by 
FRIEDRICH, KNIPPING & V. LAUE in 1912 [2-23]. These first data were two-dimensional but the 
recorded intensities could only visually estimated from the blackening after the developing process, 



 
 

35

later they were measured by a photodiode. The acquisition of intensity data was circumstantial but 
became simplified by introducing �zero-dimensional� point detectors such as scintillation or 
proportional gas counters. The price which had to be paid for obtaining direct electronic intensity 
data was the loss of two dimensions in data collection. Due to the introduction of area x-ray 
detectors which can read out electronically (image plates, wire counters, image intensifiers, taper 
optics detectors), the interest in acquiring diffraction data with one- or even two-dimensional 
detectors (as in the early beginning) has considerably risen.  

In this work three different x-ray detectors have been used. The diffractograms measured at the 
PANALYTICAL Bragg-Brentano powder diffractometer for ex-situ sample characterisation were 
recorded by the X�Celerator detector. This is a one-dimensional arrangement of semiconductor 
detectors along the 2θ scan direction simultaneously recording the intensities in a range of 
2θ = 2.106° with a step width Δ(2θ) = 0.0021°. This allows a remarkable increase in the signal-to-
noise ratio, without restricting the resolution referring to a proportional counter. Details on the 
X�Celerator detector may be found elsewhere [2-20].  

The in-situ powder diffraction patterns were recorded by two-dimensional detectors. At the ESRF 
an image intensifier detector was provided whereas a taper optics detector was used for the 
laboratory measurements. These two detector types are described below.  

 

2.4.1  Image intensifier detector  
During the measurements at the ESRF an image intensifier detector (PRINCETON, U.S.A.) with 
1242 × 1152 pixels was provided. The pixel size aimed at was of 120 µm × 120 µm. However, the 
latter is just a theoretical size since this type of detector generates the image via several intermediate 
steps. The intention of this detection principle is to gain the number of the detected photons with 
respect to the number of incoming x-ray photons. This results in a better signal-to-noise ratio 
compared to the direct detection of the x-ray photons. The operation principle of an image 
intensifier detector (fig. 2-16) is as follows [2-2].  

 

 

 
 
Fig. 2-16  

Cross-sectional view of the 
layout of an x-ray image 
intensifier detector adapted 
from [2-2] (simplified).  
Two conversion steps result 
in an intensity increase: The 
generation of visible light 
by the entrance and in the 
exit fluorescent screen.  

 

The incident x-ray photons traverse through a transparent window and are absorbed in the entrance 
fluorescence screen (typically CsI:Na) emitting photons at a wavelength of λ ≈ 400 nm. These 
photons are used to generate electrons in a photo-electrode (in most cases Cs3Sb) through the photo-
electrical effect. The released electrons are then accelerated by an internal electrical field onto the 
exit fluorescent screen in which the impinging electrons release photons which are recorded by a 
conventional digital camera. As a consequence of the electron optics in the detector the second 
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screen is usually much smaller than the first one which bundles the trajectories of the electrons and 
increases the number of detected events per area. The total intensity gain of an image intensifier 
detector is in the range of 106 [2-2]. If the electric field inside the evacuated detector is designed 
correctly (fig. 2-17) and the detector housing shields sufficiently from external magnetic fields this 
scaling down is free of distortion. Unfortunately, the provided detector suffered from severe radial 
spatial distortion (see section 2.5.1) which had not been recognised from the powder rings during 
the measurements, but was revealed after their conversion into powder diffractograms over the 
radial coordinate 2θ. As a consequence the synchrotron data were not suitable for RIETVELD 
refinements.  

 

 

 

 

 

 

 

 

 
 
Fig. 2-17  
Numerically calculated 
equipotentional surfaces  
and trajectories for emitted 
photo electrons with an 
initial energy of 0.5 eV.  
The calculation refers to the 
meridional section through  
a detector with two focusing 
electrodes.   
Picture taken from [2-2].  

 

2.4.2  Taper optics detector  
In the laboratory in-situ measurements a taper optics detector containing a grade one CCD chip with 
1340 × 1300 pixels manufactured by EEV Ltd., Chelmsford (U.K.) was used. The set-up of this 
detector is as follows. The incoming x-rays transmit a 0.5 mm thin beryllium window (diameter: 
135 mm) and impinge into a so-called phosphor layer. This thin layer consists of terbium doped 
Gd2O2S (10 mg/cm2) which is anti-reflectively coated on its front surface. This thin layer absorbs 
90% of the Cu-Kα radiation (µ/ρ = 142 cm2/g) and, what is more important, it is an efficient emitter 
of visible light photons with 19% fluorescence yield [2-2]. The main emission of the Gd2O2S:Tb 
phosphor corresponds to the 5D4�7F5 transition of the Tb3+ cation at 545 nm [2-24]. These emitted 
photons are partially collected by a taper optics consisting of bundled glass fibres which transport 
the light because of total reflection at the walls of the fibre. These fibres are conical with a diameter 
of 15 µm at the front side where the light from the phosphor screen is collected and taper towards 
the CCD chip. The image is minimised by a factor of 3.82 so that it fits on a conventional 
semiconductor chip (25.4 mm × 25.4 mm) where the photons are recorded. One incident x-ray 
photon (Cu-Kα) results in approximately two detector counts [2-25]. The CCD chip was read out 
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with a frequency of 200 kHz, which is the best trade-off between dead-time and read-out noise. The 
temperature of the CCD chip adjusted by PELTIER cooling was (�60 ± 0.05)°C to suppress thermal 
noise. The warm side of the PELTIER element was constantly kept at 0°C by a liquid cooler. The 
whole detector is evacuated to prevent condensation and to better maintain the temperature.  

Like for the image intensifier detector also this detector type does not have an exact pixel size. The 
targeted size of the taper optics detector is 72.4 µm × 72.4 µm for each pixel. The main reason for 
image distortion of the image intensifier was caused by the imperfect electron optics. Similarly, the 
reason for distorted images taken by the taper optics detector is due to its taper optics. The effects of 
the distortions are discussed in detail in section 2.5.  

 

 

2.5  Processing of two-dimensional diffraction data  
 

Two-dimensional detectors offer to record an area of the reciprocal space simultaneously. This is 
desirable for time-resolved methods. Moreover, two-dimensional diffraction data sets can be 
reduced to one-dimensional diffractograms with an increased signal-to-noise ratio compared to a 
one-dimensional diffractogram recorded with the same illumination time (see section 2.5.6). The 
crucial point remaining, however, is to apply all necessary corrections to the two-dimensional data 
set influencing both the diffraction angle and the intensity. Exact diffraction angles and intensities 
are essential for RIETVELD refinement (see section 2.6). Below these corrections and their 
implementation into the software FIT2D [2-26 � 2-28] are described in detail for the taper optics 
detector used in the laboratory.  

This detector records the intensity as 2 Byte integer values (0�216�1) as an array of 1344×1300 
pixels with a pixel target size of 72.4 µm × 72.4 µm. The best angular resolution for a sample-
detector distance d is thus Δ(2θ) = arctan{0.0724 mm / d}. In all experiments 2×2 binning was 
applied to the data resulting in a theoretical pixel size of 144.8 µm × 144.8 µm. This was possible 
since the FWHM of the diffraction cones was mainly determined by the sample, not yet by the 
detector resolution. The binning reduces the storage volume of the data by a factor of four. The 
theoretical pixel size mentioned above cannot be achieved in practice, because the size of each 
individual pixel depends on the fibre optics, which causes a kind of pincushion distortion to the 
image.  

 

2.5.1  Spatial distortion  
The effect mentioned above is called spatial distortion and is a detriment to obtain accurate 
angular positions from the diffraction image. Therefore, this effect was corrected by illuminating a 
regular array of equal sized holes arranged on a square lattice. An usual breadboard used to build up 
electric circuits provides sufficient accuracy for this purpose. Fig. 2-18a,b shows the topography of 
a breadboard before and after the spatial correction applied.  

The software FIT2D determines the positions of all points on the regular grid as well as the 
horizontal and vertical deviance from the ideal position. The horizontal (vertical) deviance of all 
pixels are fitted by a spline interpolation in each direction individually. These corrections can be 
applied to all consecutive images if the spline parameters are stored in a correction file.  
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a)   b)  

Fig. 2-18:  Topography of a breadboard, a) as recorded and corrected (b).  

Note the spatial distortion of the detector area (shaded in grey). The distance between the holes  
of the quadratic grid is 2.54 mm. The rotation of the grid by �3° must be corrected, as well.  

 

2.5.2  Flatfield distortion 
As mentioned above the taper optics detector converts the incoming x-ray photons into visible light. 
This process is most efficient in the central part of the detector where the lengths of the glass fibres 
are the shortest. Additionally, the glass fibres are bundled to hexagons. Between these hexagons the 
absorption is increased compared to their inner part. Thus, the intensity response of a homogenous 
illuminated detector is non-uniform called flatfield distortion. This effect is easily corrected by 
multiplying the inverse of an evenly illuminated detector to each image. The crucial point here, is to 
obtain an x-ray source delivering equal intensity over the complete detector window area. In 
practice, one can use a fluorescent sample (iron or nickel powder) excited by high energetic 
radiation. The sample emits isotropically as a point source with the intensity dependence I ~ 1/r2, 
which must be eliminated numerically to obtain the flatfield correction image. Fig. 2.19 shows a 
topography as raw data image and after applying the flatfield distortion correction.  

 

a)   b)  
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c)   

Fig. 2.19  (partly on preceding page):   

Topography of a male house mouse  
(mus musculus)(*)  

a) Raw data as recorded and after the flatfield 
correction applied (b). The x-ray settings were 
U = 44 kV, i = 10 mA, illumination time: 2 s.  
The inhomogeneous intensity distribution 
(higher intensity in the central part) becomes 
obvious in the raw data image.   
c) In addition the hexagon structure as a result 
of bundled glass fibres of the taper can be 
recognised in the magnification of the right 
upper corner of the raw image. The backbone 
of the mouse is visible in the lower left corner. 

Note that in all images of fig. 2-19 white represents high and black low intensity as traditionally 
used in medical x-ray imaging. All other x-ray images in this work use black colour to indicate the 
highest intensity value.  

 

2.5.3  Angle of incidence correction  
 

 

Fig. 2-20  
Incidence angle absorption for the used 
taper optics detector. The sample-detector 
distance was set to 143 mm and the 
detector plane was oriented perpendi-
cularly to the primary beam. In this case 
the incidence angle correction has a rotati-
onal symmetry. That detector pixel whose 
surface normal points onto the sample is 
located in the centre.  

The correction factor ranges from unity in 
the centre (white) up to 1.016 (indicated in 
black) in the corners of the detector area.  

In the special case, that the primary beam 
hits the detector in the centre of the 
integration, the incidence angle correction 
can be reduced to one dimension.  

 

Another effect influencing the intensity of the image is the angle of incidence effect. The x-rays hit 
the detector screen under different angles. The conversion of the x-ray photons into visible light and 
further converted into intensity counts is most efficient for perpendicular incidence and decreases 
for shallower incidence. For the incidence angle σ measured from the detector normal one expects 

                                                 
(*) This mouse was provided as a deep-frozen specimen by courtesy of the Department of Zoology I 

(University of Erlangen-Nürnberg). The author herewith ensures that no experiments have been 
undertaken with living animals. Neither any animal has been killed for the sake of experiments.  
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the LAMBERT law I(σ) ~ cos σ to be valid. However, the phosphor screen prevents the observed 
dependency to approach zero for σ = ±90°. The intensity can be described empirically [2-29] as  

I(σ) ~ 1 + k·[1 � cos σ]         (eq. 2-36) 

with k = 0.1763 experimentally determined by the manufacturer for the used detector. When 
mounting the detector on a diffractometer the normal of the entrance window points towards the 
centre. In this case the absorption becomes a circular function on the detector area, since all 
diffracted beams emerge from the sample. Fig. 2-20 depicts the correction function which must be 
applied to the data by multiplication with the raw data image (both two-dimensional).  

 

2.5.4  Sample absorption correction 
All three effects described so far are caused by the detector itself. In addition, the sample causes 
another important influence on the intensity by absorbing parts of the primary and scattered beams. 
The sample absorption can only be treated analytically for three special cases, namely for a 
spherical sample, for a cylindrical sample and for a flat crystal slab with infinite diameter [2-30]. In 
this work the focus lies on polycrystalline flat samples, described by the latter case. The absorption 
formula was derived by CUSTERS [2-31] for any tilt of the sample and arbitrary detector angles  
(2θ, φ). The idea how to derive this correction is briefly introduced below and the formulas are 
adapted to the modified six-circle goniometer (fig. 2-23) used in the laboratory experiments. The 
complete derivation for the formulae applicable on both asymmetric reflection and transmission 
geometry arrangements can be found in the original work of CUSTERS [2-31].  

 

a)  

Fig. 2-21  
Derivation of the total beam path in flat 
samples after CUSTERS [2-31].  

a) Consider first a section though the sample 
containing the normal vector on the sample 
surface. Let a beam enter the sample in Q with 
an angle α to the sample surface. Scattering 
shall occur in point T with the angle 2θ = α+β 

b)  

and the scattering vector parallel to 
the normal vector of the sample 
surface. The lengths of the beam 
paths are indicated in b). Note that 
the depth w = a·sec 2θ · sin β, where 
the scattering might occur, varies 
between zero and infinity.  
b) The total scattered intensity is 
expressed by integration of the 
intensity of the reflected beam after 
having been scattered in each depth 
w. Note that the scattering volume 
dv depends on both α and β.  

 
The fraction of the transmitted intensity from a uniform beam due to absorption is given by the 
transmission coefficient Ctr [2-30]  
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')}(exp{1 dvTEQTμ
v

C
vtr ∫ +⋅−⋅=         (eq. 2-37) 

where the exponent consists of the product of the linear absorption coefficient µ of the sample with 
the length of the beam path within the sample (fig. 2-21), v is the volume where scattering occurs 
within the sample.  

 

Fig. 2-22:  Beam paths within a flat specimen Sp, thickness d, adapted from [2-31].  

BB0 is the primary beam, which is diffracted in a volume element dv lying at T. Some diffracted 
beams, B´, B´´, B´´´ and B´´´´ have been indicated. B´ corresponds to the two-dimensional situation 
shown in fig. 2-20. The beams B´ and B´´ leave the sample at the front plane Vf through the points 
E and F, respectively. Beam B´´´´ emerges at the backside Vb through point B. The beam B´´´ 
travels parallelly to the sample surfaces Vb and Vf and will therefore never leave the specimen 
which is assumed to be infinitely large in two dimensions; the corresponding azimuth angle  
for this case is ϕg. The distance from O to T equals a (cf. fig. 2-21a).   
For arbitrary azimuth angles ϕ one must consider the beam B´´ leaving the sample in point F. Note 
that for a fixed detector position any value for ϕ might be adjusted by rotating the sample around 
the incident beam B0B  in point Q by the tilt angle χ. For χ = 90° the beams BB0 and B´ traverse  
within the sample, parallel to the plane Vf, independent of the incidence angle α. The beam B´ 
cannot leave the sample any more. The adjustment of the angle χ is an option provided by a six-
circle goniometer (fig. 2-23) which facilitates to influence the dependence on the azimuth angle ϕ 
of the final equation for the intensity absorption correction, eq. 2-41.  

 

The volume element dv can be substituted with the aid of the cross-sectional area A by  

dv = A·cosec α dw          (eq. 2-38) 



 
 
42 

with α being the incident angle of the primary beam onto the sample and dw being the thickness of 
a diffracting layer within the sample in a depth of w under its surface, which is formulated as  

 w = a·sec 2θ ·sin β           (eq. 2-39) 

with β = 2θ � α the angle of the scattered beam emerging from the sample.  

For a plane crystalline slab (fig.2-22) with infinite dimensions within the plane and thickness d the 
beam calculate to  

αwQT  cosec⋅=  and   

θαθαβ
ββwTF

2cossin)2cossin(sinsin
sin cosec

−+⋅ϕ
⋅⋅=     (eq. 2-40) 

Note, that for ϕ = 90° the fraction in the second expression of eq. 2-40 simplifies and the situation 
as drawn in fig. 2-22 is obtained. Finally, one obtains the transmission coefficient  
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Ctr    (eq. 2-41) 

The factor by which the measured intensity must be multiplied to correct the absorption is Ctr
�1. It 

depends on the absorption coefficient µ, the sample thickness d, the incident angle α, the diffraction 
angle 2θ as well as the azimuth angle φ. This means that the intensity along one powder ring 
changes due to the sample absorption.  

 

Fig. 2-23  
Definition of the goniometer angles at the used 
modified six-circle goniometer. The former sixth 
rotation (sample rotation around the z-axis) was 
replaced by the z-translation stage.  

The primary beam traverses along the viewing 
direction; during the measurements the detector 
was moved behind the goniometer.   
The angles µ and ν are required to position  
the detector. The normal vector of the detector 
entrance window points to the sample. The 
sample is fixed within the reaction chamber 
mounted on the z-translation stage.  
It can be rotated by the angles χ and ψ and is 
positioned in the centre of the goniometer 
(dashed cross-hair). The translations y and z´ are 
necessary to move the goniometer centre into the 
primary beam. By adjusting ω it can be achieved 
that the rotation vector corresponding to χ 
becomes parallel to the primary beam. In the 
same manner the normal of the ψ rotation can  
be aligned perpendicularly to the primary beam. 
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The absorption correction depends on three angles of which the incidence angle α and the azimuth 
ϕ of the detection angle can be adjusted by the experimental set-up. For this purpose a six-circle 
diffractometer has been modified by replacing the rotation of the sample around its axis by a sample 
height translation to place the sample in the incident beam (fig. 2-23).  

The actual incidence angle α on the sample must be calculated from the sample tilts ψ and χ and � 
assuming a horizontal beam path prior to reflection on the multilayer mirrors � the takeoff angle of 
the primary beam from the multilayer mirror 2θML. The incidence angle α is given by  

 α = ψ + arctan[ tan 2θML · cos χ ]       (eq. 2-42) 

The second summand can be easily understood from fig. 2-24. For χ = 0 which corresponds to the 
situation depicted in fig. 2-22 the expression simplifies to α = ψ + 2θML.  

 

Fig. 2-24:  Projection of a non-horizontal beam on a tilted flat sample.  

Let us first consider the case χ = 0 corresponding to the solid lines. The sample is tilted by the 
angle ψ towards the primary beam which is itself inclined by 2θML. Thus the total incidence angle 
is given by the sum of ψ + 2θML.   
In the other three cases shown in the figure the incident beams are indicated by dashed lines. If the 
sample is rotated to χ = 90° the tilt angle ψ remains constant whereas the contribution of 2θML is 
projected onto the sample plane, therefore its contribution is zero and the incidence angle equals ψ. 
For χ = 180° the difference angle becomes ψ � 2θML and shading may occur if ψ < 2θML.  
Note that in this figure the sample position was drawn to move on a circle to avoid overlap of the 
situations for different angles χ. In the real experiment, however, the sample position is adjusted 
such that it is located in the goniometer centre, which means that it rotates around one point.  
 

In addition, the sample tilt χ must be considered in the absorption intensity correction formula 
(eq. 2-41). For this purpose ϕ must be replaced by the sum ϕ + χ by, which follows from fig. 2-22.  

The detector angle δ is adjusted through the goniometer angles µ and ν (fig. 2-25). For a plane area 
detector only one detector pixel lies perpendicularly to any diffracted beam seen under the 
diffraction angle 2θ = δ.  

For the data evaluation one must derive the corresponding angles 2θ and ϕ for each pixel (xD
 / yD) in 

the detector plane to correct its intensity value by the sample absorption. Then these intensity values 
must be summed up for equal 2θ along the azimuth angle ϕ. This is described in the easiest way by 
using polar coordinates.  
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Assume a diffraction cone originating from the sample S with a half opening angle 2θ intersecting 
the detector plane. In general this plane is tilted by the tilt angles µ and ν. If the corresponding 
rotation axes intersect perpendicularly (which is commonly realised for orthogonal goniometer 
axes) the cosine theorem of a side (cf. section 2.2.3.3) simplifies to  

 cos δ = cos µ · cos ν          (eq. 2-43) 

from which the total tilt angle δ can be obtained. For δ < 90° � 2θ the section of the cone with the 
plane results in an ellipse; δ = 90° � 2θ produces a parabola and a hyperbola is obtained for 
δ > 90° � 2θ. Since the sample absorption correction (eq. 2-41) becomes significant for small 
diffraction angles 2θ, it is sufficient to restrict to small tilt angles δ, i.e. to the first case of ellipses.  

These ellipses are determined by  
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with a, b as half axes of the ellipse and R being the radius of the base of the cone at a distance z 
below its apex (fig. 2-25).  

 
 

Fig. 2-25  
A diffraction cone 
intersects the detector 
plane tilted by the 
goniometer angles µ  
and ν. The base of the 
cone and its footprint  
are described in polar 
coordinates, the plane  
in cartesian coordinates. 
For the data correction 
the cartesian coordinates 
of each point (xD

 / yD) 
must be transferred into 
its polar angles (2θ / ϕ). 
The sample is located in 
the apex of the cone S. 
The sample-detector distance z is measured along the core of the cone  
from S to the intersection point with the detector plane D.  

 

Solving this equation for 2θ and ϕ results in  
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This allows to assign the diffraction angle 2θ and the azimuth ϕ to any point (xD
 / yD) in the detector 

plane. This yields  

 
ϕ

⋅=
sin
cos2tan ν

d
yθ D  with 

μ
ν

x
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D

D

cos
costan ⋅=ϕ      (eq. 2-47) 

In general the primary beam will not hit the detector coordinate in the origin chosen for the detector 
system. Hence, the transformation )/()/( offsetDoffsetDDD yyxxyx −−a  is required to transform the 
raw detector coordinates (xD

 / yD) into coordinates relative to the beam centre [2-28]. The angle of 
incidence correction as calculated for the used set-up with the beam centre lying outside is depicted 
in fig. 2-26 which was obtained by inserting eq. 2-47 and eq. 2-42 into eq. 2-41.  

 

 

 

Fig. 2-26  
Intensity correction due to sample 
absorption for asymmetric 
reflection geometry as in the 
laboratory measurements.  

Angular settings :  
ψ = 12.0°, χ = �2.2°, 
2θML = 1.1°  →  α = 13.1°  

Absorption values: 
µ(CuIn0.75Ga0.25Se2) = 705 cm�1, 
d =156.7×10�6 cm.  

Darker shading corresponds to 
greater correction factors, white 
corresponds to unity.  

For diffraction angles 2θ → α = 13.1° the correction factor approaches infinity. For this reason the 
uppermost 100 pixel rows have not been shown. Note that the intensity scaling is logarithmic. The 
primary beam intersects the detector plane outside the detector in (xoffset

 / yoffset) = (�200 / �180) 
measured in pixels. After 2×2 binning one pixel gets a target size of 144.8 µm × 144.8 µm.  
 

2.5.5  Elimination of noise 
As far as noise is concerned one can distinguish between electronic noise causing a background 
intensity value for the whole detector plane and single events causing local high intensities which 
occur statistically.  

The electronic background noise is equal for all pixels and can thus be easily subtracted. 
Amorphous scattering from the sample or the polyimide windows also contributes to the 
background intensity.  

The elimination of �hot pixels� was achieved by a threshold mask filter setting all intensity values 
above a certain threshold to zero. So-called hot pixels or zingers are high intensity spots appearing 
randomly. The main reason are muons generated by cosmic protons bombarding the upper layer of 
the earth atmosphere. The intensity of a single muons counted by the detector is typically 1000 
counts for each pixel located in the centre of the particle trace (fig. 2-27). This is much higher than 
the intensity of the diffraction pattern and can thus easily be subtracted. It is helpful to set the mask 
threshold filter value proportional to the illumination time as defined in the macros (see below).  
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Fig. 2-27  
This detail shows a particle trace which was recorded 
during the laboratory measurements. Settings: 
illumination time: 10 s, U = 44 kV, i = 75 mA.  
Two powder rings can be recognised in addition.  

Without a threshold mask filter the intensity value  
of the intersected powder diffraction ring would  
appear too large.  

 

2.5.6  Automated image processing  
Recently, the corrections for the angle of incidence and for the sample absorption have been 
implemented into the software package POWDER3D [2-32, 2-33] developed for the processing of 
file series of two-dimensional diffraction data. For this work, however, the �traditional� software 
FIT2D has been used since it offered more options in image processing.  

The file series of the two-dimensional raw data from the taper optics detector was processed with 
the aid of macro programs automatically applied for each file of the series. The essential steps 
within the macros are given in the following NASSI-SHNEIDERMAN structure charts symbolising user 
inputs and program outputs by a double slash � || � located at the beginning or at the end of a line, 
respectively.  

 

  Macro #1 

  Start 

   Define settings and variables 

    Define path and file name for input and output 

   Read  file, Extract intensity data, Subtract electronic noise  

    Enter the exposure time 

   Display with adequate intensity scaling 

    Estimate the background intensity (sample dependent) 

   Subtract the estimated constant background intensity value  

   Eliminate outliers (�hot pixels�) by threshold mask dependent on exposure time 

   Correct for the effects of sections 2.5.1 through 2.5.4  

    Interactive refinement of the sample-detector distance by internal standard  

    Define first (i) and last (j) image of the file series i�j to be processed 

   Output variables 

  Call Macro #2 

  End 
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  Macro #2  

  Read file i�j  

   Extract intensity data, Subtract electronic noise, Subtract background defined in Macro #1 

   Eliminate outliers (�hot pixels�) by threshold mask 

   Correct for the effects of sections 2.5.1 through 2.5.4 

   Display with adequate intensity scaling 

   Sum up intensity along the powder rings using the refined sample�detector distance 

   Store the one-dimensional diffractogram with all parameters included in the file header 

  Repeat for i < j 

 

To obtain accurate angular values for the powder diffractograms it is essential to eliminate any 
deviance of the ideal sample position. A height displacement ΔD perpendicular to the direction of 
the incident beam changes the sample-detector distance z and thus results in a contracted or 
expanded diffraction pattern on the detector plane (cf. fig. 2-13). The same effect is caused if the 
sample position moves along the z-direction. These two sources of error were corrected for by the 
macros using the molybdenum layer (bottom layer of all samples) as internal standard. the position 
of the 110 reflection as-measured was shifted to its theoretical position (2θ = 40.50°) by adapting 
the sample-to-detector distance z and repeating the numerical integration.  

The two macros were used to numerically sum up the intensity on the powder diffraction rings 
along the azimuth angle ϕ while applying all corrections mentioned in section 2.5. This resulted in 
an increased signal-to-noise ratio which made the diffraction data suitable for RIEVELD refinement 
(see next section) despite of an illumination time of just 10 s at the laboratory x-ray source. The 
gain factor of the signal-to-noise ratio in the laboratory experiments can be estimated as follows.  

The standard derivation of N counted events given by the POISSONian statistics is √N. The intensity 
value of a single pixel is thus N ± √N. If the intensity is summed up along the powder diffraction 
ring extending over a length of up to 625 pixels (at 2θ ≈ 45°) the reflection obtains 625N counts 
with an estimate of the standard derivation of √625·√N = 25·√N. The signal-to-noise ratio resulting 
from the POISSONian statistics marks the minimum value that can be achieved; in addition there 
might exist some other sources of noise. The signal-to-noise ratio is then given by N / √N = √N for a 
single pixel and 25·√N after summation of the intensities of 625 pixels. This increase by a factor of 
25 could have been obtained alternatively by increasing the data collection time of a single pixel by 
a factor of 625. This estimation shall underline the importance of two-dimensional detectors 
combined with a numerical integration of the data to collect one-dimensional powder 
diffractograms with sufficient counting statistics for short illumination times especially for low 
counting rates. The maximal intensity within observable powder diffraction rings in the laboratory 
experiments ranged from 1 through 100 counts (typically 10 counts) accumulated during 10 seconds 
exposure time. These ten counts correspond to just 0.5 x-ray photons per second incident on the 
pixel area of 144.8 µm × 144.8 µm.  
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2.6  Quantitative phase analysis  
 

The RIETVELD method was first described by RIETVELD in 1969 [2-34]. The intention was to extract 
the maximum amount of information contained in a neutron powder diffractogram despite severe 
peak overlapping [2-35]. Prior to this the possibility to obtain the intensities of the underlying 
reflections by fitting the resulting peak by multiple GAUSSian functions was demonstrated [2-36]. 
The basic idea behind the RIETVELD refinement procedure is to numerically minimise the difference 
between observed and calculated data based on an initial model by a least square algorithm which 
varies free parameters in the input model. Therefore, data calculation must take several effects into 
account, such as the measurement background intensity, the instrumental resolution and the crystal 
structures involved. All crystalline elements or compounds in their respective modifications (called 
phases in the following) contribute to the intensity and angular position of the diffraction peaks. The 
half width of the peaks is determined by the instrumental resolution (see section 2.3) limited by the 
experimental geometry and individually by the crystallinity of each phase. Most RIETVELD software 
uses the CAGLIOTI function [2-18] to describe the angular peak broadening. How many and which 
phases are contributing to the diffraction pattern should be clarified prior to the RIETVELD 
refinement procedure by a qualitative database search. Missing or needless phases might be 
recognised in the refinement procedure by uncompensated differences or, in the latter case, by 
diminishing the contribution of superfluous phases towards zero. This is possible since the total 
intensity I is a weighted sum of the intensities Ip of all contributing phases. The weighting is called 
scaling factor Sp being individual for each phase p:  

∑=
p'

pII  with     

and 

pp SI ~

p

p
p V

n
S =  with 

∑
=

p'
pp

pp
p VS

VS
n       (eq. 2-48) 

Here, np is the molar fraction and Vp is the unit cell volume of each crystalline phase.  

The experiments in this work were devoted to the study of the chemical reactions of the metals 
copper, indium and gallium with the non-metal selenium layer arranged as stacked elemental 
precursor. For this purpose it is advantageous to introduce a unit expressing the quantity either of 
the cations or the anions contained in the different compounds. In principle, both methods are 
equivalent to each other, however, it is preferable to use the cations. This is due to the fact that 
selenium melts during the annealing experiments so that its amount cannot be determined any more, 
since quantitative RIETVELD analysis works well only for crystalline solids. The unit �cat� of a 
phase p is defined as  

 )()( ppp mula unitms per for metal atocations ornumber of ncat ⋅=   (eq. 2-49) 
with selenium treated as a non-metal. The quantity �cat� normalises all phases by their content of 
cations or metal atoms. This facilitates to easily track chemical reactions between solids.  

 

Tab. 2-3:  Comparison between the quantities �mol� and �cat� for an example reaction   
 

reaction: Cu2Se + 2 InSe + Se → 2 CuInSe2    

in moles: 1 mol + 2 mol + 1 mol ≠ 2 mol    

in cations: 2 cat + 2 cat + 0 cat = 4 cat    
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Table 2-3 shows that the balance of the atoms when expressed in �cat� is correct, whereas this is in 
general not true for the molar fractions. This is a consequence of the different number of metal 
atoms or cations contained in the chemical formulae of the phases involved in the example reaction.  

This, however, means that the derivative of the cation fraction in respect to time d(cat)/dt inherits 
the very important feature  

 ∑ =
p'

p dtcatd 0)(          (eq. 2-50) 

This situation is schematically drawn in fig. 2-28 for the example reaction of table 2-3.  

 

a)  b)

Fig. 2-28  
Expected courses of the normalised a) molar and b) cation fractions of the reactants and the 
product for the chemical reaction  Cu2Se + 2 InSe + Se → 2 CuInSe2.  
In the representation of the cation fractions the selenide compounds have the same gradient, which 
means that the same amount of cations for the formation of CuInSe2 is provided by each reactant.  
Note that the cation fraction of selenium is always zero due to the definition of �cat-%�.   
The unit �cat-%� is especially helpful for graphical representations of the chalcopyrite compound 
formation over time, because the cation fractions of the starting compounds containing metal atoms 
(or cations) decrease with the same rate.  

 

It shall be emphasised that the RIETVELD analysis as described here considers only crystalline 
phases. Thus, any liquid or amorphous phases cannot be detected, or at least their molar fraction is 
easily underestimated. In the investigated samples the phase 3R-InSe shows broadening of the 
diffraction peaks indicating that this phase is badly crystalline and eventually even partially x-ray 
amorphous. This suspicion is due to the fact that its fraction as calculated from the quantitative 
phase analysis is always too small. If only one phase p´ is affected in such way, its course catp´(t) 
can be reconstructed by the aid of the cation consumption rates catp(t) of all other phases p, since 
their sum is normalised to unity by the definition �cat�.  

The quantitative phase analysis was performed by a database search with the software JADE [2-37] 
with the PDF-2 database [2-38] embedded as well as by the simulation of powder diffraction 
patterns with POWDERCELL [2-39]. For the RIETVELD procedure the program TOPAS [2-40] was 
used due to its ability to successfully deal with multiphase refinements. This was tested by 
simultaneous refinement of up to ten phases included in the start model.  
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3.  Physical data of the selenide compounds  
 

 

In this work the formation of Cu(In,Ga)Se2 has been studied. Prior to the beginning of this work it 
was already known that binary selenide compounds are involved in the formation process [3-1, 3-2]. 
For a better understanding of the chemical reactions as observed in this study, knowledge of the 
physical properties of the selenide compounds is important and shall be introduced briefly in this 
chapter.  

Section 3.1 lists the phase diagrams of the dopant sodium and the absorber metals: copper, indium 
and gallium with selenium. In section 3.2 the crystal structures of the binary and ternary selenide 
compounds are described.  

 

 

3.1  Phase diagrams  
 

Phase diagrams provide an overview of all solid phases and liquidi (�Li�) which are thermo-
dynamically stable at a certain temperature in equilibrium conditions. The term �phase� stands for 
elements as well as for compounds by distinguishing between modifications.  

Frequently these phases undergo phase transitions upon heating or cooling. This can serve as 
internal temperature standard for in-situ powder diffraction experiments because this method is 
sensitive to structural changes. For the experiments up to four phase transitions with well-defined 
transition temperatures (see below) could be exploited to determine the sample temperature:  

�  the melting point of elemental indium at 157°C,   
�  the melting point of elemental selenium at 221°C,   
�  the peritectic phase transition  CuSe2 → γ-CuSe + Se  at 342°C and   
�  the peritectic phase transition  2 γ-CuSe → β-Cu2Se + Se  at 377°C.  

For the theoretical approach in chapter 6.1 the GIBBS� enthalpies ΔG = ΔH � T·ΔS are required as 
input values. Since ΔS is almost negligible for solid state reactions and, moreover, ΔS values are 
often not available, the enthalpies of formation ΔH (table 3-1) will be used for the estimations 
instead. The approximation ΔG ≈ ΔH is tolerable for solids and liquids. All given values refer to 
one formula unit at 25°C and 105 Pa.  

 

Table 3-1:  Enthalpies of formation ΔH in kJ/mol, ΔH = 0 for all elements in solid and liquid state 
 

Na2Se �342.6 [3-3] Cu0.5In0.5 �6.5 [3-4] In4Se3 �364 [3-5] GaSe �159 [3-4] 

Na2(Se)2 �388.4 [3-3] Cu2Se � 59 [3-4] InSe �120 [3-5] Ga2Se3 �439 [3-4] 

Na2(Se)1+n  CuSe � 40 [3-4] In6Se7 �774 [3-5] CuInSe2 �204 [3-4] 

 

Values can be 
obtained from  
a chain model  

(cf. chapter 6.1) 
CuSe2 � 43 [3-4] In2Se3 �271 [3-5] CuGaSe2 �316 [3-4] 
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3.1.1  The sodium�selenium system  
The phase diagram in fig. 3-1 contains five compounds with the common sum formula Na2(Se)1+n. 
The stability of these compounds against thermal decomposition decreases with increasing n. There 
is some discordance in the literature concerning the existence of the compound Na2(Se)5 (n = 4). In 
the most recent review on the sodium�selenium phase diagram [3-6] the conclusion is drawn that 
the sodium polyselenide Na2(Se)5 exists. The argumentation is mainly based on a comparison to the 
alkaline metal polyselenides of rubidium and caesium, for which the compound A2(Se)5 (A = K, Rb, 
Cs) was found to exist. Therefore, it is likely to assume that all sodium polyselenides for n ≤ 4 can 
be formed and that Na2(Se)5 is the selenium richest sodium polyselenide in this group of 
compounds.  

 

Fig. 3-1:  One part of the sodium�selenium phase diagram from [3-6]  

The temperatures against thermal decomposition decrease with increasing n. The same trend can be 
expected for the heats of formation of the Na2(Se)1+n compounds. The compound Na2(Se)6 is put in 
brackets because its correct chemical formula is likely to be Na2(Se)5.  

 

 

3.1.2  The copper�selenium system  
The copper-selenium phase diagram (fig. 3-2) contains four copper selenide compounds: Cu2�xSe, 
Cu5Se3, CuSe and CuSe2. The compound Cu5Se3 (in older literature denoted as Cu3Se2) decomposes 
thermally at 120°C according to Cu5Se3 → 2 Cu2Se + CuSe. This temperature is far below the 
melting point of selenium (221°C) from which onwards selenide formation in the precursor takes 
place remarkably (cf. chapter 5). Therefore, the compound Cu5Se3 does not need to be discussed 
any further.  

The compounds CuSe2 and CuSe melt peritectically at 342°C and 377°C, respectively. The only 
congruently melting compound is Cu2�xSe stable up to 1130°C in its stoichiometric composition, 
i.e. x = 0 [3-7].  
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Fig. 3-2:   

The copper-selenium  
phase diagram [3-8] as 
determined by differential 
thermal analysis (DTA) 
contains the important phase 
transitions used as internal 
temperature standard for the 
in-situ measurements:  

221°C:  
Se(sol.) → Se(liq.)  

342°C:  
CuSe2 → γ-CuSe + Se  

377°C:  
2 γ-CuSe → β-Cu2Se + Se  

 
3.1.3  The indium�selenium system  
 

Fig. 3-3:  The indium-selenium phase diagram, from [3-8].  
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According to recent works [3-5, 3-8] there are six indium-selenium compounds in this binary 
system, namely In4Se3 (in older literature erroneously referred to as In2Se), InSe, In6Se7 (in older 
literature erroneously denoted as In5Se6), In9Se11, In5Se7 and In2Se3. The first five compounds melt 
peritectically, only In2Se3 melts congruently (fig. 3-3). Polymorphism occurs for InSe and In2Se3, 
for In9Se11 and In5Se7 no crystal structures have been determined.  

 

 

3.1.4  The gallium�selenium system  
In this binary system only two compounds exist (fig. 3-4). GaSe and Ga2Se3 are both polymorphic 
and stable up to their melting point.  

 

Fig. 3-4:  The gallium-selenium phase diagram, from [3-7].  

 

 

3.1.5  The copper�indium�selenium system  
In the extensive threepart article of GÖDECKE et al. [3-8] the phase diagram of the title system has 
been assessed [fig. 3-5a]. The original work contains several isothermal sections as well as the 
liquidus phase isotherms for the complete ternary phase field. The position of the global liquidus 
minimum on the pseudobinary section Cu0.5In0.5�Se coincides with pure selenium, whereas the 
selenium concentrations of the global ones are 6.2 at-% (624°C) and 33.6 at-% (656°C) which can 
be extracted from fig. 3-5b. The position of the lowest global minimum will be required to apply the 
effective heat of formation model on this ternary system (chapter 6.1).  
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a)  

b)  
Fig. 3-5:  a) The Cu-In-Se phase diagram at 500°C and liquidus phase isotherms (b), from [3-8]. 
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All ternary compounds of this system, CuInSe2, CuIn3Se5 and CuIn5Se8 are located on the 
pseudobinary section Cu2Se�In2Se3 (fig. 3-6). From this section it can be recognised that α-CuInSe2 
is a slightly copper deficient compound. The addition of 0.1�0.2 at-% of sodium has been found to 
extend the existence region of polycrystalline α-CuInSe2 by 2 at-% of copper towards the 
compound In2Se3 in this quasibinary section [3-9]. Another experimental confirmation for this fact 
has been found recently in synthesis experiments of CuInSe2 monograin powders [3-10]. A 
widening of the existence region is beneficial because the synthesis of the semiconductor material is 
simplified, if the product compound tolerates slight deviations from stoichiometry. A broadening of 
the phase field for α-CuInSe2 can also be achieved by substituting indium by gallium, which is 
described below.  

 

 

Fig. 3-6  
Section through the  
Cu�In�Se phase diagram.  

All ternary compounds are 
lying in the quasibinary 
section Cu2Se�In2Se3.  
Note the nomenclature 
widely used for the ternary 
compounds instead of their 
chemical formulae:  
α: α-CuInSe2  
β: CuIn3Se5  
γ: CuIn5Se8  
δ: β-CuInSe2  
   (high temperature 
   modification of  
   α-CuInSe2)  

Fig. taken from [3-11].  

According to the investigations of GÖDECKE et al. [3-8] at the Cu2Se�In2Se3 quasibinary section  
the existence region of α-CuInSe2 reaches its largest breadth of 21.5�24.8 at-% copper at around 
600°C. The existence region decreases to ≈ 23.8�24.8 at-% copper at room temperature.  

 
3.1.6  The copper�indium�gallium�selenium system  
The quasibinary section CuInSe2�CuGaSe2 (indicated as �α� in fig. 3-7) has been found to be 
completely miscible [3-12, 3-13]. These works demonstrate that the lattice parameters of the low-
temperature modification (α-phase) of the mixed crystal compounds depend linearly on the 
concentration which is known as VEGARDs law [3-14]. Up to now there is no phase diagram for the 
quaternary system copper�indium�gallium�selenium available. However, the pseudoternary phase 
field Cu2Se�In2Se3�Ga2Se3 (a subsystem of the former) has been investigated (fig. 3-7). In this 
triangle the α-phase field of Cu(In,Ga)Se2 is represented as a small region connecting two legs of 
the triangle. It shall be emphasised that the substitution of indium for gallium widens the existence 
region of the α-phase of Cu(In1�xGax)Se2 for increasing x [3-15]. Remember that sodium doping in 
α-CuInSe2 acts similarly (cf. section 3.1.6). The construction of the complete quarternary phase 
diagram is subject of research in the ANDERSON group [3-16]. One part of the metallic subsystem 
has been investigated recently [3-17].  
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Fig. 3-7  
The pseudoternary phase 
field Cu2Se�In2Se3�Ga2Se3 
at room temperature. All 
axes are scaled in mol-%.  

Nomenclature: 
α: α-Cu(In,Ga)Se2  
β: Cu(In,Ga)3Se5  
γ: Cu(In,Ga)5Se8  
Sph: sphalerite type 
structure of Ga2Se3.  

Note the broadening  
of the α-phase field with 
increasing gallium content. 

Fig. adapted from [3-11].  

 

 

3.2  Crystal structures of the selenide compounds 
 

In chapter 6.2 the topotactic formation reactions of α-CuInSe2, α-CuGaSe2 and α-Cu(In,Ga)Se2 will 
be derived from epitactic relations between the crystal structures of the binary selenide compounds. 
The description will be limited to those compounds which are stable within the technically relevant 
temperature range between 200°C (still below the melting point of selenium) and 600°C, where the 
glass substrate, on which the precursor was deposited, will soften too much.  

All compounds discussed below will be classified by the character of the realised bonding types, 
distinguishing between ionic, covalent and VAN-DER-WAALS interaction. The strength of the bonds 
decreases in this sequence. Compounds are regarded as ionic if each cation is coordinated to 
selenium, referring to the first coordination polyhedron. Any compounds with identical atoms 
directly connected to each other are denoted as compounds containing covalent or VAN-DER-WAALS 
bonds. The distinction of these two bonding types is done by taking the electron configuration of 
the involved elements into account.  

To identify the epitactic relations it is helpful to estimate which lattice planes will develop as crystal 
faces. This can be forecasted for all the crystal structures involved in the solid-state reactions by 
applying the law of reticular density first formulated by BRAVAIS in 1849 [3-18]. This initial 
hypothesis was tested in extensive investigations by FRIEDEL [3-19] and proven to come true in 
many, but not in all cases. Later, the law of reticular density was extended by NIGGLI [3-20] and 
independently therefrom by DONNAY & HARKER [3-21]. To appreciate all these contributors the law 
of reticular density will be abbreviated as BFNDH law throughout this work.  

The idea underlying the BFNDH law is that a lattice plane (h k l) grows the slower the higher the 
reticular density of atoms in this lattice plane is. Those lattice planes growing slowest will finally 
determine the crystal shape (fig. 3-8a) whereas those lattice planes growing faster will degenerate 
into edges or corners of the crystal (fig. 3-8b). The physical justification of the BFNDH was 
delivered by HARTMAN & PERDOK in 1955 [3-22]. The authors found that the amount of energy 
being released if one additional lattice plane attaches to the surface of the crystal, Eatt decreases for 
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larger lattice spacings d(h k l). Furthermore, the growth rate approximately obeys R(h k l) ~ Eatt, so 
that R(h k l) ~ d(h k l)�1. A more detailed treatise results in the estimation R(h k l) ~ [1 / d(h k l)]m with 
1 < m < 2 [3-23]. A brief review of more sophisticated theories is contained elsewhere [3-24]. 
Compared to recent extensions of the HARTMAN�PERDOK theory [3-23] the BFNDH law remains a 
rough approach, however, it has proven to reliably work in most cases [3-23].  

 
 

a)  

Fig. 3-8  
a) The law of reticular density states that the most 
common crystal faces will be those that intersect 
most of the lattice nodes per area. Nodes can be 
understood as atoms, ions, ion complexes, etc.  
In the depicted example one would expect the 
faces represented by the straight line [AB] to be 
the most common followed by [AC], [AD], etc.  

 

b)  

b) Cross sectional view through a 
growing crystal in equal time steps. 
The crystal shape is drawn in solid 
lines. Faces with high growth rates Ri 
cannot persist in the growth process. 
In this example face A will prevail.  
Note that the distances between the 
solid lines do not correspond to the 
lattice plane distances d(h k l).  

 

 

Fig. 3-9  
This picture taken by scanning electron micros-
copy shows the partly reacted precursor. The 
annealing process (heating rate: 1 K/s) was 
interrupted at 370°C followed by quenching  
with �3.3 K/s. This is either fast enough to 
circumvent the γ → β → α phase transitions  
of CuSe, or at least to preserve the crystal habit 
(pseudomorphs(*) after γ-CuSe). The film com-
position is [Cu]÷[In] = 11:9, [Se]÷([Cu]+[In]) = 
= 1.25. The crystal platelets present a habit as 
typical for γ-CuSe, showing well-developed 
{0 0 1} and {1 0 0} faces. These faces are the  
two most important ones as per the BFNDH law. 
The inclined platelets are sticking in the stacked elemental layer precursor layer. Obviously the 
material transport, i.e. of cations delivered from the metallic sublayer, took place perpendicularly 
to the {0 0 1} direction, or, in between the γ-CuSe motif layers (see definition below). This explains 
both why the {0 0 1} faces are best pronounced, and why the platelets stick out of the precursor.  

 

                                                 
(*) Pseudomorph, from the Greek  ψευδής  µορϕή:  false form  
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Since the BFNDH law states that the lowest growth rate R(h k l) corresponds to the largest lattice 
spacing d(h k l), the task is to calculate values for d(h k l) of those lattice planes (h k l) referring to 
non-extinct reflections h k l. The larger such a lattice spacing is the higher is the probability of the 
corresponding lattice plane {h k l} to occur as crystal face. The most probable faces can be ordered 
after their lattice spacing distance resulting in a ranking list. The calculations of these ranking lists 
have been performed for all structures discussed in chapter 6 with the aim to recognise those crystal 
faces which can principally serve for epitactical growth in chemical solid-state reactions.  

Prior to the theoretical investigations the validity of the BFNDH law for the applied tempering 
processes had to be ensured. For this purpose a typical annealing process of a stacked elemental 
layer precursor had been interrupted to take a scanning electron micrograph (fig. 3-9). The picture 
shows that crystal platelets of γ-CuSe have been formed. Moreover, they are bordered exclusively 
by faces predicted by the BFNDH law. Another example of a solution grown α-CuInSe2 crystal is 
shown by TIMMO et al. (fig. 3-10). This perfect agreement between experimental observation and 
prediction in both cases confirms once more that the BFNDH law proves true, even for crystal 
growth at steadily increasing temperature.  
 

 

Fig. 3-10 (taken from 3-25)  

This α-CuInSe2 crystal was grown in KI solution 
(see [3-25] for details). It shows eight {1 1 2} 
faces. The four large ones shape the tetrahedron 
whereas the four small ones are located opposite 
capping the corners. These two groups are caused 
by the different growth rates, since the {1 1 2} 
faces have polar surfaces. The rounded corners 
are probably due to the formation of {1 0 1} 
and{1 0 3} faces. This agrees with the BFNDH 
law which predicts that the  
{1 0 1}, {1 1 2} and {1 0 3} faces will develop 
preferentially.  

 

The MILLER indices in this work used for trigonal structures always refer to hexagonal axes. The 
abbreviations for point symmetry and space groups refer to the international standards [3-26]. The 
structure representation was done with the software POWDERCELL [3-27]. In all figures the radii of 
the atoms are set to half the size of SHANNONs �crystal radii� r for tetrahedral coordination: 
r(Cu+) = 74 pm, r(In3+) = 76 pm, r(Ga3+) = 61 pm, r(Na+) = 113 pm and r(Se2�) = 184 pm [3-28].  

One important idea for the description of topotactic solid-state reactions in chapter 6.2 is the break-
up of layered crystal structures into their subunits, which will be referred to as �motifs� in the 
following. These motifs are formulated in a subgroup of the space group of the crystal structure.  

Hexagonal close packed structures are stacked along the <0 0 1> axis like ABAB�. The atomic 
arrangement in layers A and B is identical, however the layers are shifted by the translation vector 
(1/3, 2/3, 1/2). These hexagonal crystal structures consisting of two identical layers are often indicated 
by adding �2H� at the beginning of their formula unit. For a cubic close packed crystal structure the 
stacking sequence is ABCABC� along the <1 1 1> direction. The A layer is repeated after a 
translation of (1/3, 2/3, 1/3), indicated as B, and a third time after a translation of (2/3, 1/3, 2/3), called C. 
The translation vectors refer to the hexagonal setting. The unit cell can be reduced to one third of its 
volume choosing rhombohedral axes. Therefore this way of stacking is usually abbreviated as �3R�. 
To describe the surface of these layers perpendicular to their stacking direction, it is sufficient to 
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restrain to one layer, which is the motif of the whole structure. Using the crystal structure of γ-CuSe 
as an example, it shall be illustrated how the motif is derived in this case.  

The hexagonal crystal structure of γ-CuSe contains one motif (fig. 3-11a) repeating twice along the 
<0 0 1> axis. Thus, this structure is regarded as a 2H type. To obtain the subcell containing only one 
motif one has to cut the unit cell of γ-CuSe perpendicularly to the <0 0 1> axis at z = 1/2. After this 
step each half contains one motif (fig. 3-11b). Consequently, the lattice parameter c of the sub-
structure will be half of that for the unit cell of γ-CuSe. Thus, the values z of all fractional atomic 
coordinates (x, y, z) have to be doubled. For the description of epitactic reactions it is enough to 
restrict these considerations to one motif rather than the complete unit cell of γ-CuSe, if one 
considers epitaxy on the {0 0 1} lattice plane.  

 

 
 
 

a) b)  

 
 

Fig. 3-11  

The structure of γ-CuSe (b) 
consists of two stacked motifs (a). 
The stacking sequence of the Se2� 
anion layers is indicated by capital 
letters.  
The heights of the depicted unit 
cells are 1/2c and c for a) and b), 
respectively.  
Cu+: dark, Se�: bright balls 

 

For crystal structures existing in several polytypes, like InSe or GaSe, the description of epitactic 
relations becomes independent of the the fact polytype because these structures differ from each 
other just in the way of stacking identical motifs.  

Therefore, the concept of introducing motifs will be applied for all layered crystal structures which 
contain different bonding types (ionic, covalent, VAN-DER-WAALS bonds). The weakest bonding 
type always connects the motifs with each other. For example, InSe and GaSe contain covalent 
bonds within the motifs, which are themselves interconnected by VAN-DER-WAALS interaction. 
Another possibility is realised in the crystal structures of β-In2Se3 and γ-CuSe which are built from 
ions, whereas the motifs are interconnected by VAN-DER-WAALS and covalent bonds, respectively.  

 

3.2.1  Ionic compounds  
3.2.1.1  Cu2�xSe  

Two modifications of this compound exist: The α-phase, stable below 134°C (fig. 3-2), and the 
high temperature β-phase, which can vary within the range 0 ≤ x ≤ 0.3 in composition [3-29]. For 
simplicity we confine our considerations to stoichiometrical β-Cu2Se with x = 0. The high 
temperature modification β-Cu2Se crystallises in the cubic space group F �4 3 m. Its structure 
consists of an immobile zincblende type lattice with the excessive copper cations statistically 
distributed over three different sites (table 3-2). This distribution facilitates the cation conductivity 
of β-Cu2Se, achieved by mobile Cu+ cations on the copper sites (4b) and (16e) [3-29]. In addition, 
the electrons are mobile, too, causing the ambipolar ion conductivity in the phase β-Cu2Se [3-30]. 
The activation energy for the ion conductivity along the <1 1 1> direction is extremely low (0.10 eV  
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Table 3-2:  Ion distribution in β-Cu2Se at 170°C, a = 584.0 pm [3-29]   
 

 

Atom Wyckoff 
site 

Point 
symmetry 

 

Coordination Occupation 
(atoms) 

 

Remarks 

Se   4a �4 3 m tetrahedral 4 

Cu   4c �4 3 m ´´ 4 

Sphalerite type sublattice,  
not ion conductive  

Cu   4b �4 3 m octahedral 0.8 

Cu 16e    . 3 m trigonal 3.2 

Voids cause cation conductivity, 
Cu+ transport via 4b�16e�16e�4b 

 

[3-31], 0.16 eV [3-32] both experimental; 0.12 eV [3-33], calculated). The network of vacant 
crystallographic sites offers the possibility of efficient Cu+ transport. Equilibrium shape crystal 
growth experiments [3-30] prove that the growing rate, or the cation conductivity, respectively, is 
minimal along the <1 1 1> direction, whereas the maximal growing rate was found along <1 1 0>. 
This means that the cation conductivity is maximal perpendicular to the {1 1 0} planes, where the 
structure possesses its largest channel like voids. All ions in the {1 1 1} plane are arranged in 
hexagons (fig. 3-12).  
 

 

 
Fig. 3-12  

The zincblende sublattice of β-Cu2Se and β-Ga2Se3. The cations and 
Se2� anions are each stacked like ABC along the <1 1 1> direction.  
Cu+: dark, Se2�: bright balls 

 

The BFNDH law lets us expect the {1 1 1}, {1 0 0} and {1 1 0} faces to be preferred. However, due 
to the cation conductivity there is no homogeneous material transport for growth. Since the cation 
conductivity is lowest along the <1 1 1> direction, the only faces developing are the {1 1 1} planes, 
as experimentally shown [3-30].  

 
3.2.1.2  Ga2Se3  
 

 

 

 

a)  b)  

Fig. 3-13  
The monoclinic crystal structure 
of α-Ga2Se3 viewed along its 
unique axis [0 1 0] (a) and as an 
overview (b). The Ga3+ cations 
are arranged in slightly 
corrugated distorted hexagons. 
A similar cation alignment is 
found in the {1 0 0} and {0 0 1} 
lattice planes, too. Ga3+: dark, 
Se2�: bright balls 
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This compound is known to crystallise in two modifications. Above 730°C (cf. fig. 3-4) the high 
temperature β-phase crystallises as sphalerite type (space group F �4 3 m; a = 542.9 pm [3-34]). All 
atoms are located on sites with the point symmetry �4 3 m. The Se2� anions occupy the (4a) site and 
22/3 Ga3+ cations statistically occupy the (4c) site partially. The mobile cations make this phase 
cation conductive, like β-Cu2Se. The sphalerite type sublattices of both phases are isostructural to 
each other.  

As a consequence of the cation conductivity of the β-phase the BFNDH law cannot be applied here, 
like in the case of β-Cu2Se. In analogy to β-Cu2Se the {1 1 1} faces are expected to occur as the 
only crystal faces.  

Below 730°C the Ga3+ cations are entirely ordered reducing their point symmetry to 1. The α-phase 
can be regarded as a monoclinic superstructure (space group C c; a = c = 666 pm, b = 1165 pm and 
β = 108.12° [3-35]) of the basic distorted sphalerite type of the β-Ga2Se3 structure. The Se2� anions 
are arranged in slightly distorted corrugated hexagons on the {1 0 0}, {0 1 0} (fig. 3-13a) and {0 0 1} 
planes. They are stacked in the sequence AB along the <0 1 0> direction (fig. 3-13b).  

The following faces are expected to develop: {0 1 0}, {1 1 0}, {�1 1 0}, {0 2 1} and {1 1 1}.  

 

3.2.1.3  CuInSe2 and CuGaSe2  
 

Table 3-3:  Crystallographic data of α-CuInSe2 and α-CuGaSe2
 

 

Atom Wyckoff 
site 

 

x Point 
symmetry 

 

Coordination 

 

Cu 
 

4a 
 

0 
 

�4 . . tetrahedral,  
slightly distorted

In / Ga 4b 0 �4 . . ´´ 
 

Se 
 

8d 0.2271 1) 
0.259   2)

 

   . 2 . 
 

´´ 

1) for α-CuInSe2 (a = 578.149 pm, c = 1161.879 pm [3-36])  
2) for α-CuGaSe2 (a = 561.4 pm, c = 1102.2 pm [3-37]) 
 

  

a)  

Fig. 3-14  

a) The chalcopyrite structure.  
b) View on the {1 1 2} plane.  
c) Corrugated centred distorted 
Se2� hexagons are assembled by 
taking two adjacent layers of the 
{1 1 0} / {1 0 2} planes  

Cu+: dark, In3+ or Ga3+: bright, 
small balls, Se2�: large bright balls 

 

     b)  

 

c)  

 

The isostructural α-phases of both compounds crystallise in the space group I �4 2 d (table 3-3) with 
the same atomic arrangement as in the chalcopyrite structure (fig. 3-14a), CuFeS2 [3-38]. 
Neglecting the tetragonal distortions (c ≠2a and x(Se) ≠ 1/4) and not distinguishing between the 
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cations, the structures of α-CuInSe2 and α-CuGaSe2 are equal to the immobile sphalerite sublattice 
of β-Cu2Se with almost equal lattice parameters. The cubic β-modification of the two chalcopyrites 
can be achieved through a structural phase transition in CuInSe2 at 812°C [3-8] and in CuGaSe2 at 
1054°C [3-33].  

It is well probable that the formation reactions described in chapter 6.2 do not directly yield to the 
tetragonal α-phases, in which the cations are ordered on a long range. As a consequence of the 
cation exchange, the cubic β-phase might form intermediately until the cations have arranged 
themselves according to the chalcopyrite ordering. Such behaviour can be expected, especially at 
the interface where the reactions occur. However, an experimental proof is missing, so far.  

As c ≈ 2a in the α-phase of both chalcopyrites we consider the lattice planes {h k 2l}, {h l 2k} and 
{k 1 2h} as symmetrically equivalent, which is exactly fulfilled for c = 2a and x(Se) = 1/4. 
Consequently, the threefold <1 1 1> direction of the cubic β-modification corresponds to the <1 1 2> 
direction in the tetragonal α-phase. The Se2� anions are lying in the {1 1 2} planes, arranged in 
centred, slightly distorted hexagons (fig. 3-14b). Thus, the formation of {1 1 2} lattice planes of α-
CuInSe2 or α-CuGaSe2 can also be expected if the chalcopyrite compounds are formed by a solid-
state reaction from binary compounds containing plane selenium hexagons on their epitactic faces. 
This situation was found to occur in many formation reactions and will be discussed in chapter 6.2.  

In the {1 1 0} / {1 0 2} planes the Se2� anion sublattice has only twofold symmetry. However, when 
considering two adjacent lattice planes the Se2� anions of both layers complement to corrugated 
centred distorted hexagons (fig. 3-14c). In the formation reaction Cγ the reactant γ-In2Se3 contains 
corrugated centred distorted hexagons in its {1 0 0} lattice plane, like the chalcopyrite structures in 
their {1 1 0} / {1 0 2} planes. This is the reason why the {1 1 0} / {1 0 2} lattice planes might be 
formed instead of the {1 1 2} planes (see chapter 6.2 for details).  

Following the BFNDH law, the most probable faces in both chalcopyrite structures are the {1 0 1}, 
{1 1 2}, {1 0 3}, {0 0 1} and {1 0 0} planes. It shall be emphasised that the {1 1 0} / {1 0 2} planes 
occur not until the tenth place in the list of possible faces. The observation of the latter, �exotic� 
faces as described in chapter 6.2 can be understood as a result of topotactic growth.  

The crystal radii r [18] for Cu+, In3+ and Ga3+ are small in comparison to that of Se2�. The similarity 
of the first three cation radii should ease their interdiffusion to form the quaternary mixed crystal 
compound CuIn1�xGaxSe2 existing for the complete solid solution 0 ≤ x ≤ 1 [3-12, 3-13]. 

 

3.2.1.4  γ-In2Se3  

In2Se3 exists in four modifications depending on composition and temperature. For the scope of this 
work it is sufficient to focus on the β- and the γ-phase, which co-exist between 200°C and 745°C 
[3-5]. The phase transition γ → β enforced due heating has been observed to be irreversible upon 
cooling although the heat of transition is just ΔHβ→γ = 229 J/mol [3-5]. This finding was explained 
by the authors by assuming β-In2Se3 (described in section 3.2.2.3) as a slightly selenium deficient 
compound, whereas the γ-phase is assumed to be stoichiometrical [3-5] (see also [3-8]).  

The crystal structure of γ-In2Se3 is composed of equal amounts of distorted [InSe4]5� tetrahedra and 
distorted [InSe5]7� bipyramids sharing the corners with each other and forming screws along the 
<0 0 1> axis. The space group is P 61 or P 65 with a = 712.86 pm and c = 1938.1 pm [3-39]. All 
atoms occupy general positions with point symmetry 1. This arrangement results in a dense 
interconnected network of atoms in which atomic diffusion is inhibited (fig. 3-15).  
The {0 0 1} faces are built up from centred hexagons of In3+ with a distance of 713 pm. Since the 
<0 0 1> axis is a screw axis, the crystal structure is polar and thus the two {0 0 1} faces differ from 
each other. This concerns the anion arrangement: The (0 0 1) lattice plane contains Se2� anions  
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arranged in plane centred hexagons with 713 pm distance to each 
other (fig. 6-11c). The composition of this face is In÷Se = 2:1. 
Each hexagon contains two Se2� anions. The (0 0 �1) plane has an 
atomic ratio of In÷Se = 1:2 and the Se2� anions are ordered in 
slightly corrugated distorted non-centred hexagons with an 
average distance of 413 pm (fig. 6-11b). The distance of the Se2� 
anions projected into the (0 0 �1) plane amounts to 412 pm, 
calculated from the lattice parameter as a/√3. Such a hexagon 
contains four Se2� anions.  

In the {1 0 0} planes one finds the In3+ cations arranged in straight 
chains running along the <�1 2 0> directions with an In�In 
distance of 713 pm. A simple motif like a hexagonal arrangement 
cannot be found. The Se2� anions are ordered in distorted centred 
hexagons. These hexagons are corrugated because four of six Se2� 
anions are located approximately in the {1 0 0} plane whereas the 
two others are roughly lying on a parallel plane in a distance of 
219 pm. The averaged Se2� distance calculates to 409 pm.  

The ranking of faces obtained by the BFNDH law is {1 0 0}, 
{1 0 1}, {1 0 2}, {1 0 3}, {1 0 4}, {1 1 0}, {1 1 1}, {1 1 2}, {1 0 5} 
and {0 0 1}.  

 

Fig. 3-15  

The γ-In2Se3 structure 

In3+: dark,   
Se2�: bright balls 

 

3.2.2  Compounds containing van-der-Waals bonds  
3.2.2.1  InSe and GaSe  
These two compounds contain the same amount of mono- and trivalent cations which are connected 
to each other creating the dications [In2]4+ and [Ga2]4+. This configuration allows that all electrons 
are located in electron pair bonds, which makes the compounds diamagnetic [3-40]. The exchange 
of the two outermost s-electrons forming this covalent bond between the cations is realised by 
building layered structures: each cation owns one coordination polyhedron, sharing it with the other 
cation located in one of the corners and three surrounding selenium anions located in the remaining 
three corners. As a consequence the selenium anions also arrange in layers which are only 
interconnected by weak VAN-DER-WAALS interaction. An oxidation of the dication to In3+ will break 
the In�In bond perpendicular to the <0 0 1> axis due to the release of the two outermost s-electrons. 
Since the In3+ cations will try to achieve tetrahedral coordination with Se2� anions the Se�Se bond 
perpendicular to the <0 0 1> axis has to break up as a consequence, too. The same is valid for the 
oxidation of the [Ga2]4+ dication.  

For both compounds, at least two allotropic structures were observed, differing only in the way of 
layer stacking along the <0 0 1> direction. In all structures each atom has the point symmetry of 3 m 
and the stacking sequence along the <0 0 1> axis is Se�In�In�Se. Therefore it is sufficient to 
restrain the further description on the common subunit Se�In�In�Se serving as motif, described in 
the subgroup P 3 m 1 (fig. 3-16).  

The 2H modification of InSe is obtained by stacking two motifs with the translation vector 
(1/3, 2/3, 1), whereas the 3R modification is built up from three motifs, each shifted by (2/3, 1/3, 1). For 
our considerations it is sufficient to restrict the structural description to the motif (table 3-4). 
Moreover, it was experimentally shown that the 2H polytype contains stacking faults along <0 0 1> 
resulting in 2D platelets with a thickness of just one or two motifs [3-41]. The {0 0 1} plane of the 
structure is built up from regular centred selenium polygons (fig. 6-5b).  
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Table 3-4:  Data for 2H-InSe and 3R-InSe, and the motif derived from the 2H and 3R polytype  
 

 

Compound Space 
group 

 

Atom Wyckoff 
site 

 

z  Point 
symmetry 

a  
[pm] 

c  
[pm] 

InSe (2H, β)  [3-41] P 63/m m c In 4f 0.157   3 m . 405 1693 

  Se 4f 0.602   3 m .   

InSe (3R, γ)  [3-42] R 3 m In 3a 0 3 m 400.2 2494.6 

  In 3a 0.11104 3 m   

  Se 3a 0.61674 3 m   

  Se 3a 0.82840 3 m   

InSe (motif, 2H) P 3 m 1 In 1b 0.314   3 m . 405 846.5 

  In 1b 0.684   3 m .   

  Se 1a 0.204   3 m .   

  Se 1a 0.796   3 m .   

InSe (motif, 3R) P 3 m 1 In 1b 0.3334   3 m . 400.2 831.53 

  In 1b 0.6666   3 m .   

  Se 1a 0.1825   3 m .   

  Se 1a 0.8175   3 m .   

 

a)  
 

 
 

Fig. 3-16  
a) The structure of the InSe 
motif, 2H-InSe (b) and 3R-
InSe (c)  
In2+: dark, Se2�: bright balls  

b)  

c)
 

The BFNDH law has to be applied to both InSe polytypes separately. For 2H-InSe we get {0 0 1}, 
{1 0 0}, {1 0 1}, {1 0 2} and {1 0 3}, whereas for 3H-InSe the order is: {0 0 1}, {1 0 1}, {0 0 2}, 
{0 0 4} and {0 0 5}. Thus, we always have to expect {0 0 1} faces independent of the polytype, 
which agrees with the observation of thin platelets [3-41].  
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Two polytypes [3-43] of GaSe, 2H (a = 375.5 pm, c = 1594 pm) and 3R (a = 375.5 pm, 
c = 2392 pm), are isostructural to those of InSe. Another 2H polytype (space group: P �6 m 2; 
a = 374.3 pm, c = 1591.9 pm) has been reported [3-44]. As a consequence of the structural 
similarity, GaSe and InSe can grow topotactically on each other [3-45] or form GaxIn1�xSe mixed 
crystals [3-46]. The GaSe polytypes can be derived from a GaSe motif in analogy to that given for 
InSe. The energy necessary to introduce stacking faults is relatively small [3-47] for the GaSe 
polytypes as compared to that energy needed to produce stacking faults in the 2H-GaS structure 
type. Thus, the energy for stacking faults in the InSe polytypes can be expected to be low, too. 
Therefore, a structural description independent of stacking faults and resulting polytypism is 
advantageous. This example underlines the importance of introducing a common structure motif.  

Both GaSe and InSe contain univalent cations. As gallium is located one period above indium in the 
periodic table of the elements, its univalent oxidation state, Ga+, is less stable than In+. This is due 
to the general trend, according to which the stability of the highest oxidation state decreases 
downwards within main groups of the periodic table [3-48]. Consequently, it can be followed, that 
if GaSe and InSe are simultaneously exposed to elemental selenium, GaSe will selenise at first to 
Ga2Se3, for Ga3+ to achieve its most stable oxidation state. In2Se3 will not appear, as long as the 
former reaction is completed. Indeed, the compounds InSe and Ga2Se3 have been found to coexist 
when partially selenising an CuIn0.75Ga0.25 alloy [3-49].  

 

3.2.2.2  In6Se7  
This compound can be formally written as (In+)[In2]4+(In3+)3(Se2�)7 indicating the presence of In+ 
and In3+ cations. One half of the In+ cations is bonded in the [In2]4+ dication like in InSe, whereas 
the remaining third forms chains along the [0 1 0] axis. The In3+ cations are surrounded by six Se2� 
anions building up an octahedron. The crystal structure (space group P 21/m; a = 943.3 pm, 
b = 406.4 pm, c = 1766.3 pm, β = 100.92° [3-50]) is well interconnected in different directions. 
Favoured faces are {0 0 1}, {1 0 0}, {�1 0 1}, {1 0 1} and {�1 0 2}.  

 

3.2.2.3  β-In2Se3  
 

Table 3-5:  Crystallographic data for β-In2Se3  
 

 

Compound Space 
group 

 

Atom Wyckoff 
site 

 

z  Point 
symmetry 

Coordination 
polyhedron 

β-In2Se3  R �3 m Se 3a 0 �3 m octahedron 

  Se 6c 0.222   3 m trigonal pyramid 

  In 6c 0.401   3 m distorted octahedron 

β-In2Se3 (motif) P �3 m 1 Se 1b 0.5  �3 m . octahedron 

  Se 2d 0.166    3 m . trigonal pyramid 

  In 2d 0.703    3 m . distorted octahedron 

 

The β-phase is a rhombohedral layered structure with a = 405 pm and c = 2941 pm [3-51]. The unit 
cell contains three formula units stacked in three layers. Each layer corresponds to a motif which 
can be described in the subgroup P �3 m 1 (table 3-5, fig. 3-17) with the lattice parameters a and c/3.  
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b)  

 

The structure can be derived by 
stacking two motifs with the 
translation vector (1/3, 2/3, 1). The 
ratio of the axes is c/3a ≈ 2.42, 
which deviates only by 12� from 
√6 which is the ideal c/a ratio for 
cubic close packed structures. The 
Se�Se bonds connecting these 
motifs are of VAN-DER-WAALS 
type, so that the structure can easily 
break up along the <0 0 1> axis into 
its motifs. However, since In3+ and 
Se2� are both present in their most 
stable oxidation state one cannot 
expect an electron transfer assisted 
reaction mechanism destabilising 
the structure as it is possible for 
InSe, GaSe or γ-CuSe. 

On the {0 0 1} plane the structure is 
built up from centred hexagons of 
In3+ and Se2� (fig.3-17b).  

 

 
a) 

Fig. 3-17  

The β-In2Se3 structure (a) 
and its motif (b). The Se2� 
anions within each motif are 
stacked in the order ABC, 
which coincides with the 
stacking sequence for the 
motifs.  

In3+: dark, Se2�: bright balls 

Contrary to γ-In2Se3, the BFNDH law predicts that the β-phase forms the {0 0 1} face. This normal 
of this face is parallel to the direction in which VAN-DER-WAALS bonding occurs.  

The BFNDH ranking list is: {0 0 1}, then {1 0 1}, {1 0 2}, {1 0 4} and {1 0 5}. 

 

3.2.3  Compounds containing covalent bonds without van-der-Waals bonds  
3.2.3.1  γ-CuSe  
 

Table 3-6: Site symmetry in γ-CuSe, a = 398.0 pm and c = 1725.4 pm at 242°C [3-52];  
the lattice parameters for the motif are a and 1/2c.  
 

 

Compound Space  
group 

 

Atom Wyckoff 
site 

 

z  Point 
symmetry 

Coordination 
polyhedron 

γ-CuSe (2H) P 63/m m c Cu 2d 3/4 �6 m 2 equilateral triangle 

  Se 2c 1/4 �6 m 2 trigonal bipyramid 

  Cu 4f 0.1076  3 m . distorted tetrahedron 

  Se 4e 0.0687  3 m . ´´ 

γ-CuSe (motif) P �6 m 2 Cu 1f 0.5 �6 m 2 equilateral triangle 

  Se 1d 0.5 �6 m 2 trigonal bipyramid 

  Cu 2h 0.7848  3 m . distorted tetrahedron 

  Se 2g 0.8626  3 m . ´´ 
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CuSe is known in three structurally related modifications depending on the temperature [3-53]. The 
hexagonal α-phase, stable at room temperature, transforms into the orthorhombic β-phase at 51°C 
and the latter into γ-CuSe above 120°C. The γ-phase finally thermally decomposes at 377°C into 
Cu2�xSe and a selenium rich melt (see fig. 3-2).  

The hexagonal γ-phase contains Se�Se layers perpendicular to <0 0 1> as InSe and GaSe do. 
However, since γ-CuSe contains Cu+ ions [3-54], the valency of selenium is �1, as known from its 
polyanion [Se2]2�, which identifies this compound as a polyselenide. In consequence, the Se�Se 
layers are interconnected by covalent bonds. There are no metal�metal bonds as in InSe or GaSe, 
which makes this crystal structure more densely packed. In comparison: one unit cell of γ-CuSe 
contains six formula units whereas 2H-InSe or 2H-GaSe contain only four at nearly equal cell 
dimensions (table 3-6). In analogy to the description of InSe, a unit cell for the CuSe-motif was 
constructed in the subgroup P �6 m 2 containing the atomic sequence Se�Cu�(Cu,Se)�Cu�Se along 
<0 0 1> direction.  

One unit cell of γ-CuSe is obtained by stacking two motives, one after a rotation of 180° around the 
<0 0 1> axis. The latter is necessary due to the 63 screw axis in the space group symbol of the  
γ-CuSe crystal structure (fig. 3-11).  

The structure of γ-CuSe contains one Se�Se bond in the coordination polyhedron around Se (4e). 
This distorted tetrahedron is built from one Se (4e) and three Cu (4f) atoms. If the Se�Se bond is 
destroyed by reduction of Se� to Se2�, the structure will break into two halves perpendicular to the 
<0 0 1> direction. In contrast to InSe or GaSe there are no double layers of metal atoms facilitating 
another separation into {0 0 1} layers.  

According to the BFNDH law the following faces are expected: {0 0 1}, {1 0 0}, {1 0 1}, {1 0 2} and 
{1 0 3}. The appearance of the first two of them during tempering a stacked elemental layer 
precursor was confirmed by scanning electron microscope pictures (fig. 3-9).  

Because γ-CuSe, InSe and GaSe are all layered structures, they will decompose into subunits of 
different sizes due to oxidation. The subunits formed are (CuSe)3 in the case of γ-CuSe, whereas the 
InSe and GaSe structures will at first decompose into their motifs, (InSe)2 and (GaSe)2, and due to 
oxidation of the cations finally disintegrate into units of (InSe) and (GaSe).  

 

3.2.3.2  In4Se3  
This compound, formally written as (In+)[In3

5+](Se2�)3, contains In+ and In3+ cations and crystallises 
in the space group P n n m; a = 1529.6 pm, b = 1230.8 pm, c = 408.06 pm [3-55]. The atoms are 
connected via a three dimensional network of bonds in which all atoms are aligned along the 
<0 0 1> axis. The polycation [In3]5+ contains covalent bonds. The In4Se3 crystal structure can be 
considered as a defect structure of InSe. The crystallographic description for the structural transition 
of In4Se3 to InSe (= 1/4

 In4Se4) by the formal uptake of one Se atom and the oxidation of a fraction 
of the In+ cations requires many complex intermediate steps [3-56].  

Applying the BFNDH law gives {1 1 0}, {1 0 0}, {2 1 0}, {0 1 0}, {1 2 0} as possible faces.  

 

3.2.3.3  CuSe2  
CuSe2 (space group P n n m; a = 500.5 pm, b = 618.2 pm, c = 374.0 pm [3-57]) is a polyselenide  
[3-54] like CuSe, but with the oxidation state �1/2 of selenium in the polyanion [Se4]2�. This copper 
polyselenide forms a dense interconnected network of bonds. The Cu+ cations (point symmetry: 
. . 2/m) are surrounded by six selenium atoms resulting in a distorted octahedron. The selenium 
atoms form one covalent Se�Se and three Se�Cu bonds in a distorted tetrahedral arrangement with 
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the point symmetry . . m. A reduction of selenium will break up the covalent bonds and, 
consecutively, the whole crystal structure.  

Expected faces according to the BNFDH law are {1 1 0}, {0 1 1}, {0 1 0}, {1 0 1} and {1 1 1}.  

 

3.2.3.4  Selenium 

Although selenium is an element rather than a compound, its structural description has been added 
here to introduce the mechanism how long interconnected atomic chains present in liquid selenium 
can release single atoms.  

Selenium exists in three crystalline (α, β, γ) and two amorphous modifications [3-58]. The grey 
(metallic) γ-modification is formed when the monoclinic α- or β-phase are heated to 120°C [3-59]. 
The crystal structure of γ-Se is trigonal (space group P 31

 2 1 or P 32
 2 1; a = 436.62 pm, 

c = 495.36 pm [3-60]) containing helical selenium chains with a bond angle of 103°. Grey selenium 
melts at 221°C [3-7]. The melt contains selenium chains [Sen] like in the γ-modification with a 
chain length of n ≈ 3500 at 270°C decreasing to n ≈ 450 at 370°C [3-61]. All bonds are sp3 
hybridised and thus the selenium chains can freely rotate with an ideal bond angle of  
arccos (�1/3) ≈ 109.5°.  

The selenium chains can be broken up by adding alkali metals in the range of 1 at-% to a selenium 
melt. The valence electrons of the alkali metal will electronically saturate the selenium atoms at the 
chain endings [3-62] and subsequently reduce the chain length m+n as follows:  

 [Sem+n]0 + 2 Na  → [Sem+n]2� + 2 Na+  

 [Sem+n]2� + 2 Na → [Sem]2� + [Sen]2� + 2 Na+  

For this reaction the addition of an alkali metal in elemental form is required. It shall be emphasised 
that sodium doping, as applied for the growth of Cu(In,Ga)Se2 using different sodium compounds 
(see [3-63] and references therein) containing Na+ cations, will not have this effect. However, the 
uptake of electrons by the selenium melt as induced by a redox reaction is expected to have the 
same effect. In this case selenium anions will be released from the selenium chains. This can be 
derived from the equations above by formal subtraction of Na+ for n = 1:  

 [Sem+1]2� + 2 e� → [Sem]2� + Se2�  

This reaction makes Se2� anions easily available for a solid-liquid interface located anywhere in the 
highly viscous selenium melt.  
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4  Samples and sample surrounding  
 

 

The intention of this work was to clear up the chemical formation reactions of Cu(In,Ga)Se2 during 
the annealing of stacked elemental layer precursors. During heating the selenium cover layer begins 
to evaporate due to its increasing vapour pressure which results in selenium loss. This was 
compensated for in the synchrotron measurements by evaporating elemental selenium from a heated 
source or, alternatively, by covering the precursors with a 0.06 mm thick coverslip (float glass) to 
prevent the amount of selenium present on the precursor from evaporation. The coverslip had been 
coated with a Si3N4 barrier layer to prevent sodium from diffusion into the film and to influence the 
reactions. To provide a high selenium excess in the subsequent laboratory experiments additional 
selenium powder has been added to the precursor and enclosed by a polyimide foil covering the 
sample. The precursors were cut into square pieces with a surface of 1 cm2. These samples were 
mounted on a ceramic heater enclosed in an evacuated reaction chamber. This chamber was 
mounted on a goniometer to adjust the ideal sample tilt and the detector position.  

 

 

4.1  Description of the samples  
 

The precursor layers were deposited on float glass substrates covered with a Si3N4 barrier to avoid 
diffusion of sodium from the glass into the precursor layer while heating. Such a barrier layer is 
essential to study the influence of purposeful sodium doping added to the precursor. The thickness 
of the glass substrates was 2 mm for the synchrotron and 3 mm for the laboratory measurements. 
This increase is a disadvantage as far as the temperature difference between the backside of the 
sample and its surface is concerned. However, this measure was necessary to obtain glass substrates 
coated with the diffusion barrier.  

 

 

 

 

   

Fig. 4-1:  Annealed precursors  

Upper row: Precursors  
investigated in the  
synchrotron experiments  
Lower row: Stacked elemental  
layer precursors and binary  
bilayer samples investigated  
in laboratory experiments.  
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On top a 0.5 µm thick layer of <1 1 0> textured molybdenum was deposited by dc magnetron 
sputtering. This layer serves as the back electrode in the ready-processed thin film solar cell, thus it 
was always added to achieve the same experimental conditions as in the industrially applied growth 
process. Additionally, this layer serves as an internal standard for the x-ray diffraction to eliminate 
the height aberration of the sample position (fig. 2-13).  

The molybdenum layer was covered by two layers containing all the elements necessary for the 
absorber formation. Two different types of samples have been studied, they are schematically 
drawn in fig. 4-1.  

 

4.1.1  Stacked elemental layer precursors  
This kind of samples consists of several elemental layers which were deposited onto each other. 
Although, this will result in the sudden formation of intermetallic compounds like Cu11In9, 
Cu11(In,Ga)9 and CuIn2 [4-1] this sample type will be referred to as stacked elemental layer sample. 
Below this term will be abbreviated as �SEL�.  

On top of the molybdenum back electrode a layer containing those metals, which will directly take 
part in the absorber formation, is deposited. In the easiest case (e.g. for the synthesis of CuInSe2) it 
is sufficient to deposit the elements copper and indium by dc magnetron sputtering. In some 
precursors, a fraction of indium was replaced by gallium. The amount of the elements has been 
calculated in such a way that a 1.6 µm thick dense layer of CuInSe2 or Cu(In,Ga)Se2 was able to 
form from the starting material. The precursors were adjusted slightly copper deficient 
([Cu] ÷ ([In]+[Ga]) = 0.9) in composition with a molar coating of 28 mmol of indium plus gallium 
per square metre. If gallium had been introduced to the precursors its total amount was either 
[Ga] ÷ ([Cu]+[Ga]) = 0.15 or 0.25(*). To one part of the precursors sodium was added, since it is 
known to affect the growth process [4-2]. The amount of sodium doping added to some samples 
amounts to [Na] ÷ [In] < 0.01. Due to its low concentration sodium cannot be regarded as a matrix 
component rather than as a dopant.  

On top of this metallic layer elemental selenium was evaporated. The amount was adjusted to 1.2× 
of the stoichiometrical amount necessary to selenise the metallic layer for the synchrotron 
experiments. After deposition this layer is x-ray amorphous but will start to crystallise upon heating 
at 120°C [4-3].  

 

Fig. 4-2: Seclusion of excessive selenium to the precursor sample   
Sample on glass, selenium powder, polyimide foil and iron clamp (from left to right). 

                                                 
(*) The gallium containing precursors for the synchrotron experiments had a gallium concentration 

of 15%. In the last laboratory experiments which are discussed in this work the gallium content 
was increased to 25% to be able to detect the reaction path of gallium more clearly.  
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In the experiments at the synchrotron this slight selenium excess was tried to be kept on the sample 
during annealing by evaporating selenium continuously from a heated source within the reaction 
chamber or by using a coverslide.  

For the laboratory experiments high selenium excess conditions have been realised by adding 
selenium powder on top of the evaporated selenium layer to adjust a selenium excess of 
approximately 10× the stoichiometrical amount. In this case the selenium excess was enclosed on 
the precursors by a 7 µm thick polyimide foil temporarily stuck to the sample by one drop of 
isopropanol and finally fixed by an 0.1 mm thick iron foil containing a 9 mm wide hole (fig. 4-2).  

 

4.1.2  Binary bilayer samples  
To observe some formation reactions separated from other processes, two different bilayer 
precursors have been studied in laboratory experiments, a InSe / CuSe and a Ga2Se3

 / Cu2Se bilayer 
stack. The masses of the layers were chosen in such a way that a molar coating of 28 mmol of either 
indium or gallium were deposited per square metre.  

The bilayer of CuSe on top of InSe was synthesised by a two-step process: InSe was evaporated, 
annealed with 5 K/s up to 410°C and subsequently cooled down in a nitrogen atmosphere. This 
facilitates the crystallisation of InSe. Then copper was deposited by dc magnetron sputtering and 
1.1× the stoichiometrical amount of selenium was evaporated. The formation of CuSe takes place 
instantaneously during the evaporation.  

The second precursor consisted of Cu2Se on top of an amorphous Ga2Se3 layer. Ga2Se3 was 
evaporated, but no annealing step facilitated its crystallisation. The copper was sputtered and 
selenium was evaporated with 1.1× excess.  

The copper selenide compounds had to be deposited on top of the indium or gallium selenides. If 
done in the reverse order the bilayer stack did not adhere to the molybdenum layer or peeled off 
completely during the annealing process.  

 

 

4.2  Sample environment  
 

To perform the annealing process of stacked elemental layers in a selenium atmosphere a reaction 
chamber was constructed. This chamber consists of a ceramic sample heater located above the 
selenium evaporation source to maintain the selenium supply throughout the annealing process. The 
sample temperature was controlled by a master-slave set-up which was realised by mounting two 
resistance thermometers (Pt-100) close to the sample (fig 4-3a). The chamber was equipped with 
two x-ray transparent windows consisting of 75 µm thick polyimide foil for the primary beam to 
enter and the diffracted pattern to leave (fig. 4-3b). The whole equipment was designed to be 
mounted onto a two-circle or a modified six-circle goniometer as depicted in fig. 2-23.  

For the measurements a vacuum pressure of 10�2 Pa could be achieved. During the annealing 
process selenium vapour was generated within the reaction chamber, either by intended evaporation 
from the heated source and / or due to unintended evaporation from the sample itself. Most of the 
selenium was already adsorbed by a 1 cm thick metal foam filter installed before the vacuum tubes 
leading to the vacuum pumps. Nevertheless, gaseous selenium and H2Se, which was formed by 
reaction with residual water vapour in the system, could not be filtered out completely. Since H2Se 
is very toxic a special filter was installed after the pump system exit. This system consisted of a 
particle filter followed by four washing flasks. Three of them contained H2O2 and NaOH aqueous 



 
 
78 

solutions (3% and 0.1 molar, respectively) to oxidise elemental selenium to SeO2 and to extract 
H2Se and SeO2 as selenide and selenite, respectively (fig. 4-4). After this chemical wet filter has 
been installed H2Se is not noticeable at the exhaust any more.  

 

a)   b)  

Fig. 4-3:  Reaction chamber  

a) The sample was mounted on a steel plate above the ceramic heater within the reaction chamber. 
The x-ray beam was incident from the left side and emerging partially scattered to the right as 
marked in white on the sample. An additional sample coverage (coverslide or polyimide foil)  
could be added on top of the sample and fixed by two iron clamps. During the annealing process 
the sample was positioned upside down, as the selenium evaporation source was located in the base 
of the reaction chamber (b).  
On picture b) taken during annealing the ceramic heating rod (I) is perceived easily due to its 
glowing. The view goes through the exit window towards the x-ray entrance window (II). Both 
windows consist of a 75 µm polyimide foil and are thus x-ray transparent. Underneath the heating 
rod the cylindrical cover of the selenium evaporation source (III) might be recognised.  

 

 
Fig. 4-4:  Filter system to clean the pump exhaust from selenium and H2Se.  
The leftmost washing flask is intentionally left empty serving as a non-return finger device to 
protect the particle filters and the pump from the aqueous solutions in case that the air flow changes 
its direction. The wet chemical filter system is based on the following reactions, which are likely to 
occur in the three filled washing flasks (from left to right):  
 Flask A)  2 OH� + H2Se    Se2� + 2 H2O  
 Flask B)  2 H2O2 + Se    SeO2 + 2 H2O    H2SeO3 + H2O    HSeO3

� + H+ + H2O  
 Flask C)  2 OH� + SeO2    SeO3

2� + H2O  
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4.2.1  Synchrotron experiments  
In the synchrotron experiments at the beamline ID 15 B at the ESRF the energy of the incident 
beam was set to 81 keV (λ = 15.3 pm). The reaction chamber was fixed onto a two-circle-
goniometer with an additional z-translation to position the thin film within the primary beam. The 
sample geometry was adjusted for zero incidence (i.e. ψ = 0, χ = 0  ⇒   α = 0) as described in 
chapter 2.3.1.1. The incident beam was limited to a height of 40 µm and 300 µm in width. The 
penetration depth (corresponding to a decay of 1/e in intensity) in CuInSe2 for this high energetic 
radiation approaches 1 mm. The scattering angles required for a phase analysis become smaller than 
2θ ≈ 5°. In this case the beam exit window was large enough to allow almost 360° azimuth angle of 
the ring pattern to leave the reaction chamber as in the preceding experiments of BRUMMER et al. 
[4-4]. The image intensifier detector was placed 100 cm behind the sample so that the primary beam 
hit the detector area centrally and under normal incidence. A 6 cm long beam-stop consisting of 
lead protected the detector from the primary beam.  

During the synchrotron experiments of this work no detector calibration was provided and therefore 
these measurements were not suitable for RIETVELD refinement. Applying the standard sample-
detector distance determination by calibrants (thin foils of iron and aluminium) by FIT2D the 
algorithm does not converge satisfactorily. The detector distortion can at least be compensated for 
partially by using the hypothetical wavelength λ´ = 59.0 pm instead of λ = 15.3 pm as used in the 
experiments. In combination with the use of a hypothetic sample-detector distance z´ (instead of z) 
the BRAGG equation modifies to:  

 2d·sin θ = λ´     with     θ = 1/2·arctan(y/z´)     defined as in fig. 2-13  

The nonlinear dependence θ(y) corrects some of the detector distortion by coincidence. However, to 
avoid confusion among the diffractograms presented in chapter 5 the abscissae of the synchrotron 
data plots are given as reciprocal lattice plane distance d�1 = 2·sin θ / λ instead of the usual 2θ scale.  

The time resolution of the image intensifier detector was 12.4 s per recorded diffraction pattern 
consisting of 2 s illumination and 10.4 s detector read-out time. The temperature was ramped up to 
550°C with 0.5 K/s followed by an annealing time of 900 s at the maximum temperature and 
passive cooling down (fig. 4-6). During the ramp each diffraction pattern averages over an increase 
of 1 K sample temperature due to the illumination time.  

 

 

Fig. 4-6  
Adjusted annealing program  
of the sample and the selenium 
evaporation source.   
The evaporation source supplies 
selenium above the melting point 
of selenium (221°C). This means 
that selenium was provided to the 
sample until it reached 530°C. 
However, the sample temperature 
exceeds the evaporation source 
temperature at t = 10 min.  
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4.2.2  Laboratory experiments  
 

a)  
 

b)  
 
Fig. 4-7:  Laboratory set-up  

a) From right to left: Cylindrical radiation shield of the x-ray tube and high voltage cable, housing 
of the crossed coupled multilayer mirrors, beam tube and modified six-circle goniometer. The 
distance from the focal spot within the x-ray tube to the sample (center of the goniometer) was 
72 cm. The evacuated beam tube between the multilayer mirrors and the goniometer is 31 cm long. 

b) Scheme of the left part of the experimental set-up. The sample tilt is drawn exaggeratedly.  
The distance from the sample to the tilted detector during the experiments was 143 mm.  
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All in-situ measurements on laboratory scale have been performed with a conventional copper 
rotating anode as x-ray source (ELLIOT GX 21). The power was set to i = 75 mA and U = 44 kV in 
combination with a fine focus of 0.3 mm × 3 mm in point focus configuration. The beam passed a 
pair of crossed multilayer mirrors resulting in a parallel monochromatic beam (as described in 
chapter 2.2) containing the Cu-Kα radiation (λ = 154 pm). This beam is finally shaped by a double 
slit system directly in front of the sample to increase the angular resolution (fig. 4-7).  

The angles (see chapter 2.5.4 for definition) were adjusted to  

µ = �31.3°, ν = 25.8°  →  δ = 39.7°  

ψ = 12.0°, χ = �2.2°, θML = 1.1°  →  α = 13.1°  

The tilt angle α causes a rectangular footprint of 0.3 mm × 1.3 mm of the primary x-ray beam on 
the surface of the sample.  

That detector pixel whose surface normal points into the source point of the diffraction pattern at a 
distance of d = 143 mm is located at (xD

 / yD) = (345 / 273) counted in detector pixels. This 
corresponds to the polar coordinates (2θ / ϕ) = (52.6° / 51.7°). The shift of the cartesian coordinate 
system was (xoffset

 / yoffset) = (�200 / �180), expressed in pixels. This means that these measurements 
were performed using the asymmetric reflection geometry. The detector is moved out of its zero 
position in two directions, which results in a tilt angle of the detector plane in respect to the primary 
beam of δ = 39.71°. This facilitates the detection of a large angular range, 14° ≤ 2θ ≤ 76°, since the 
detector diagonal pointed into the zero position, which means that it coincided with a radial 2θ axis.  

The time resolution achieved is 10 s illumination time plus 2.5 s read-out time for the detector. This 
time-resolution seems to be the limit for laboratory powder diffraction experiments providing data 
for a quantitative full pattern analysis, because all optical elements of the set-up have been ideally 
adapted to the x-ray source. A further increase of the resolution is limited by the read-out time of 
most x-ray detection systems. Nevertheless, the main prerequisite for to reaching an illumination 
time in the range of seconds at a laboratory x-ray source is to numerically sum up the intensity on 
the powder rings along the azimuth angle (cf. chapter 2.5.6).  

The samples were processed by a PID controlled heating program, in which the sample reached a 
maximum temperature of approximately 450°C within 900 s. The real surface temperature at some 
points of the annealing process could be reconstructed with the aid of phase transitions. Reliably 
occurring phase transitions are the decomposition of CuIn2 at 156°C in copper-indium precursors 
and the melting point of indium at 157°C in precursors containing gallium in addition. Moreover, 
the melting point of selenium and the peritectic phase transitions of CuSe2 and γ-CuSe were used as 
internal calibrants (cf. caption of fig. 3-2). After 900 s of annealing the sample heater was switched 
off and the samples cooled down passively.  

After the annealing process, which has been measured by in-situ x-ray diffraction, each sample has 
been characterised on a PANALYTICAL X�Pert MPD Pro powder diffractometer in BRAGG-
BRENTANO geometry (cf. fig. 2-14). The radius of the goniometer circle was 240 mm. The 
diffractograms were recorded in an angular range of 10° ≤ 2θ ≤ 100° with a step width of 
Δ(2θ) = 0.01°. The usage of the multichannel X�Celerator detector provided an excellent counting 
statistics. The x-ray tube has been driven with the current-voltage settings i = 40 mA and 
U = 45 kV.  
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5  Experimental results and Discussion  
 

 

This chapter presents the in-situ powder diffraction data collected at the synchrotron radiation 
source (section 5.1) and laboratory results in section 5.2. In total 90 precursors were studied by in-
situ powder diffraction, 20 of them in synchrotron and 70 in laboratory experiments. All these 
precursors had an elemental composition suitable for the formation of the absorber compounds 
CuInSe2, Cu(In,Ga)Se2 or CuGaSe2. Each precursor type was measured several times to ensure the 
reproducibility of the observations. The following sections can show only some of these 
measurements. The selected data sets are representative for the results repeatedly obtained in 
several experiments, which were performed under identical conditions.  

 

 

5.1  In-situ powder diffraction with synchrotron radiation  
 

In these measurements the selenisation by the aid of a selenium evaporation source was tested. The 
flux from the source turned out to be insufficient for the selenisation as all precursors retained an 
intermetallic copper-indium(-gallium) compound until the end of the annealing process. The 
formation of CuInSe2 or Cu(In,Ga)Se2 was limited by the selenium supply from the evaporation 
source which could not completely compensate for the selenium loss from the precursor surface. 
The only observable binary selenide compound formed by consumption of the copper-indium 
intermetallic compound Cu11In9 is In4Se3 (fig. 5-1).  

Interestingly, sodium doping improved the selenium supply. The comparison of measurements of 
doped and undoped samples under else equal process conditions has proved that the selenisation of 
the compound Cu11In9 proceeds further if the sample contained the sodium dopant (fig. 5-1a).  

 

a)  
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b)

 
Fig. 5-1 (partly on preceding page):  Data for a precursor Cu / In + Se (evaporated)  

Selection of diffractograms showing the phase evolution during a raise in the temperature.  
Each curve averages over 1 K temperature increase, the difference between two plotted 
diffractograms amounts to 18.6 K.  

Description of the samples: 

    a) Cu-In, [Cu]÷[In] = 0.9, 1.2×Se with sodium  additional Se from evaporation source

    b) Cu-In, [Cu]÷[In] = 0.9, 1.2×Se without sodium additional Se from evaporation source

In a) and b) only every third powder pattern is selected for representation. The only noticeable 
difference between a) and b) is the speed of the selenisation of the compound Cu11In9, which is 
faster for the sodium-doped sample (a). Nevertheless, in both samples the metallic precursor is  
not selenised completely. There is always residual Cu16In9 which is formed by a peritectic phase 
transition from Cu11In9 at 308°C [5-1]. The diffraction patterns of Cu16In9 and Cu11In9 cannot be 
distinguished in the figures, because the angular resolution is not sufficient. The characteristic 
reflections in which α-CuInSe2 is distinguished from β-Cu2Se can be recognised very weakly  
only in the 450°C curves. This means, that some fraction of what is indicated by �α-CuInSe2� 
consists of β-Cu2Se.  

 
If more selenium is provided, either by increasing the temperature of the selenium evaporation 
source or by covering the precursors with a coverslide to limit the selenium loss upon heating, 
additional selenide compounds occur. Apart from In4Se3 the binary compounds 3R-InSe and γ-CuSe 
have been detected (fig. 5-2).  

The first selenide compound is always In4Se3. If enough selenium is supplied the phase γ-CuSe is 
formed and remains until its thermal decomposition at 377°C. The released selenium seems to be 
taken up by In4Se3, which is selenised further to 3R-InSe. From this point onwards a noticeable 
formation of α-CuInSe2 begins. The existence regions of all selenides participating are listed in 
table 5-1.  
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Fig. 5-2:  Data for a precursor Cu / In + Se (coverslide)  

In this experiment a copper-indium precursor ([Cu]÷[In] = 0.9) without sodium doping has been 
selenised exclusively by that amount of selenium which had been evaporated onto the metallic 
precursor as top layer. No sodium dopant was added, so that all conditions except for the selenium 
supply are identical to the measurement shown in fig. 5-1b. For the graphical presentation every 
second diffractogram has been selected, which corresponds to a temperature difference of 12.4 K 
between each plotted data curve. In this experiment the intermediate phases In4Se3, γ-CuSe and  
3R-InSe occurred prior to the formation of α-CuInSe2. 

 
Table 5-1:  Reaction sequence during the annealing of a copper-indium precursor   
 

Compound Temperature [°C] Remarks 

In4Se3  221 � 389  In4Se3 is already present when selenium melts at 221°C.  

γ-CuSe  274 � 377  The peritectic transition at 377°C serves for calibration.  

3R-InSe  365 � 482 (?)  Temperatures greater than 450°C are not well determined.  

α-CuInSe2  > 389  The formation ends with the consumption of 3R-InSe.  

 

 

The selenisation of a sodium doped copper-indium-gallium precursor was also performed with the 
aid of a coverslide. Again a number of intermediate selenide compounds occur, however, no 
gallium selenide can be detected. Therefore, the synchrotron measurements of this work did not 
succeed in clarifying the reaction path of gallium. Fig. 5-3 shows every fourth measurement of this 
series. The existence regions of the selenide compounds are listed in table 5-2.  
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Fig. 5-3:  Data for a precursor Cu / In / Ga + Se (coverslide), [Ga] ÷ ([Cu]+[Ga]) = 0.15  

This precursor contains sodium as a dopant and selenium was tried to enclose by a coverslide. 
Directly after the melting of selenium the compound In4Se3 occurs. At higher temperatures γ-CuSe 
is formed, thermally decomposes at 377°C and thus releases selenium. From this point onwards 
In4Se3 is selenised to 3R-InSe. Finally the compound α-CuInSe2 begins to be formed whereas the 
fraction of 3R-InSe decreases. Note that the reflections of α-CuInSe2 in the uppermost two patterns 
are shifted towards higher 1/d values. This is due to the formation of α-Cu(In,Ga)Se2 whose unit 
cell contracts the more indium is replaced by gallium. No other gallium selenides were detected. 
Despite the usage of a coverslide the amount of selenium did not suffice to selenise the metallic 
precursor completely.  
The temperature difference between two plotted diffractograms amounts to 24.8 K.  
Note that for temperatures greater than 450°C the temperature of the precursor is expected to follow 
the heater slower than 0.5 K/s. A reasonable estimation for the sample temperature at the end of the 
heating ramp (corresponding to the uppermost data curve) is 490°C instead of the intended 550°C.  

 
Table 5-2:  Reaction sequence during the annealing of a copper-indium-gallium precursor   
 

Compound Temperature [°C] Remarks 

In4Se3  221 � 408 In4Se3 is already present when selenium melts at 221°C.  

3R-InSe  365 � 532  

γ-CuSe  334 � 377 The peritectic transition at 377°C serves for calibration.  
 

α-CuInSe2  
 

408 � 501 (?) The onset is difficult to determine since the compound  
β-Cu2Se has a similar diffraction pattern.  

α-Cu(In,Ga)Se2 476 (?) � 532 (?) Incorporation of gallium into the α-CuInSe2 crystal structure. 
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5.2  Laboratory experiments  
 

5.2.1  In-situ powder diffraction  
As all necessary distortion and intensity corrections were applied to the two-dimensional raw data 
the one-dimensional powder diffractograms were suitable for multiphase RIETVELD refinement 
(fig. 5-4). The following parameters have been refined in all data sets: Lattice parameters, Scaling 
factors, DEBYE-WALLER factor (constrained to one common value applied to all atoms in all 
phases), Textures (α-CuInSe2: <1 1 0>, 3R-InSe: <1 1 0>, γ-CuSe: <1 1 0>), Background (5th order 
CHEBYSHEW polynomial plus reciprocal term), 2θ-offset of the diffraction pattern, CAGLIOTI-
Function (eq. 2-30 with U = 2, V = 0 and W refined individually for each phase).  

 

a) 
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b) 

Fig. 5-4 (partly on preceding page): As recorded and processed data  
a) The raw data as read out by the detector shows many powder diffraction rings belonging to 
several different phases which have been formed during the annealing process of a copper / indium 
layer with selenium as shown in fig. 5-5b. The intensity of all powder diffraction rings decreases 
towards the upper end of the detector image which is due to the absorption of the diffracted beams 
within the sample (cf. chapter 2.5.4). The white region in the bottom part not illuminated at all is 
due to shading by the reaction chamber. The intensity scaling of this image is adjusted that the 
difference between white (low intensity) and black (high intensity) corresponds to 22 counts per 
pixel. The strongest ring is caused by the 110 reflection of molybdenum. The picture was recorded 
in the standard experimental settings: U = 44 kV, i = 75 mA and t = 10 s.  
b) The same data after RIETVELD refinement of one diffractogram of the series shown in fig. 5-5a. 
The fraction of the chalcopyrite compound α-CuInSe2 is added above the difference plot.  

 

Since the quantitative analysis considers only crystalline phases, neither the molar nor the cation 
fraction contains any liquid or amorphous phases. In all investigated samples InSe shows an 
increase of the half width of the diffraction peaks indicating that its particle size is small and that it 
is partially x-ray amorphous. Since the halfwidth parameter W in the CAGLIOTI function (eq. 2-31) 
used in the RIETVELD refinements had to be constrained by the upper bound (W ≤ 0.1) to obtain 
converging fits, the fractions of InSe appear always too small in the quantitative phase analysis. 
InSe and α-Ga2Se3 were the only phases concerned in this way. Therefore, the evolution of the 
cation consumption rate of InSe can be reconstructed, if desirable.  

 

5.2.1.1  Reaction of a copper / indium precursor with selenium 

This precursor consisted of Cu11In9 and CuIn2 after the deposition of the metals. The formation of 
binary selenides coincided with the melting point of selenium. In the following reaction path CuSe2 
served as a buffer for selenium. Its partial decomposition at t = 5.2 min after the beginning of the 
process provides selenium for the selenisation of In4Se3 to InSe. α-CuInSe2 is formed with a 
constant rate from 221°C onwards. Once γ-CuSe decomposes at 377°C a rapid increase in the 
formation rate of α-CuInSe2 was observed (fig. 5-5), indicating a change of the reaction 
mechanism.  
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a) 

 b)  
Fig. 5-5:  Data for a precursor Cu / In + Se 

a) A real-time powder diffraction measurement during rapid thermal annealing of a precursor 
consisting of copper, indium and excessive selenium. In this case the selenium rich compound 
CuSe2 occurs. Mind the rapid formation of α-CuInSe2 above 377°C.   
b) The same data after a quantitative RIETVELD analysis showing the phase evolution in time.  
Two different formation reactions (rct. A and rct. B) for CuInSe2 are indicated (cf. table 5-3).  
The maximal selenisation rate of Cu11In9 at t = 3.8 min is �40 cat-%/min.  
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5.2.1.2  Reaction of the bilayer InSe / γ-CuSe  

This sample was prepared to study the reactions of the binary selenides separately without the 
influence of the underlying metallic precursor in SEL samples. For a bilayer of InSe and γ-CuSe 
three distinct processes for the formation of α-CuInSe2 are detected (fig. 5-6). The first increase 
(3 min ≤ t ≤ 3.5 min) corresponds to the decrease of γ-CuSe, during the second reaction 
(4.7 min ≤ t ≤ 5.5 min) α-CuInSe2 is formed from the compounds β-Cu2Se and InSe, whereas from 
t ≥ 10.5 min onwards β-Cu2Se and γ-In2Se3 react to α-CuInSe2. The diffractograms of these 
measurement did not allow to detect γ-CuSe fractions less than 20 cat-%. Thus, the fraction of  
γ-CuSe was set to zero in the RIETVELD refinements for all data collected after t > 4 min when its 
fraction drops below its detection limit. With the aid of the progressions of InSe and β-Cu2Se the 
course of γ-CuSe could be reconstructed for 4 min ≤ t ≤ 10 min (indicated as dotted line in fig. 5-6).  
 

Fig. 5-6:  Data for a bilayer InSe / γ-CuSe 

After quantitative RIETVELD refinement and normalisation of the data,  
three different reactions for the formation of CuInSe2 (indicated by A, B and C)  
can be recognised to take place in this bilayer precursor. 
 

5.2.1.3  Reaction of the bilayer Ga2Se3
 / Cu2Se  

This layer sequence was prepared to observe the reaction path of gallium selenide in a sample free 
from indium selenides. In a bilayer of Ga2Se3 and β-Cu2Se the gallium selenide was amorphous at 
the beginning of the thermal processing. In addition, two different copper selenide phases were 
contained in the precursor: γ-CuSe coexisted with β-Cu2Se. After t = 3 min γ-CuSe converted into  
β-Cu2Se, whereas the gallium selenide remained amorphous. This is the reason why the cation 
fraction of β-Cu2Se is normalised to 100 cat-% for 3.8 min ≤ t ≤ 9 min (fig. 5-7). At t = 9 min 
Ga2Se3 started to crystallise in its monoclinic modification (α-phase) and simultaneously the 
formation of α-CuGaSe2 on the expense of the starting compounds β-Cu2Se and α-Ga2Se3 began.  
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a)  

b)
Fig. 5-7:  Data for a bilayer Ga2Se3

 / Cu2Se  

In the bilayer stack of an amorphous Ga2Se3 layer covered by γ-CuSe and β-Cu2Se the formation of 
α-CuGaSe2 is initiated by the crystallisation of α-Ga2Se3 (a). As soon as α-Ga2Se3 starts to 
crystallise it becomes visible in the diffractograms as broad shoulder consisting of several 
reflections (in the right part of the marked oval) at 2θ ≈ 47° (b). Obviously, a part of Ga2Se3  
remains x-ray amorphous, so that the cation fraction of α-Ga2Se3 appears too small in a). 
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5.2.1.4  Reaction of a copper / indium / gallium precursor with selenium 
During the selenisation of quaternary SEL precursors no large amounts of binarycompounds, 
neither copper nor indium selenides can be observed in the measurements. Gallium clearly stabilises 
the intermetallic layer so that the rate of formation of binary selenides is so low, that they cannot 
accumulate before they react further to α-CuInSe2 (fig. 5-8). Initially, a gallium free α-CuInSe2 
chalcopyrite begins to form slowly at temperatures above 221°C (A). The growth rate increases 
rapidly at 9.5 min ≤ t ≤ 10 min which coincides with the thermal decomposition of γ-CuSe (B). The 
formation of α-CuGaSe2 is observed in a separate crystallisation step at t ≥ 10 min (D). The latter 
reaction passes directly into the interdiffusion of the two independently crystallised chalcopyrites 
forming the single phase quaternary compound CuIn0.76Ga0.24Se2 (E). The composition was 
determined by the x-ray reflection peak shifts from VEGARD�s law.  

 

Fig. 5-8:  Data for a precursor Cu / In / Ga + Se, [Ga] ÷ ([Cu]+[Ga]) = 0.25  

The Cu / In / Ga + Se SEL precursor shows all five identified reactions. Note that the slope of E was 
derived by the gradient of α-CuGaSe2 at t = 11.5 min. The deviance of the straight line E and the 
progression of α-Cu(In,Ga)Se2 is due to problems in the fit of Cu11(In,Ga)9 effecting all other 
curves by normalisation.  

 

5.2.1.5  Reaction of a sodium-doped copper / indium / gallium precursor with selenium 

The disintegration of Cu11(In,Ga)9 proceeded with a constant gradient of �10 cat-%/min until the 
point of the thermal decomposition of CuSe2. The fraction of α-CuInSe2 increases slowly, then rises 
suddenly, which correlates with a faster decrease of the cation fraction of the mixed crystal 
compound Cu11(In,Ga)9 (fig. 5-9). The point where all these changes occur (t ≈ 10 min) coincides 
with the moment in which CuSe2 and γ-CuSe decompose thermally and provide elemental selenium 
to the precursor.  
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Fig. 5-9:  Data for a sodium doped precursor Cu / In / Ga + Se  

The Cu / In / Ga + Se SEL precursor with sodium dopant differs from the sodium-free one by its 
lower initial content of the binary selenides CuSe2 and γ-CuSe before the onset of rct. B. Thus,  
the majority of α-Cu(In,Ga)Se2 is formed via rct. B. The gallium concentration was adjusted to 
[Ga] ÷ ([Cu]+[Ga]) = 0.25. 

 

 

5.2.2  Other characterisation methods 
After the in-situ diffraction experiments all samples were measured on a PANALYTICAL X�Pert 
MPD BRAGG-BRENTANO diffractometer to confirm the final phase composition with an increased 
signal-to-noise ratio. Some of the SEL samples were also studied by scanning electron microscopy 
and secondary ion mass spectroscopy. This facilitated a better insight in the effect of gallium and 
sodium doping on the chalcopyrite formation.  

Fig. 5-10 shows the morphology of two absorbers after processing in the reaction chamber at equal 
conditions. The only parameter is the gallium concentration which is 0% compared to 
[Ga] ÷ ([Cu]+[Ga]) = 0.25. In both cases an absorber consisiting of single-phase, α-CuInSe2 or  
α-CuIn0.75Ga0.25Se2, respectively, have been formed. However, both the coherently scattering 
crystal size (domain size, as determined from x-ray diffraction) as well as the size of the crystallites 
is larger for the ternary chalcopyrite compared to the quaternary chalcopyrite compound.  

The influence of sodium doping on the absorber formation containing 25% gallium can be seen 
from fig. 5-11a,b. Without sodium added to the precursor the gallium concentration is constant over 
the absorber depth whereas it increases towards the molybdenum back layer with sodium doping. 
Sodium free absorbers show equally sized crystallites with well-developed crystal faces (fig. 5-11c). 
The morphology changes towards coexistence of large and fine grained material being the effect of 
sodium doping (fig. 5-11d) which is confirmed by x-ray diffraction (fig. 5-11e,f).  
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b) 
 

a)  

c)   

d)  

 

Fig. 5-10:  
The influence of gallium 
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Differences in absorbers 
without gallium (a, c) in 
contrast to 25% gallium 
concentration (b, d)  
after annealing of SEL  
up to 450°C. The 
corresponding powder 
diffractograms of the 
1 1 2 reflection were used 
to estimate the domain 
size by the SCHERRER 
formula [5-2, 5-3].  
a) Without gallium a well 
crystalline single-phase 
absorber of CuInSe2 with 
a domain size >100 nm is 
found. With gallium (b) 
the main peak refers to 
CuIn0.75Ga0.25Se2 
(domain size: 39 nm) 
beside residual InSe 
(58 nm) marked as 
painted peak under the 
left shoulder. The differ-
ence in the crystal size is 
also recognised from the 
fine crystalline material 
as seen in the scanning 
electron micrograph (d) 
compared to large 
crystallites with well 
developed faces in the 
gallium free material (c). 
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b)  a)  

c)  d)  

e)  f)  

Fig. 5-11: SEL annealed up to 450°C without (left) and with sodium doping (right)  

Secondary ion mass spectroscopy proves that the gallium distribution is homogenous without 
sodium (a) whereas gallium enriches at the back electrode due to sodium (b). The increase of  
the molybdenum signal at ≈500 sputter cycles corresponds to the absorber thickness of 1.6 µm.  
The scanning electron micrographs taken from equally processed samples show that large 
crystallites surrounded by fine grained material have grown from sodium doped precursors (d).  
The domain size was estimated from the FWHM of the 1 1 2 reflection by the SCHERRER formula 
[5-2, 5-3]. The powder diffractograms were taken with Cu-Kα radiation.  
e) Without sodium doping: The main phase is CuIn0.76Ga0.24Se2 with an average domain size of 
59 nm. The left, marked peak corresponds to a phase with 34 nm, probably residual InSe.   
f) With sodium doping: The domain size of the gallium free phase increases to > 100 nm, the 
domain size of the gallium containing phases CuIn1�xGaxSe2 (fitted by the three marked peaks) is 
29 nm on average. The gallium content covers a range of 0 < x ≤ 0.6. 
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5.3  Discussion  
 

Since the synchrotron measurements as presented in section 5.1 are not suitable for Rietveld 
refinements these data can discussed only qualitatively. Moreover, it was recognised that the 
selenium supply from the evaporation source was not sufficient. This motivated the deciding 
modifications of the experimental set-up and facilitated to obtain the essential data in the laboratory 
experiments. Nevertheless, some basic aspects of the formation of CuInSe2 or Cu(In,Ga)Se2 became 
obvious from the synchrotron experiments.  

There is a clear correlation between selenium supply and the formation of binary selenide 
compounds. For the lowest selenium supply from the evaporation source the only selenide 
compounds observed to form are In4Se3 and β-Cu2Se (or α-CuInSe2)(*). These compounds are the 
intermediate products originating from the selenisation of the intermetallic compound Cu11In9. If 
indium was selectively selenised and copper remained in the metallic precursor the intermetallic 
compound Cu11In9 would have to undergo a gradual phase transformation via Cu16In9 to Cu(In). 
The latter abbreviation  denotes the solid solution of indium in the crystal structure of copper, which 
is the copper richest phase in the copper-indium phase diagram. However, such a selective 
selenisation of indium has not been observed. The previously reported conversion [5-4] of Cu11In9 
into Cu16In9 which took place abruptly at 310°C was not caused by the selenisation rather by the 
peritectic phase transition in the phase diagram [5-1]. Assuming the selenium poorest compounds 
Cu2Se and In4Se3 as products one can formulate the chemical selenisation reaction for the selenium 
poor case as  

 4 Cu11In9 + 49 Se → 9 In4Se3 + 22 β-Cu2Se     

 In4Se3 + Se → 4× 3R-InSe       

These reaction equations have been formulated in similar form [5-5] denoting the compound In4Se3 
as In2Se.  

For an increased selenium supply the compounds 3R-InSe and γ-CuSe appear in addition to In4Se3 
and the reaction In4Se3 + Se → 4× 3R-InSe can be anticipated from the data. One can even 
construct a sequence of chemical reaction equations finally resulting in α-CuInSe2:  

 4 Cu11In9 + 49 Se → 9 In4Se3 + 44 γ-CuSe   

 In4Se3 + Se → 4× 3R-InSe     formulated in similar form [5-5]  

 2 γ-CuSe → β-Cu2Se + Se     peritectic phase transition at 377°C [5-1]  

 β-Cu2Se + 2× 3R-InSe + Se → 2 α-CuInSe2   previously observed [5-4, 5-5]  

This sequence of reactions is a model based on literature data and agreeing with the synchrotron 
measurements. Each reaction has its own reaction rate and the lowest rate constant determines the 
reaction speed of the gross equation. Moreover, intermediate products can be observed only if the 
rate constant for the subsequent reaction is smaller than for the foregoing reactions. Only then is it 
possible to detect intermediate reaction steps for the formation of α-CuInSe2. Else one cannot 
expect intermediate compounds to enrich.  

 
(*) Unfortunately, the β-Cu2Se reflections coincide with the main reflections of α-CuInSe2 so that  

it is impossible to decide without RIETVELD refinement (and even difficult with) if α-CuInSe2 
alone or a mixture of β-Cu2Se and α-CuInSe2 is present. On the other hand, the similar reflection 
patterns correspond to a close relation of the crystal structures of these two compounds. This 
relation facilitates topotactic solid-state formation reactions of α-CuInSe2. The importance of 
topotaxy for the synthesis of Cu(In,Ga)Se2 will be emphasised in chapter 6.2.  
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This can be recognised from two experiments reported in literature in which the selenisation of the 
metallic precursor films Cu0.9In [5-5] and Cu0.8In [5-6] has been studied. In both cases no selenium 
was evaporated on the metallic precursor films prior to annealing. The total amount of selenium was 
supplied from an heated evaporation source as in the synchrotron experiments presented in 
section 5.1. The only intermediate selenide phases observed were In4Se3, InSe and β-Cu2Se, which 
was deduced indirectly. The adsorption-to-desorption ratio for selenium on the sample averaged 
over the whole heating profile (maximum sample temperature: 550°C) was estimated to be greater 
than 0.2 [5-6]. Calculations based on experimental values yield to a ratio of approximately 0.3 for a 
sample temperature of 400°C [5-7].  

During the synchrotron experiments presented in section 5.1 an almost identical situation has been 
created. Although a selenium layer had been evaporated prior to annealing, the selenisation of the 
metallic layer was limited by the selenium supply. Only an increase in the reaction speed of the 
metals� selenisation would have facilitated eventual intermediate products to enrich and to make 
them detectable. This would have allowed to observe the complete sequence of chemical reactions 
for the formation of α-CuInSe2. Since the evaporation source was driven at its thermal limit already 
an alternative method to supply excessive selenium during the annealing process was looked for.  

The inherent difficulty by supplying selenium from an evaporation source was finally solved by 
enclosing excessive selenium to the precursor by an x-ray transparent coverage so that in-situ x-ray 
diffraction experiments with low energetic radiation, as available in the laboratory, became feasible. 
Moreover, the evaporation source was not needed any more and remained switched off. This idea 
was the key to set the correct experimental conditions � namely, working in selenium excess in 
combination with the asymmetric reflection geometry (cf. chapter 2.3.1.2) � to observe the 
intermediate reactions in the laboratory experiments described below.  

 

5.3.1  Basic reaction mechanism in the copper / indium / selenium system 
At the beginning of the annealing process of the SEL Cu / In + Se (fig. 5-5) the binary selenide 
compound CuSe2 is formed due to selenium excess. This compound is gradually consumed in the 
reaction:  

CuSe2 + In4Se3 → γ-CuSe + 4× 3R-InSe  

This reaction takes place very soon (process time: 5 min ≤ t ≤ 9.2 min) at temperatures well below 
thermal decomposition temperature of CuSe2 at 342°C (5-1). Thus, CuSe2 acts as a selenium buffer. 
InSe tends to be x-ray amorphous, so its fraction does not increase as strong as expected from the 
sum of Cu+ cations. Within the time interval of 5.5 min ≤ t ≤ 9.2 min both CuSe2 and γ-CuSe 
decrease with �4 cat-%/min. Since the fraction CuSe2 still increases during the growth of α-CuInSe2 
(fig. 5-5b) one must conclude that α-CuInSe2 is not formed by reaction of CuSe2 with InSe, but via:  

γ-CuSe + 3R-InSe → α-CuInSe2       (rct. A)  

Directly thereafter, at t = 9.5 min, β-CuSe decomposes due to the peritectic phase transition at 
377°C (5-1) with a rate of �56 cat-%/min into β-Cu2Se and free elemental selenium. This initiates 
the following reaction, as already observed earlier [5-4].  

1/2
 β-Cu2Se + 3R-InSe + 1/2

 Se → α-CuInSe2     (rct. B) 

This means that the α-CuInSe2 formation takes place by a two-stage process. Rct. A, which 
involves γ-CuSe as an educt compound, starts at the selenium melting point and proceeds slowly. 
The second starts abruptly with the peritectic decomposition of γ-CuSe and is faster in comparison. 
The formation rates of α-CuInSe2 are +10 cat-%/min and +40 cat-%/min for rct. A and rct. B 
respectively.  
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When annealing a bilayer of InSe and γ-CuSe (fig. 5-6) the chalcopyrite compound α-CuInSe2 is 
formed additionally through a third reaction path according to:  

1/2
 β-Cu2Se + 1/2

 γ-In2Se3 → α-CuInSe2      (rct. C) 

Rct. C requires temperatures greater than 425°C as activation and does not occur in the annealing 
process of SEL, only in the InSe / γ-CuSe bilayer samples. This can be easily understood by the fact 
that InSe is usually completely consumed below 400°C via rct. A and rct. B before it could 
eventually be further selenised to γ-In2Se3. In this sample the InSe layer had been pre-annealed to 
generate a larger initial crystal size of InSe and to make it less reactive compared to InSe formed 
during SEL selenisation. This trick facilitates the �survival� of InSe towards higher temperatures so 
that further selenisation to γ-In2Se3 can take place, which is required as one educt for rct. C.  

 

5.3.2  The influence of gallium  
In the quaternary precursors (fig. 5-8) gallium is contained in intermetallic compounds, like 
Cu11(In,Ga)9. The lattice parameters of the crystal structure of Cu11(In,Ga)9 are contracted 
compared compared with those of Cu11In9 and no superstructure reflections are visible [5-8]. From 
this it is obvious that gallium substitutes for indium and that both elements are statistically 
distributed on those sites which are occupied by indium in the Cu11In9 crystal structure. In contrast 
to earlier assumptions [5-8] there is no proof that voids on the indium sites exist in the crystal 
structure of Cu11(In,Ga)9.  

A recent investigation of the selenisation behaviour of the ternary system Cu11In9�Cu9Ga4�In 
showed that the gallium concentration increases in the precursor during the selenisation. This results 
in the continuous conversion of the precursor into the phase Cu9(Ga,In)4 where gallium enriches  
[5-9, 5-10]. Consequently, both phases Cu11(In,Ga)9 and Cu9(Ga,In)4 should have been recognised 
in the in-situ x-ray diffraction patterns. The main reflections of the pure binary compounds Cu11In9 
and Cu9Ga4 are located between 42° ≤ 2θ ≤ 44° referring to Cu-Kα radiation. If these compounds 
alloy with gallium or indium respectively the main reflections of the phases Cu11(In,Ga)9 and 
Cu9(Ga,In)4 move towards each other (2θ → 43°). The resulting common peak has been fitted with 
a structural model for Cu11(In,Ga)9 including gallium statistically distributed on the indium sites.  

The gallium containing precursor reacts more slowly with selenium than gallium free thin films. 
This becomes obvious when comparing the cation fractions of Cu11(In,Ga)9 compared to Cu11In9 of 
fig. 5-5: The initial consumption rate of Cu11In9 is four times as fast than that of Cu11(In,Ga)9. 
Hence, in gallium containing precursors there is no great accumulation of binary selenides observed 
and rct. A cannot be recognised directly. However, since the fraction of α-CuInSe2 increases with 
+8 cat-%/min compared to +4 cat-%/min in the sodium doped sample (fig. 5-9) it is clear that not 
CuSe2 rather than γ-CuSe and InSe react with each other according to rct. A. Thus, rct. A can be 
identified indirectly in this case. Due to the thermal decomposition of γ-CuSe to β-Cu2Se at 377°C 
rct. A stops and α-CuInSe2 grows via rct. B.  

From investigation of the second binary bilayer sample (fig. 5-7a) it is obvious that gallium reacts 
according to the equation  

1/2
 β-Cu2Se + 1/2

 α-Ga2Se3 → α-CuGaSe2      (rct. D) 

When annealing copper-indium-gallium precursors covered with selenium it is difficult to detect the 
educt phase α-Ga2Se3 since its main reflections coincide with those of α-CuGaSe2. However, at 
temperatures greater than 400°C the chalcopyrite compound α-CuGaSe2 becomes observable. By 
comparison with the reaction behaviour of the bilayer sample Ga2Se3

 / Cu2Se rct. D it is reasonable 
to propose that rct. D occurs in the SEL samples, too, as a second distinct crystallisation event.  
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Subsequently the two ternary chalcopyrite compounds intermix according to rct. E:  

(1�x) α-CuInSe2 + x α-CuGaSe2 → α-CuIn1�xGaxSe2    with   x ≈ 0.25  (rct. E) 

 

5.3.3.  The influence of sodium-doping 
In sodium doped precursors the intermetallic compound Cu11(In,Ga)9 is selenised with a constant 
reaction rate until t = 10 min. This is the most noticeable difference in comparison to sodium free 
precursors where an exponential like selenisation of the intermetallic layer is observed in time. This 
observation implies that the presence of sodium guarantees a constant selenium supply whereas the 
amount of elemental selenium decreases exponentially in time without a sodium dopant. The latter 
can be understood by the decreasing selenium excess due to evaporation caused by imperfect 
selenium encapsulation by the sample covering. In other words, sodium doping either keeps the 
selenium at the surface or it increases the adsorption-to-desorption ratio of gaseous selenium 
present underneath the sample covering which will otherwise escape from the sample.  

The remarkable linear selenisation of the metallic layer can be explained by assuming sodium 
polyselenides to be present at the surface and will be discussed in detail in chapter 6.1. Here, only a 
brief idea shall be given. It was shown that sodium enriches at the surface of CuInSe2 grains [5-11] 
which was explained by forming sodium polyselenides during the growth process [5-12]. Since the 
sodium polyselenide formation is exothermic according to  

Na2Se↓ + Se↑  Na2(Se)2↓    ΔH1 = ΔH(Na2(Se)2) � ΔH(Na2Se) = �45.8 kJ/mol (table 3-1),  

gaseous selenium is bound to the precursor and always accessible for the selenisation of the metallic 
layer. Otherwise the selenisation would be limited by the adsorption and desorption ratio of 
selenium supplied by the gas phase. But removing selenium from any Na2(Se)n to form binary 
selenides has to be paid for energetically, since the reverse reaction is endothermic. Directly after 
the melting of selenium this effect slows down the selenisation of the metallic precursor compared 
to the sodium free process. After a reaction time larger than t = 6 min the reaction rate of the 
selenisation of the metallic precursor in the sodium free sample is retarded compared to that in the 
sodium doped one, since the exponential loss of selenium due to imperfect encapsulation by the 
polyimide foil becomes the rate limiting influence. The difference in the amount of excessive 
selenium becomes even more pronounced once the thermal decomposition of γ-CuSe has finished. 
The sodium free sample surface cannot bind the released gaseous selenium as efficiently as the 
sodium containing one. This amount of selenium is then missing for rct. B. In the other case the 
formation of sodium polyselenide enables the uptake of selenium released by the decomposition of 
γ-CuSe to further selenise the remaining metallic layer. This leads to an increased reaction rate.  

The second observed influence of sodium doping is the absence of γ-CuSe until the thermal 
decomposition of CuSe2 at 342°C took place. The selenium offered through sodium polyselenides 
serving as a surface catalyst facilitates the formation of the selenium richest copper compound 
CuSe2. As a consequence the formation rate of α-CuInSe2 via rct. A is only half as fast as in the 
sodium free sample. Since the formation of α-CuInSe2 by rct. A is hindered, most α-CuInSe2 is 
grown via rct. B (60 mol-% with sodium doping versus 50 mol-% for the sodium free case). This 
results in large crystals because large β-Cu2Se crystallites have been formed directly prior to rct. B 
and may serve as a template [5-4, 5-13].  

The quaternary chalcopyrite compound Cu(In,Ga)Se2 is formed by rct. E after α-CuGaSe2 has 
begun to be formed through rct. D. The pure interdiffusion rct. E is finished after 1.5 min annealing 
time at 450°C without sodium doping. However, with sodium dopant rct. E remains uncompleted 
after 5 min of annealing. This can be seen in fig. 5-8 from the fraction of α-CuGaSe2, which does 
not reach zero in the sodium containing sample at the maximum process temperatures of 450°C. 
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This must be caused by limited diffusion due to sodium doping. A mechanism for the effect on 
sodium doping on the diffusion will be proposed in chapter 6.5.  

 

5.3.4.  The influence of selenium excess  
The synchrotron experiments with only 1.2 times compared to approximately ten times (in the 
laboratory experiments) the stoichiometrical amount of selenium to achieve a complete selenisation 
of the Cu / In layer resulted in an incomplete selenisation indicated by the residual intermetallic 
compound Cu16In9 as shown in fig. 5-1a and fig. 5-3. In the extreme cases the phase content after 
the synthesis was α-CuInSe2, 3R-InSe, Cu16In9 and probably β-Cu2Se. This means that the amount 
of selenium did not allow a complete selenisation of the metallic layer within the time in which the 
selenium evaporation source was heated (cf. fig. 4-6). This is due to providing selenium from an 
evaporation source so that the speed of the selenisation of the metallic precursor determines the 
speed of the gross reaction.  

By contrast, in the case of high selenium excess only α-CuInSe2 and occasionally a few mol-% of 
residual InSe could be detected by x-ray diffraction. The latter can be due to the slight copper 
deficiency of the precursors. From RIETVELD refinements on x-ray measurements of the processed 
samples the copper-to-indium ratios for identical samples were calculated to [Cu]÷[In] = 1.02 after 
annealing in selenium vapour compared to [Cu]÷[In] = 0.88 for high selenium excess (sample 
covered by polyimide foil). This proves that the annealing process results in the formation of 
indium deficient absorbers if the selenium excess is too low.  

In the experiments it has been observed that In4Se3 was always the first indium selenide occurring 
during annealing of SEL samples. Before α-CuInSe2 can be formed by rct. A or rct. B, the 
selenisation In4Se3 + Se → 4× 3R-InSe must take place, otherwise In4Se3 will disintegrate into 
gaseous components and the precursor will become indium deficient [5-14]:  

2 In2Se↑ + 2 Se↑    In4Se3↓ + Se↑    4 InSe↓  

Applying the Law of Mass Action the equilibrium � � can be shifted rightwards when selenium is 
added. The excess of selenium decides thus how much indium from the precursor will be lost 
during annealing. It shall be noted that there is no such reaction in the gallium�selenium-system.  

The selenisation of In4Se3 cannot only be supplied with elemental selenium but also with CuSe2 as 
selenium buffer (fig. 5-5b). Since rct. A and rct. B consume 3R-InSe as soon as it has been formed 
prior to its further selenisation to In2Se3, excessive selenium will be bound in the polyselenide 
compounds CuSe2 or γ-CuSe. Since CuSe2 thermally decomposes at 342°C (if not already 
consumed at lower temperatures in the case of too low selenium excess), an offered selenium excess 
at this temperature acts best, if sodium polyselenides are present and operate as surface catalyst 
supplying the released selenium to the precursor. An evidence for this mechanism can be seen from 
the rapid decrease of Cu11(In,Ga)9 at 10 min ≤ t ≤ 11.3 min (fig. 5-9) which coincides with the 
thermal decomposition of γ-CuSe. The advantage of the fact that when sodium polyselenides have 
been formed is that they catalytically supply selenium to the reacting precursor. However, it shall be 
emphasised that they cannot store noteworthy amounts of selenium since the relative sodium 
concentration [Na]÷[In] in the precursor is well below 10�2. In contrast, CuSe2 can store excessive 
selenium only below 342°C. The formation of both sodium polyselenides and CuSe2 is promoted by 
selenium excess. This explains why it is necessary to have excessive selenium in the samples. 
Without selenium excess the indium loss will result in the situation that β-Cu2Se remains as a 
secondary phase in the processed samples.  
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5.4  Conclusions from the experiments  
 

The selenisation of a metallic copper-indium precursor will result in In4Se3 as the first selenide 
compound and a copper selenide dependent on the selenium concentration. The cation ratio will 
adjust to the metal ratio in the precursor. An excess of selenium is essential to form 3R-InSe rapidly 
from In4Se3 before the latter compound thermally decomposes into gaseous species detracting 
indium from the precursor. Since the further selenisation resulting in the formation of  
γ-In2Se3 is slow compared to the consumption of InSe by rct.A (even under selenium excess), InSe 
will react to α-CuInSe2 via rct. A, if γ-CuSe is present, or by rct. B involving β-Cu2Se as a reactant. 
Rct. B is faster than rct. A because the β-Cu2Se crystals can serve as a template for the α-CuInSe2 
crystal structure [5-4, 5-13]. In the annealing process of SEL these reactions start after having 
exceeded the melting point of selenium at 221°C. Only if both reaction paths are suppressed, α-
CuInSe2 can alternatively grow by rct. C beginning at 425°C.  

Gallium is contained in the precursor phase in intermetallic compounds like Cu11(In,Ga)9 or 
Cu9(Ga,In)4. It is selenised and becomes detectable in crystalline form as the monoclinic α-Ga2Se3 
phase at 400°C. It directly reacts further with β-Cu2Se into α-CuGaSe2 according to rct. D. In the 
quaternary system α-CuGaSe2 consecutively forms the quaternary mixed crystal chalcopyrite 
compound α-Cu(In,Ga)Se2 by interdiffusion with α-CuInSe2 via rct. E. It shall be noted that rct. A 
and rct. B can only be identified indirectly in the quaternary system, because the binary selenides 
cannot accumulate. Instead the binary selenide compounds are consumed for the chalcopyrite 
formation process as soon as they have formed from the selenisation of Cu11(In,Ga)9, which reacts 
slower with selenium than Cu11In9 does.  

Rct. E remains incomplete if more than 50 mol-% of α-CuInSe2 have already crystallised via rct. B 
as a consequence of sodium doping. In this case α-CuGaSe2 cannot completely interdiffuse with the 
large grains of α-CuInSe2 which have begun to form latest at 377°C.   
All experimentally discovered formation reactions are summarised in table 5-3.  

 

Table 5-3:  List of all chemical formation reactions observed in the experiments  
 

Reaction Speed 
 

A) 
 

γ-CuSe + 3R-InSe → α-CuInSe2  
 

slow 
 

B) 
 

1/2 β-Cu2Se + 3R-InSe + 1/2 Se (liq.) → α-CuInSe2  
 

fast 

C) 1/2 β-Cu2Se + 1/2 γ-In2Se3 → α-CuInSe2 slow 

D) 1/2 β-Cu2Se + 1/2 α-Ga2Se3 → α-CuGaSe2 slow 

E) 3/4 α-CuInSe2 + 1/4 α-CuGaSe2 → α-CuIn0.75Ga0.25Se2 slow 

 

Addendum:  

It shall be emphasised that time resolved in-situ x-ray powder diffraction has proved to be an ideal 
method for these studies, since it is non-destructive. It allowed to identify the solid-state reactions 
during the absorber formation without interrupting its synthesis.   
The great advantage of in-situ x-ray powder diffraction has been recognised long ago; the first 
experiment dates back to 1929 [5-15].  
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6  Models derived from the experiments  
 

 

Parallelly to the experimental investigations theoretical approaches have been developed, which can 
confirm the formation reactions having observed or even predict further ones. Two ideas have been 
considered as promising to gain the insight into the reaction mechanisms:  

• The effective heat of formation model allows to predict the first compound formed at an 
interface of two elements. This approach has been applied to the selenisation of the copper-
indium intermetallic compound and extended for the influence of sodium doping (section 6.1).  

• The preference of solid-state reactions, in which epitaxy between the reactants may serve as an 
initiating reaction step was recognised. Postulating that epitaxy is a prerequisite for a solid-state 
reaction proceeding rapid enough to be relevant in the formation process of a crystallographic 
model for the formation of CuInSe2, CuGaSe2 and Cu(In,Ga)Se2 has been developed (section 
6.2). Based on this theory topotactic reaction paths for all other ternary chalcopyrite compounds 
in the system Cu(Al,Ga,In)(S,Se)2 has been derived (section 6.3).  

In the course of the latter theoretical approach the solid-state reactions have been classified by their 
complexity of ion interdiffusion. These results have been used to recognise favoured reaction paths 
for multinary chalcopyrite compounds (section 6.4). Finally, (section 6.5) the influence of sodium 
on the interdiffusion is qualitatively discussed.  

 

 

6.1  A thermodynamic approach for the effect of sodium  
 

Sodium doping during rapid thermal processing of stacked elemental layers [6-1] is known to 
increase the grain size of the absorber material in Cu(In,Ga)Se2 thin film solar cells [6-2]. One 
important mechanism involved might be the compensation of copper vacancies on the surface of the 
crystallites by Na+ cations [6-3]. When discussing the effect of sodium on the chalcopyrite absorber 
it is helpful to distinguish between the influence of sodium on  

�  the reaction kinetics of the formation of CuInSe2 during rapid thermal processing of SEL,   
�  the grain size, and   
�  the electronic properties.  

In this work the first and partially the second point could be investigated, the last point will not be 
discussed. In the in-situ x-ray powder diffraction experiments of this work (see chapter 5) the 
influence of sodium was most pronounced a) corresponding to the speed of the selenisation of the 
copper-indium-gallium intermetallic layer under selenium excess conditions. Furthermore, 
differences in the reactions of the selenide compounds with each other have been found (b).  

a) The first issue, which is the effect of sodium on the selenisation, will be tackled in two steps: 
Section 6.1.1 is addressed to the estimation of the energy shift of possible selenisation reactions 
due to the presence of sodium for different amounts of selenium. Then it will be shown that 
sodium does not have an influence on the fact which compound is formed at first (section 6.1.2).  

b) The differences in the reactions of selenide compounds among each other can be understood as a 
diffusion limiting effect of sodium. For the discussion of this mechanism the crystallographic 
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reaction models describing the chemical solid-state reactions on atomic scale are required. Thus, 
the effect of sodium on diffusion will be treated separately in section 6.5.  

 

6.1.1  The sodium polyselenide model  
Let us assume the Na cations to accumulate on the surface of the metallic precursor forming sodium 
polyselenides, Na2(Se)1+n. It has been shown previously that Na+ ions enrich at the surface of 
CuInSe2 grains [6-4] which is explained by the formation of Na2(Se)1+n during the growth process 
[6-5]. For simplicity the formation of Na2(Se)1+n with n = 1 will be considered at first. Na2(Se)2 is 
the only sodium polyselenide whose enthalpy ΔH (table 3-1) has been determined experimentally:  

Na2Se + Se → Na2(Se)2      ΔH1 = ΔH(Na2(Se)2) � ΔH(Na2Se) = �45.8 kJ/mol  

Since the formation of Na2(Se)2 is exothermic, gaseous selenium, as supplied during rapid thermal 
annealing of SEL, will be efficiently bonded to the precursor in the presence of sodium (fig. 6-1). 
To get a dense Na2(Se)n surface layer with a square lattice in which the Na+ ions are separated by 
0.3 nm, the concentration [Na] ÷ [CuInSe2] = 10�3 is sufficient presuming that all Na+ ions will 
migrate towards the surface and accumulate on top of a 1 µm thick CuInSe2 absorber layer.   

 

Se

Na (Se)2 nmetallic precursor  

Fig. 6-1:  The sodium polyselenide model  

A sodium polyselenide layer binds gaseous 
selenium impinging onto the sample. The 
compound Na2(Se)1+n is assumed to react 
quicker with selenium than the metallic layer.
Consequently, selenium is always accessible 
for the selenisation of the precursor.  

 

By contrast, in the absence of sodium, the selenisation is limited by the adsorption-to-desorption 
ratio of selenium (which is expected to decrease rapidly with temperature) supplied by the selenium 
atmosphere. Removing selenium from any Na2(Se)2 for the formation of binary selenides has to be 
paid for energetically, since the polyselenide decomposition is endothermic. This affects the 
enthalpy for all reactions resulting in binary selenides. The reaction enthalpies calculate to:  

ΔH(reaction) = Σ{ΔH(products)} � Σ{ΔH(educts)}  

Table 6-1 summarises possible reactions with Na2(Se)2 (column �ΔH1�) as selenium donor instead 
of elemental selenium. If the selenisation takes place by elemental selenium (column �ΔH∞�) all 
these reactions are exothermic. Positive ΔH1 values (in bold) indicate reactions which change from 
exothermic to endothermic due to selenisation by Na2(Se)1+n. The enthalpies are calculated for the 
pure metals: copper, indium and gallium.  

From table 6-1 it is obvious that the selenisation via Na2(Se)2 does not forbid the formation of any 
of the four indium selenides, as In2Se3 may always be formed out of elemental indium or In4Se3. 
There are no restraints in the case of gallium selenides at all. However, the less exothermic 
formation of copper selenides is strongly affected: only Cu2Se can be formed exothermically 
whereas the formation of the two selenium richer copper selenides, CuSe and CuSe2, is suppressed.  

So far the considerations have been focused on the action of Na2(Se)2 only. Before this model can 
be extended to all reported sodium polyselenides Na2(Se)1+n for n = 1�5, it is necessary to obtain 
values for their enthalpies ΔHn. Since no experimental values for n > 1 have been determined yet,  
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Table 6-1:  Enthalpies of formation under sodium influence, ΔH∞ indicates the sodium free case  
 

Selenisation reaction ΔH1  ΔH2 ΔH3 ΔH4 ΔH5 ΔH∞

2 Cu + Na2(Se)1+n → Cu2Se + Na2(Se)n �  13 �  31 �  41 �  45 �  48 �  59 

Cu + Na2(Se)1+n → CuSe  + Na2(Se)n +    6 �  12 �  22 �  26 �  29 �  40 
1/2 Cu + Na2(Se)1+n → 1/2 CuSe2 + Na2(Se)n +  24 +    7 �    3 �    7 �  10 �  22 

Cu2Se + Na2(Se)1+n → 2 CuSe  + Na2(Se)n +  25 +    7 �    3 �    7 �  10 �  21 
1/3 Cu2Se + Na2(Se)1+n → 2/3 CuSe2 + Na2(Se)n +  37 +  19 +    9 +    5 +    2 �    9 

CuSe + Na2(Se)1+n → CuSe2 + Na2(Se)n  +  43 +  25 +  15 +  11 +    8 �    3 
4/3 In + Na2(Se)1+n → 1/3 In4Se3 + Na2(Se)n �  76 �  93 �103 �107 �110 �121 

In + Na2(Se)1+n → InSe + Na2(Se)n �  74 �  92 �102 �106 �109 �120 
6/7 In + Na2(Se)1+n → 1/7 In6Se7 + Na2(Se)n �  65 �  83 �  92 �  97 �  99 �111 
2/3 In + Na2(Se)1+n → 1/3 In2Se3 + Na2Se �  45 �  62 �  72 �  76 �  79 �  90 

In4Se3 + Na2(Se)1+n → 4 InSe + Na2(Se)n  �  70 �  88 �  98 �102 �105 �116 
3/5 In4Se3 + Na2(Se)1+n → 2/5 In6Se7 + Na2(Se)n �  45 �  63 �  73 �  77 �  80 �  91 
1/3 In4Se3 + Na2(Se)1+n → 1/3 In2Se3 + Na2(Se)n �  14 �  31 �  41 �  45 �  48 �  59 

6 InSe + Na2(Se)1+n → In6Se7 + Na2(Se)n  �    8 �  26 �  36 �  40 �  43 �  54 

2 InSe + Na2(Se)1+n → In2Se3 + Na2(Se)n  +  15 �    3 �  13 �  17 �  20 �  31 
1/2 In6Se7 + Na2(Se)1+n → 3/2 In2Se3 + Na2(Se)n +  26 +    8 �    2 �    6 �    9 �  20 

Ga + Na2(Se)1+n → GaSe + Na2(Se)n �113 �131 �141 �145 �148 �159 
2/3 Ga + Na2(Se)1+n → 1/3 Ga2Se3 + Na2(Se)n �101 �118 �128 �132 �135 �146 

2 GaSe + Na2(Se)1+n → Ga2Se3 + Na2(Se)n �  75 �  93 �103 �107 �110 �121 

All tabulated values in kJ/mol. Positive ΔH values indicate endothermic reactions.  

 

these ΔHn values must be estimated as follows: The selenium atoms in the polyselenide anion are 
sp3 hybridised and thus connected via freely rotating single bonds as known for polysulphides [6-6]. 
The octet rule implies the two negative charges to saturate the single electron at each end of the 
chain to form an additional electron pair at each side of the chain. As in the case of polysulphides, 
increasing the chain length by adding an additional atom is exothermic. For the case of poly-
sulphides it was calculated that this is mainly due to separation of the two negative charges [6-7]. 
Hence, the heats of formation for the higher sodium polyselenides Na2(Se)1+n (n > 1) can be 
approximately determined by applying a chain model containing the following assumptions:  

a)  The two negative charges in the chain are separated resulting in singly charged chain endings.  

b)  The energy release for  is only due to the increase of the chain length.  1+nn a

c)  The polyselenide chain will be existent in its maximally stretched conformation due to repulsion 
of the chain endings. This is a consequence of condition a).  

d)  All bond angles are arccos(�1/3) (as in a regular tetrahedron). The torsion angles must the equal 
zero to fulfil condition c).  



 
 
106 

Let us consider the sodium polyselenide Na2(Se)2 first. It is formed by incorporation of one 
selenium atom by the selenide anion: Se2� + Se → [Se�Se]2�  

As the bond length is R1, the COULOMBic repulsion equals: 2
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The difference in the heats of formation between Na2Se and Na2(Se)2 is given by:  
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 expressing the removal of one Se� from R1 to infinity.  

However, the absolute value of R1, which might be interpreted as an effective distance of atoms in 
the polyselenide chain, is not an interesting item here. What is essential is the 1/r dependence of 
ΔHn for n ≥ 1.   
 
 

Se Se

Se Se

Se Se

R1 ||

R2 ||

R2 

arccos(- / )1
3

 

Fig. 6-2:  The sodium polyselenide chain model  

The (Se)6
2� chain in its stretched configuration  

is planar. Neighboured tetrahedral angles are 
located opposite each other leading to the maximal 
separation of the negatively charged endings, thus 
minimising the COULOMBic energy. The projection 
of the chain length Rn is denoted as Rn || and Rn ⊥. 
With R2 || � R1 || = 1/3

 R1 and R2 ⊥ = 2/3√2 R1  
all Rn || and Rn ⊥ for n > 2 can be easily obtained  
by addition. The length Rn is finally calculated  
by Rn

2 = Rn ||
2 + Rn ⊥

2.  

 

For a linear chain, one would obtain a strict 1/n dependence for n natural, since Rn = n·R1. However, 
due to the fixed bond angle of arccos (�1/3) the widest separation of the endings of the chain is 
achieved for a zigzag configuration (fig. 6-2). The distances equal (R1 = R1|| = 1)  
 

for n odd  )12(
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for n even  nRn ⋅=
3
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With these assumptions, the heats of formation for Na2(Se)1+n obey the law: 
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For ΔH1 = �45.8 kJ/mol as initial value one obtains:  

Na2Se + Se → Na2(Se)2 ΔH1 = �45.8 kJ/mol 

Na2(Se)2 + Se → Na2(Se)3 ΔH2 = �28.0 kJ/mol 

Na2(Se)3 + Se → Na2(Se)4 ΔH3 = �18.2 kJ/mol 

Na2(Se)4 + Se → Na2(Se)5 ΔH4 = �14.0 kJ/mol 

Na2(Se)5 + Se → Na2(Se)6 ΔH5 = �11.1 kJ/mol 

Remark:  
The experimental evidence of the  
stability of Na2(Se)5 and Na2(Se)6 
collected in the work of SANGSTER & 
PELTON [6-8] implies that Na2(Se)5 is 
a stable compound; the existence of 
Na2(Se)6 remains doubtful.  



 
 

107

With these values all enthalpies ΔHn of table 6-1 have been determined. The amount of energy 
ΔHn

 (n > 1) is smaller using higher sodium polyselenides as selenium donor. From table 6-1 follows 
that the formation of CuSe requires a selenium excess high enough to form Na2(Se)3 exothermically 
whereas CuSe2 cannot be formed even before Na2(Se)4 is present. For selenising with elemental 
selenium all considered reactions become exothermic (column �ΔH∞�). This is described by 
increasing the polyselenide chain of length 1+n to infinity emphasising the fact that the selenium 
polyanions behave more and more similar to elemental selenium, or, in other words, that the amount 
of sodium is decreased further and further and so this describes the selenisation of a sodium free 
sample. 

Thus, doping with sodium in a combination with an adjusted selenium excess allows the control of 
which copper selenides will be formed. Therefore, the addition of sodium provides an additional 
possibility (apart from temperature and selenium pressure) to influence the reaction kinetics taking 
place during thermal processing of stacked elemental layers in a closed system. Table 6-2 
summarises the four experimentally determined formation reactions for ternary chalcopyrite 
compounds. It is worthwhile noting that reaction B for which ΔH0(B) = �55 kJ/mol remains 
exothermic if selenium is replaced by any Na2(Se)n in the equation, since and ΔH1(B) = �32 kJ/mol.  

 

Table 6-2:  Enthalpies for experimentally verified reaction paths resulting in ternary selenides   
 

rct. A)     CuSe +   InSe   → CuInSe2 ΔH = �44 kJ/mol 

rct. B) 1/2 Cu2Se +   InSe + 1/2 Se → CuInSe2 ΔH = �55 kJ/mol 

rct. C) 1/2 Cu2Se + 1/2 In2Se3   → CuInSe2 ΔH = �39 kJ/mol 

rct. D) 1/2 Cu2Se +   1/2 Ga2Se3   →   CuGaSe2 ΔH = �67 kJ/mol 

 
With the help of the surface catalyst Na2(Se)1+n it is possible to select rct A or rct. B for the 
formation of CuInSe2. Since either CuSe or Cu2Se can react with InSe to form CuInSe2 via rct. A or 
rct. B, the Na2(Se)1+n surface catalyst plays an important role to promote the formation of the 
desired copper selenide as educt (cf. table 6-1). However, if selenium is offered in excess 
conditions, the copper selenides CuSe and CuSe2 can be formed in spite of the sodium dopant. In 
the latter case rct. A and rct. B may be suppressed if the conditions are set to favour CuSe2, as the 
latter compound is not an educt for the formation of CuInSe2 which has been shown experimentally 
in this work.  

 

6.1.2  The effective heat of formation model  
The effective heat of formation (EHF) model [6-9] was developed to predict the first phase formed 
in an interface reaction of two solids. Furthermore, it allows to derive the consecutive phase 
formation sequence. In this model an effective heat of formation ΔH´ is introduced which depends 
linearly on the elemental concentration of the limiting element at the interface. The EHF model for 
metal-metal systems predicts that the compound, which owns the highest value of ΔH´ at the 
concentration of the liquidus minimum of the system, will be formed first. Further phase sequences 
depend on the ratio of elemental concentrations at the interface. The predictions should be valid for 
solid and liquid state reactions, as for both cases one can approximate ΔG ≈ ΔH. The predictions of 
the EHF model on both the first phase formation and the phase formation sequence have recently 
proved to be true for the solid-liquid interfaces of copper-selenium [6-10], indium-selenium [6-10, 
6-11, 6-12], gallium-selenium and others [6-10]. Now the EHF model will be extended for reactions 
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of educts for which ΔH ≠ 0, namely for the selenisation by Na2(Se)1+n instead of selenium, as well 
as the use of intermetallic alloys like Cu0.5In0.5 instead of copper or indium. For the latter purpose 
the EHF model has to be extended to ternary systems. The only extension which has been made up 
to now [6-13] delivers only qualitative deductions. However, the existence of the ternary copper-
indium-selenium phase diagram [6-14] allows to construct any pseudobinary section on which the 
EHF model for binary systems can be applied. This will be done by considering the quasibinary 
section Cu0.5In0.5

 � Se.  

The application of the EHF model on the binary indium-selenium system is shown in fig. 6-3a. If 
elemental selenium is replaced by Na2(Se)1+n � Na2(Se)n → Se as selenium source, its effective heat 
differs from zero by ΔH´ = [Se]·ΔHn. This is indicated in fig. 6-3a by the shift of the baseline from 
zero to Na2(Se)2. It is obvious that sodium only influences the right legs of the EHF triangles. As a 
consequence there is no change in the prediction of the first phase formation: As the liquidus 
minimum is located at [Se] = 32 at-%(*) the selenisation of indium always provides In4Se3 as first 
phase. Sodium reduces the released enthalpy (table 6-1) according to the new baseline that results 
from the selenisation by Na2(Se)2.  

The ternary phase diagram copper-indium-selenium was investigated on the quasibinary section 
Cu0.5In0.5

 � Se with ΔH´ values of the binary copper and indium selenides. In this case there are two 
influences on the baseline shift. The shift on the selenium side of the quasibinary section has the 
same reason as discussed for the indium-selenium system. Furthermore Cu0.5In0.5 is now introduced 
as educt for the selenisation reaction. This also leads to a shift, since the decomposition has to be 
paid for energetically, too. The sum of both shifts equals  

ΔH´([Se]) = {ΔH(Na2(Se)n � ΔH(Cu0.5In0.5)}·[Se] + ΔH(Cu0.5In0.5) 

The result can be seen in fig. 6-3b. The lowest local liquidus minimum of the pseudobinary section 
Cu0.5In0.5

 � Se is located at [Se] = 6.2 at-% (cf. fig. 3-5b) which corresponds to a selenium 
concentration smaller than in any of all compound compositions. As the left legs of the EHF 
triangles are not affected by the baseline shift caused by sodium there is also no influence of sodium 
on the first phase formation in the ternary system. It is noteworthy that ΔH´(CuInSe2) < ΔH´(InSe) 
for [Se] < 36 at-% and thus cannot form as the first compound, directly. This means that CuInSe2 
must be formed via binary selenides rather than from the elements in a single step reaction. The 
shift ΔH´(0) causes that InSe has the greatest ΔH´ value at the liquidus minimum. ΔH´ of In4Se3 is 
just by 0.22 kJ/mol·of atoms larger. All experiments of this work agree that not InSe but In4Se3 is always 
the first compound being formed. In this case the approximations made in the EHF model seem to 
be too rough to deduce a reliable prediction.  

Let us thus assume that In4Se3 is the first compound which is formed. In this case the EHF model 
does not prefer any of the copper selenides of which at least one has to be formed simultaneously 
with the formation of In4Se3. Table 6-3 lists the enthalpies for the selenisation of elemental copper 
released out of Cu0.5In0.5 for which 0.5·ΔH(Cu0.5In0.5) per copper atom was assumed to be 
necessary. When using Na2(Se)2 instead of elemental selenium none of these reactions is 
exothermic. Nevertheless, copper selenides will inevitably be formed, since the simultaneously 
proceeding formation of 1/3

 In4Se3 delivers at least �67 kJ/mol of Se. This is enough energy to keep the  

 
(*) The value of [Se] = 32 at-% appears as most probable location for the liquidus minimum  

in the indium-selenium phase diagram. This concentration has been determined in an older  
work [6-15]. However, the most recent experimental work up to now gives [Se] = 34 at-% [6-14]  
whereas a thermodynamic calculation of the phase diagram based on all available experimental 
data derives [Se] = 30 at-% [6-16]. In this chapter the mean value [Se] = 32 at-% has been used. 
It shall be noted that the prediction of the EHF model is not affected as much as [Se] < 43 at-%, 
which corresponds to the position of the compound In4Se3 with the highest value for ΔH´.  
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Table 6-3:  Enthalpies for different selenium donors normalised to one selenium atom [kJ/mol]  
 
Selenisation rct. starting from Cu0.5In0.5 ΔH1 ΔH2 ΔH3 ΔH4 ΔH5 ΔH∞

2 Cu + Na2(Se)1+n → Cu2Se + Na2(Se)n 0 (8) �18 (7) �28 (6) �32 (6) �35 (6) �46 (6) 

Cu + Na2(Se)1+n → CuSe + Na2(Se)n +12 (6) �5 (5) �15 (4) �19 (4) �22 (4) �34 (4) 
1/2 Cu + Na2(Se)1+n → 1/2 CuSe2 + Na2(Se)n +28 (5) +10 (4) 0 (3) �4 (3) �7 (2) �18 (2) 
4/3 In + Na2(Se)1+n → 1/3 In4Se3 + Na2(Se)n �67 (13) �85 (12) �94 (12) �99 (12) �102 (12) �113 (12) 

The numbers in brackets are estimated significance values for the preceding enthalpy values. The 
significance is calculated by error propagation using the following input values: An error bar of ±10%  
is assumed for both the initial values given in Table 1 and the ΔHn values for the sodium polyselenides 
calculated through the chain model in section 6.1.1. The input value for the latter, ΔH1 = �45.8 kJ/mol,  
is obtained by subtraction of the two values determined by MAIOROVA [6-17] in the same experiment. 
Although the two absolute values for the heats of formation of Na2Se and Na2(Se)2 might contain a large 
systematic error, it can be assumed that the difference value which is required for the calculations in this 
section is much better. Therefore, for an error estimation it is sufficient to assume an uncertainty for the 
difference value ΔH1. The significance values given above in brackets are directly proportional to the value 
used as error bar and can thus be easily adapted to different estimates other than ±10%. This means that for 
an error bar of ±20% they must be doubled, for example.   
Further, it shall be noted that the ΔH1 value for one gross equation of this table becomes positive under 
sodium influence, namely: 8/11 Cu0.5In0.5 + Na2(Se)2 → 4/11 CuSe2 + 1/11 In4Se3 + Na2Se,  ΔH1 = +2 kJ/mol. 
When taking the significance of the ΔH1 values for the partial reactions into account, it cannot be decided,  
if the selenisation of the intermetallic alloy Cu0.5In0.5 by Na2(Se)2 is an endothermic or exothermic process.  

 
 

Table 6-4:  ΔH values on the expense of copper selenides normalised to one selenium atom   
 

Selenium exchange reactions performed �  ΔH [kJ/mol] 

• by CuSe2  CuSe2 + In4Se3 → CuSe + 4 InSe �113 

   CuSe2 + 3/5 In4Se3 → CuSe + 2/5 In6Se7 �  88 
   CuSe2 + 1/3 In4Se3 → CuSe + 2/3 In2Se3 �  56 

   CuSe2 + 6 InSe →CuSe + In6Se7 �  51 

   CuSe2 + 2 InSe → CuSe + In2Se3 �  28 

   CuSe2 + 1/2 In6Se7 → CuSe + 3/2 In2Se3 �  17 

   CuSe2 + 2 GaSe → CuSe + Ga2Se3 �118 

• by CuSe  2 CuSe + In4Se3 → Cu2Se + 4 InSe �  95 

   2 CuSe + 3/5 In4Se3 → Cu2Se + 2/5 In6Se7 �  70 

   2 CuSe + 1/3 In4Se3 → Cu2Se + 2/3 In2Se3 �  38 

   2 CuSe + 6 InSe → Cu2Se + In6Se7 �  33 

   2 CuSe + 2 InSe → Cu2Se + In2Se3 �  10 

   2 CuSe + 1/2 In6Se7 → Cu2Se + 3/2 In2Se3 +    2 

   2 CuSe + 2 GaSe → Cu2Se + Ga2Se3 �100 
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entire selenisation exothermic within the significance values given. Thus, any copper selenide may 
be formed according to the actual selenium offer.  

Finally, it is energetically favourable to decompose a selenium richer copper selenide compound, 
like CuSe or CuSe2, to selenise In4Se3 to InSe or In6Se7, or the latter ones to In2Se3, or GaSe to 
Ga2Se3. The only exception among these exothermic reactions could be for the combination of 
CuSe and In6Se7 as reactants, which is calculated as slightly endothermic (table 6-4), however this 
remains uncertain due to the unknown error of the initial values in table 3-1. The unambiguously 
exothermic selenium exchange reaction between the educts CuSe2 and In4Se3 has been 
experimentally confirmed in this work (fig. 5-5b). Moreover, it is even exothermic to selenise 
copper, bonded in the intermetallic alloy Cu0.5In0.5, by CuSe or CuSe2. However, one can expect an 
exchange reaction between an intermetallic compound like Cu11In9 with a copper polyselenide to be 
well suppressed due to local separation of the metallic precursor from the copper selenides being 
firstly formed on top of the precursor.  

 

6.1.3.  Summary of the thermodynamic approach  
Thermodynamic data as listed in table 3-1 are notorious for their incertitude. Since the theoretical 
approach is based on these values, a different set of input values might change the sign of the 
enthalpies of some reactions presented here. However, a general trend is unambiguous. Sodium 
doping affects the formation reactions of the copper selenides due to acting as a surfactant. 
Therefore Na+ cations were assumed to be bonded to the surface of each crystallite forming sodium 
polyselenides. The effect is strongest pronounced offering a small amount of selenium, resulting in 
the formation of a Na2(Se)2 layer on top of the precursor. Under this condition γ-CuSe and CuSe2 
will not be formed any more. The application of the EHF model shows that In4Se3 and InSe are both 
probable to appear as first compounds. An additional energy shift in their ΔH´ values to favour InSe 
as the first compound could be important for rapid thermal annealing of SEL, since InSe is a 
suitable educt for rct. A as well as for rct. B (table 6-2). If one likes to prefer rct. A, γ-CuSe should 
be available. This can be achieved either by adjusting the correct selenium offer according to 
table 6-1 so that any reactions resulting in CuSe2 remain endothermic, or offering selenium in 
excess and thermally decomposing CuSe2 into γ-CuSe, as observed in the laboratory experiments of 
this work. If rct. B shall be promoted the selenium offer has to be restricted until β-Cu2Se and InSe 
have been formed, then additional selenium must be supplied. Moreover, it has been found in this 
work that a high selenium excess impedes rct. A due to formation of CuSe2 below 342°C. If the 
temperature is raised above 377°C rct. B will proceed quickly. When selenising SEL in slight 
excess, rct. B is to replace rct. A at temperatures lower than 377°C [6-18]. In both cases rct. B is 
promoted to facilitate the growth of large α-CuInSe2 crystallites. Thus, sodium doping is a tool to 
control the chemical reactions during rapid thermal annealing of SEL. It can be utilised to promote 
the formation rct. B:  β-Cu2Se + 2 InSe + Se → 2 α-CuInSe2 resulting in large crystallites of the 
ternary chalcopyrite compound.  

 

6.1.4  Application of the chain model to the copper polyselenides  
In the copper selenides Cu2Se, CuSe and CuSe2 the copper cation is known to be monovalent  
[6-19]. For this reason the average valences of the selenium anions in these compounds are �2, �1 
and �0.5, respectively, indicating that the anion Se2�and the polyanions Se2

2� and Se4
2� are present. 

Thus, the compounds CuSe and CuSe2 must be regarded as copper polyselenides, and that is why 
their formulae should be written as Cu2(Se)2 and Cu2(Se)4 for clarity.  

This offers the possibility to test the chain model valid for polyselenides as described in 
section 6.1.1 by calculating the ΔH value for CuSe2 from the values of Cu2Se and CuSe. This 
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approach will be a rough estimation since the copper polyselenides do not contain polyselenide 
chains in their crystalline state, but alternating copper and selenium layers instead. Taking the ΔH 
value from table 3-1 one finds: Cu2Se + Se → Cu2(Se)2 with ΔH1 = �21 kJ/mol. The fact that 
Cu2(Se)3 is an unstable compound can be considered formulating the selenisation reaction in the 
following form: Cu2(Se)2 + 2 Se → Cu2(Se)4 + |ΔH2,3| skipping the compound Cu2(Se)3. In this case 
it is no longer possible to decide if the first or the second reaction step proceeds without any heat of 
formation. The best approach to follow in this case is to calculate both ΔH2 = �12.9 kJ/mol and 
ΔH3 = �8.3 kJ/mol. Since the values for ΔHn decrease roughly inversely proportionally to the 
polyselenide chain length the best approach here is to interpret the harmonic mean  
ΔH2,3 = �10.1 kJ/mol as the reaction enthalpy looked for. This yields to the heat of formation 
ΔH(Cu2(Se)4) = ΔH(Cu2Se) + ΔH1 + ΔH2,3 = �90 kJ/mol which is in good agreement with the 
literature value of �86 kJ/mol. This result confirms that the assumptions used to calculate the heat 
of formation values by the polyselenide model presented in section 6.1.1 are reasonable.  

 

 

6.2  A crystallographic view on the formation of Cu(In,Ga)Se2
 

This section describes the interrelation between the mechanism of chemical solid-state reactions and 
the crystal structures of the compounds involved. This investigation is based on the question why 
only very few reaction paths have been observed in the experimental part of this work. Even in 
different growth processes only a few formation reactions are reported in literature. This fact 
becomes even more amazing when one takes the large number of possible exothermic formation 
reactions into account. Taking the formation of CuInSe2 out of the copper and indium selenides 
listed in table 3-1 as an example results in twelve exothermic reactions (cf. tables 6-2 and 6-4) only 
four of which have been reported (fig. 6-4). This fact could not be explained prior to this work.  

 

 

Fig. 6-4   
This scheme contains all possible combinations  
of the binary selenide compounds of table 3-1.   
The dashed lines indicate possible exothermic reactions 
involving the connected compounds as reactants. These 
reactions are not experimentally confirmed. Solid lines 
symbolise observed exothermic reactions.  
Note that in most cases elemental selenium is required in 
the reaction equations to equilibrate the atomic balance.  

 

6.2.1.  Introduction  
In 1940 THIRSK & WHITMORE [6-20] published their results on epitactic growth of nickel oxide on 
different faces of a corundum single crystal. Apart from epitaxy between nickel oxide and the 
corundum host crystal they observed the unintended formation of the spinell compound NiAl2O4 at 
the interface. Therefrom they concluded that the solid-state reaction NiO + α-Al2O3 → NiAl2O4 had 
taken place. The product was orientated so that the oxygen sublattice of all three compounds was 
coherent. The reaction temperature for the epitactic reaction of NiO-{1 1 1} with the {1 1 0} face of 
α-Al2O3 was far below 900°C, which is unusually low for the formation of NiAl2O4. This low 
reaction temperature was later explained by assuming corrugated crystal faces to possess a lower 
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bond strength which supports epitaxy [6-21]. The faces chosen for this reaction contain hexagons 
consisting of the oxygen anions. These hexagons are regular and plane in the NiO-{1 1 1} lattice 
planes and distorted on the buckled {1 1 0} faces of α-Al2O3 considering two adjacent lattice 
planes. The work of THIRSK & WHITMORE [6-20] seems to be the first which reports the observation 
of an epitactically favoured solid-state reaction.  

However, the existence of structural relationships in solid-state chemistry is well known long ago. 
One example are minerals exhibiting a crystal habit which belongs to a different mineral. Such 
pseudomorphs are one possible result of natural weathering at a geological time scale. In 1918 
KOHLSCHÜTTER performed experiments in which crystals of NH4Al(SO4)2 and Al2(SO4)2 were 
converted into Al(OH)3 gel due to reaction in concentrated ammonia solution [6-22]. Despite the 
chemical reactions the crystal shape of the starting compounds was preserved resulting as Al(OH)3 
pseudomorphs. This observation let the author introduce the term �topochemical� for chemical 
reactions which are �locally confined�. In this example the reaction of the solution is confined to 
the surface and the bulk of the crystals of the reactants. Later, the term �topochemical reaction� was 
restricted to �a reversible or irreversible reaction that involves the introduction of a guest species 
into a host structure and that results in significant structural modifications to the host, for example, 
the breakage of bonds� [6-23]. If, in addition, educt and product are mutually oriented with respect 
to each other, the reaction is referred to as �topotactic� [6-24].  

Taking the topochemical spinell formation observed by THIRSK & WHITMORE [6-20] as example, 
the phenomena observed were epitaxy (i.e., mutual orientation of the educt crystals having a two-
dimensional lattice in common [6-24]) followed by a topotactic reaction, which means that the 
crystalline product grows oriented with respect to the educt crystals.  

 

Table 6-5:  Selected chemical reactions. Reactions A � E are experimentally verified (cf. table 5-3)
 
 

Reaction ΔH  
[kJ/mol] 

 

Remarks 

A)       CuSe +      InSe   → CuInSe2 �44 slow  

B)  1/2 Cu2Se +      InSe + 1/2 Se → CuInSe2 �55 fast  
 

C)  
  
1/2 Cu2Se 

  

+ 
  
1/2 In2Se3

   

→
 

CuInSe2

 

�39 applied in the co-
evaporation process 

 �       CuSe + 1/2 In2Se3 � 1/2 Se → CuInSe2 �29 slow  
 �       CuSe2 + 1/4 In4Se3 � 3/4 Se → CuInSe2 �70 not observed;  

missing epitaxy 

D)  1/2 Cu2Se + 1/2 Ga2Se3   → CuGaSe2 �67 requires > 400°C 
 

 �   

     CuSe 
 

+ 
 
     GaSe    

→
 

CuGaSe2

 

�37 not observed; 
no GaSe as educt 

E)  3/4 CuInSe2 + 1/4 CuGaSe2  → CuIn0.75Ga0.25Se2 � interdiffusion 

Remark: The reaction enthalpies ΔH were calculated with the values of table 3-1.  

 

The �topochemical postulate� formulated by COHEN & SCHMIDT states that �reaction in the solid 
state occurs with a minimum amount of atomic or molecular movement� [6-25]. This, postulate, 
however, does not hold in general, but for topotactic reactions [6-26]. It shall be noted that topotaxy 
is a very important mechanism for the reactivity of solids, probably even the most current way of 



 
 
114 

transformation in solid-state reactions [6-27]. Below the topochemical formation reactions of 
Cu(In,Ga)Se2 from binary selenides as starting compounds will be derived. It will be shown that all 
important formation reactions are not only topochemical but even topotactic.  

The effective heat of formation model (section 6.1.2) has shown that the compound semiconductor 
Cu(In,Ga)Se2 has to be formed via binary selenide compounds rather than directly from the 
elements when annealing a copper-indium intermetallic layer in contact with selenium. Other 
synthesis methods like the two- or three-stage coevaporation process [6-28] or electrodeposition  
[6-29] may even start from binary selenides directly. Thus a common theory must focus on solid-
state reactions involving the binary selenide compounds. This approach will not cover the 
description of all intermediate chemical reactions taking place, rather it will focus on those 
reactions which will directly result in the formation of α-CuInSe2 or α-CuGaSe2. In this chapter 
five experimentally verified reactions paths (indicated as reactions A � E in table 6-5) among three 
additional selected reactions will be described in detail. It will be illustrated that all formation 
reactions experimentally observed are initiated by epitaxy of the crystal structures of the starting 
compounds and can thus easily lead to the formation of the chalcopyrite compounds. The crystal 
structures of all compounds of interest have been described in chapter 3.2, already. Based on these 
data the complete set of topotactic reactions for the formation of α-CuInSe2 and α-CuGaSe2 will be 
derived (table 6-7).  

By using the crystal structure data as input values the derived topotactic reactions in the sections 6.2 
through 6.4 automatically contain the reactants as wellas the products in their thermodynamic 
equilibrium state. In none of the experiments of chapter 5 any deviation from the equilibrium phase 
diagrams (chapter 3.1) nor from the expected crystal structures (chapter 3.2) has been observed. The 
conclusions drawn in the following sections assume conditions close to thermal equilibrium.  

 

6.2.2  Crystallographic mechanisms of the formation reactions  
In this chapter the reaction mechanisms will be divided into several subsequent steps for 
experimentally observed solid-state reactions leading to the chalcopyrite formation. It shall be 
emphasised that these intermediate reactions will take place simultaneously, especially when 
considering more than one unit cell or a single motif. It was attempted to identify the most probable 
solid-state reactions by looking for the most obvious reaction paths with a minimum of atomic 
movement in terms of the topochemical postulate. It is presumed that easy reaction mechanisms are 
a good indication for a reaction to occur with high probability. A comprehensive overview is 
provided in section 6.2.2.7.  

Table 6-6 comprises atomic distances on selected planes in those structures required for the 
description of solid-state reactions given below. The deviation of these distances between reacting 
compounds lies in the range of a few percent only. The distances are calculated from the structural 
data given in chapter 3.2 mostly determined at room temperature if not stated otherwise. To be 
accurate, the lattice misfit would have to be considered as a function of temperature. However, 
since these data are not available for most structures, the description is limited to the lattice misfit 
calculated from the structural data given in chapter 3.2.  

If two lattice planes are oriented parallelly to each other and have (quasi-)identically formed 
networks, epitactic growth is likely to occur [6-30]. The first systematic studies [6-30] showed that 
the misfit of the corresponding network spacings tolerated for epitaxy did not exceed ≈ 15%. 
Applying this pure geometrical criterion, all compounds listed in table 6-6 are suitable for epitaxy in 
the selected solid-state reactions discussed below. Indeed, topotactic growth of α-CuInSe2 on β-
Cu2Se has been observed by TEM and a growth model based on the common anion sublattice in 
both crystal structures has been suggested [6-31]. Furthermore, a diffusion mechanism for the 
formation on atomic scale has been proposed recently [6-32].  
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The interdiffusion of α-CuInSe2 and α-CuGaSe2 (rct. E) obeys VEGARD�s law who observed a 
statistical distribution of the cations in mixed crystal alkali halides [6-33] and reported that the 
lattice parameter of a mixed crystal compound depends linearly on the concentration [6-34]. Both 
observations agree with x-ray diffraction results on Cu(In,Ga)Se2 mixed crystals [6-35, 6-36].  

 

Table 6-6:  Atomic distances of compounds participating in reactions A � E in pm   
 

Phase 2H / 3R-InSe β-In2Se3 γ-In2Se3 γ-CuSe α-CuInSe2

plane {0 0 1} {0 0 1} {1 0 0} (0 0 �1) {0 0 1} {1 1 2} {1 1 0} / {1 0 2} 

Cu�Cu � � � � 398 410 410 

In�In 405 / 400 405 713 a 713 � 410 410 

Se�Se 405 / 400 405 408 b    413 c 398    410 d 410 

        

Phase 2H-GaSe α-Ga2Se3 β-Ga2Se3 β-Cu2Se α-CuGaSe2

plane {0 0 1} {0 1 0} {1 1 1} {1 1 1} {1 1 0} {1 1 2} {1 1 0} / {1 0 2} 

Cu�Cu � � � 413    413 g 393 393 

Ga�Ga 376 389 e 384 � � 393 393 

Se�Se 376 391 f 384 413 413    395 h 390 
        

in bold: lattice planes forming faces due to BFNDH law or anisotrope cation conductivity   
a Distance determined along indium chains running parallelly to the unit cell axes a and b.   
b Average of 36 Se�Se distances (358�455 pm) within the unit cell; distorted centred hexagons.  
c Average of alternating distances: 389, 400 (2×), 421 pm (2×) and 431 pm.   
d Average value of 388, 400 (2×), 421 (2×) and 431 pm in the distorted hexagons.   
e Average of 407, 377, 375 (2×), 390, 407, 385 and 384 pm; distorted corrugated hexagons.   
f Average of 375, 408, 381 and 388 pm; distorted corrugated hexagons.   
g Only the immobile zincblende sublattice taken into account.   
h Average value of 389, 390 (3×) and 397 pm (2×) in the distorted hexagons.  

 

6.2.2.1  Reaction A)  γ-CuSe + InSe → α-CuInSe2  

As shown in section 3.3.1 γ-CuSe is packed ≈ 1.5 times denser along the <0 0 1> axis than InSe, 
whereas the packing density within the {0 0 1} planes are equal for both crystal structures. For this 
reason any plane {h k l} with h ≠ 0 or k ≠ 0 can be excluded, leaving the {0 0 1} plane as the only 
possibility for epitaxy. As shown above, the {0 0 1} faces are likely to occur for γ-CuSe and both 
InSe polytypes. Since both structures are built up from {0 0 1} layers described in P 3 m 1 it is 
 

a)  b)  

 
Fig. 6-5:   
The {0 0 1} plane  
of γ-CuSe (a) and InSe (b)   
Cu+ or In3+: dark,   
Se2�: bright balls 
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reasonable to assume epitaxy for both structures on their {0 0 1} planes (fig. 6-5). The lattice misfit 
is only 18� (6�) for the 2H (3R) polytype of InSe, respectively. For rct. A one can propose the 
following reaction steps:  

1. γ-CuSe and InSe crystals fit epitactically together on the {0 0 1} plane. The absence of dangling 
bonds on these chemically inactive surfaces is a favourable factor for this kind of epitactic 
growth, the so-called VAN-DER-WAALS epitaxy [6-37]. Let us now consider a crystal of γ-CuSe 
which has connected to a crystal of InSe at the {0 0 1} plane (fig. 6-6a).  

2. At the interface the following redox reaction is induced transferring copper and selenium ions 
into their most stable oxidation state:  

  [Se�Se]2�
in γ-CuSe + [In�In]4+

in InSe → 2 In3+ + 2 Se2�  

 This equation illustrates that the covalent In�In bonds in InSe and the covalent Se�Se bonds 
in γ-CuSe break up when the oxidation state is changed. This leads to the formation of CuSe 
motifs. For InSe one must expect not only the In�In, but consequently the Se�Se bonds to 
break up. The InSe crystal structure will then disintegrate into single layers with a thickness 
of half a motif. For simplicity it is sufficient to consider a single motif of γ-CuSe (three 
layers) which has connected to 1.5 motifs of InSe (three layers). This corresponds to three 
formula units of each compound (fig. 6-6a).  

 

a)  

 
 
 

b) 
 

 

c) 

Fig. 6-6: Schematic drawing of rct. A viewing perpendicular to the <0 0 1> direction.  
Cu+: dark small balls, In2+ and In3+: grey small balls, Se� and Se2�: large bright balls 

 

3. As a consequence of the redox reaction one can expect the Se�In�In�Se chains along the <0 0 1> 
axis to arrange their ions alternately allowing tetrahedral coordination with the other sort of ions, 
only. In the CuSe motif, the same argument will shift the atom Cu (1f) along <0 0 1> to exchange 
with the Se (1d) atom. After a translation of the metal-selenium layers by ±(1/3, 2/3, 0), tetrahedral 
coordination is achieved for all atoms. Fig. 6-6b shows the realisation for the translation vector 
being always positive resulting in the stacking sequence ABC of the Se2� anions like in a cubic 
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close packed structure. It must be mentioned that alternating signs of the translation vector yield 
to the arrangement AB as realised in hexagonal close packed structures. To achieve the 
chalcopyrite structure of α-CuInSe2 the ABC stacking is required. Any deviation introduces to 
stacking faults along the <1 1 2> direction of α-CuInSe2.  

4. So far the ions are ordered as (Cu�Se)3�(In�Se)3 along <0 0 1>. To obtain the alternate order of 
the cations as realised along <1 1 0> in α-CuInSe2 cation exchanges across the {0 0 1} contact 
surfaces are necessary (fig. 6-6c). After this step the ion sequence (Cu�Se�In�Se)3 is achieved. A 
slight rearrangement of the Se2� anions from x(Se) = 1/4 to x(Se) = 0.224 (referring to the 
tetragonal setting) results in the chalcopyrite structure (fig. 3-13a).  

The whole transformation into α-CuInSe2 is completed by these four steps. For the first step epitaxy 
of two {0 0 1} faces containing plane selenium hexagons was asumed. Consequently, the formation 
of the {1 1 2} lattice planes of CuInSe2, also containing plane selenium hexagons, is likely to occur. 
In this case the Se2� anions are already located almost in their correct positions, the chalcopyrite 
crystal structure is realised by correct ordering of the cations. The maximum change in atomic 
distances in the {0 0 1} plane of γ-CuSe compared with those in the {1 1 2} plane of α-CuInSe2 is 
just 30� (table 6-6).  

In summary rct. A is facilitated by epitaxy followed by a subsequent redox reaction breaking up 
covalent bonds and allowing the cation exchange. The most complicated step is the arrangement 
of the cations necessary to achieve tetrahedral coordination for the copper (2d) and selenium (2c) 
atoms in γ-CuSe.  

 

Experimental proof  
As proved in the experimental part of this work rct. A occurs when tempering SEL above the 
melting point of selenium at 221°C. This temperature coincides with the minimal temperature for 
the formation of the starting compounds γ-CuSe and InSe. The reaction was not only observed in 
SEL precursors but additionally during isothermal annealing of a layer stack of γ-CuSe on top of 
InSe. This agrees well to experiments [6-38], in which the formation of α-CuInSe2 on the expense 
of γ-CuSe was observed when annealing a bilayer stack of γ-CuSe deposited on x-ray amorphous 
InSe. The activation energy was determined to Eact(A) = 66 kJ/mol [6-38]. For a bilayer stack of 
crystalline phases a one-dimensional growth process limited by diffusion with an activation energy 
of Eact(A) = 128 kJ/mol has been identified [6-39].  

 

6.2.2.2  Reaction B)  1/2
 β-Cu2Se + InSe + 1/2

 Se → CuInSe2  
This reaction can take place above 221°C, after selenium has become molten. The reaction is a 
solid-solid-liquid reaction or a solid-solid-gas reaction. The best match of the lattices of β-Cu2Se 
and InSe is achieved by epitaxy of the InSe {0 0 1} with the β-Cu2Se {1 1 1} plane. As stated in 
chapter 3.2, these planes are expected to occur as crystal faces according to the BFNDH law.  

 

a)  

 

b)  

 
Fig. 6-7:   
Possible planes suitable 
for epitaxy: a) Cu2Se 
{1 1 1}, b) InSe {0 0 1}. 
Cu+ and In2+ dark,  
Se2� bright balls 



 
 
118 

The anion-anion and cation�cation distances in the {1 1 1} plane of the zincblende sublattice of  
β-Cu2Se are just 20� larger than the corresponding distances in 2H-InSe (table 6-6). The reaction 
is described most easily by the following steps:  

1. β-Cu2Se and InSe crystals connect epitactically at one possible face (fig. 6-7). Due to symmetric 
equivalence this can take place at up to eight {1 1 1} faces of the β-Cu2Se crystal simultaneously.  

2. At the interface of the epitactically connected crystals with the selenium melt the following 
redox reaction with a selenium chain is likely to occur:  

  [In�In]4+
in InSe + [Sen]0

in the melt → 2 In3+ + Se2� + [Sen�1]0
in the melt  

 In this case the indium dication is embedded in the InSe crystal structure whereas the selenium 
atom must be separated from selenium chains present in the melt.   
The β-Cu2Se crystal is known to be electron conductive. Hence, the [In2]4+ cation is expected to 
be oxidised at the interface of a connected β-Cu2Se and InSe crystal, whereas the reduction of 
selenium occurs at the surface of the β-Cu2Se crystal. To maintain charge neutrality within the  
β-Cu2Se crystal two electrons have to diffuse through the β-Cu2Se crystal towards that surface in 
contact with the selenium melt. Consequently, after its reduction the Se2� anion will be bonded to 
the surface of the β-Cu2Se crystal. Since no epitactic relation needs to be satisfied for single ions 
on surfaces, any surface {h k l} of the β-Cu2Se crystal is sufficient for this. Due to the anisotropic 
ion conductivity of β-Cu2Se the {1 1 1} faces are the most prominent planes on which the Se2� 
anions can be adsorbed.   
This topotactic reaction mechanism supported by the ambipolar ion conductivity of the β-Cu2Se 
crystal implies an interesting aspect: the β-Cu2Se crystal increases its size in at least two 
different directions: at first it grows perpendicular to the {1 1 1} face due to the epitactic contact 
with an InSe crystal and secondly, it grows at those faces where Se2� anions are adsorbed  
(fig. 6-8a).  

 
 

a)   b)
Fig. 6-8:  Illustration of the topotactic mechanisms for rct. B.  

In a) 11/2 motifs of InSe have been connected to one of the {1 1 1} faces of β-Cu2Se.  
The unit cell of InSe is drawn as a guideline for the eye, only. The cation exchange  
is initiated by a redox reaction (b). Note that no Se2� anion transport is required.   
Cu+ dark, In2+ bright small balls; Se2� large bright balls 
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3. Due to the complete oxidation the In3+ cations will prefer to coordinate tetrahedrally with Se2� 
anions. This is achieved by exchange of In3+ with Cu+ cations. In3+ cations from the indium 
double layers of InSe will diffuse into the crystal structure of β-Cu2Se and Cu+ cations will 
diffuse between the selenium double layers in the InSe structure (fig. 6-8b). The diffusion of In3+ 
in the ion conducting β-Cu2Se phase was found to approach a value typical for diffusion in 
liquids [6-40]. However, this is a self inhibiting process as the β-Cu2Se crystal is gradually 
changed into α-CuInSe2 where no ion conductivity favours the cation diffusion any more. 
Therefore, the reaction rate of this process is expected to decrease in time once initiated.   
This is due to the increasing diffusion length through the forming α-CuInSe2 interface. Thus 
there are two steps: the formation of an α-CuInSe2 layer, and a diffusion limited growth.   
The cation diffusion within InSe is limited as well. However, one can expect small crystal 
platelets as reaction partners, which start to dissolve into single {0 0 1} layers due to oxidation. 
Thus, the diffusion length along the <0 0 1> direction is short in comparison and InSe cannot be 
regarded as a diffusion limiting reaction partner.   
As in rct. A there exist several possibilities for the Se2� anion arrangement. The β-Cu2Se crystal 
structure is already ordered like ABC along the <1 1 1> axes. However, the InSe structure needs 
to be rearranged. Perfect ABC ordering of the Se2� anions is realised along the <1 1 2> directions 
in the chalcopyrite crystal structure of α-CuInSe2.  

In rct. B the epitactic relation between the β-Cu2Se {1 1 1} and InSe {0 0 1} lattice planes is 
exploited. As both planes contain plane selenium hexagons, one can expect the {1 1 2} lattice planes 
of the chalcopyrite structure to be formed from this reaction.  

The ambipolar ion conductivity of β-Cu2Se allows the cation exchange necessary to form the 
tetragonal α-phase of CuInSe2. It further enables quick diffusion compared to rct. A (cf. 
Section 6.2.2.1). Since the zincblende sublattice of β-Cu2Se provides the template structure of the 
chalcopyrite, large β-Cu2Se crystals will inevitably result in large grains of α-CuInSe2. Although 
this is a simultaneous reaction of three reaction partners, the argument that rct. B is improbable as it 
requires a three-body interaction, cannot be applied here. After the contact of β-Cu2Se with InSe, 
the reduction of selenium need not have to occur at the same interface. To provide a quick reaction 
the β-Cu2Se crystal only needs to be surrounded by the selenium melt and InSe crystal platelets. 
The melt steadily provides contact with selenium and, moreover, supports the diffusion of InSe 
platelets towards the β-Cu2Se crystals.  

 

Experimental proof  

Rct. B was identified during annealing of copper indium layers in H2Se at 400°C [6-41]. Later, the 
reaction rates at different temperatures and the activation energy Eact(B) = 25 kJ/mol were 
determined [6-42]. The reaction equation was shown to be also valid when replacing H2Se by 
elemental selenium [6-43]. When tempering in a low amount of selenium, the reaction remains 
incomplete, which can be recognised from the residual solid-state educts [6-44].  

Rct. B takes place during annealing of SEL which was observed in this work and already in 
previous experiments at the ESRF by BRUMMER et al. [6-18]. The main author has proposed a 
sequence of atomic rearrangement steps for the conversion of β-Cu2Se and 2H-InSe into α-CuInSe2 
with epitaxy as initiating step [6-32]. However, in the course of the proposed reaction mechanism 
the uptake of two-dimensional selenium layers is required which seems improbable to occur. In 
contrast, the model mechanism for rct. B introduced in this work starts with epitactic connection of 
the educt crystal structures, too, but does not demand an uptake of selenium atoms into the crystal 
structures. Here it is sufficient for selenium to be adsorbed at free faces of β-Cu2Se.  
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In the actual experiments as well as in the foregoing ones [6-18] the influence of sodium doping on 
the reactions is described. The experiments in this work show that when rct. B is preferred (which 
can be achieved by sodium doping) rather than rct. A, the processed absorber will consist of large 
CuInSe2 grains. Consequently, rct. B must be regarded as a beneficial formation reaction in means 
of reducing the number of grain boundaries in the absorber material. Furthermore, this work has 
proved that rct. B takes place during annealing of a bilayer consisting of γ-CuSe on top of InSe.  

 

6.2.2.3  Reaction C)  1/2
 β-Cu2Se + 1/2

 In2Se3 → CuInSe2  
This reaction differs from the two ones described above, as no redox reaction is involved to break 
up the Se�Se bonds, facilitating the recoordination of the cations. Since there exist two 
modifications of In2Se3 in the relevant temperature range, the reaction with both β- and γ-In2Se3 as 
reactants must be discussed separately. The chemical reaction involving β-In2Se3 will be denoted as 
Cβ, that with γ-In2Se3 as starting compound is abbreviated by Cγ in the following.  

 

6.2.2.3.1  Reaction Cβ)  1/2
 β-Cu2Se + 1/2

 β-In2Se3 → CuInSe2  

When searching for epitactic relations for this reaction one observes a good agreement of the atomic 
distances in the {0 0 1} plane of β-In2Se3 and the {1 1 1} plane of β-Cu2Se (fig. 6-9a,b) with a lattice 
misfit of only 20� (table 6-6). These faces are likely to be formed according to the BFNDH law. 
Since both epitactic lattice planes contain plane centred selenium hexagons one can expect the 
formation of {1 1 2} lattice planes of α-CuInSe2. These layers are stacked in the sequence ABC. 
This stacking sequence of the Se2� anions is already realised in the crystal structure of β-Cu2Se as 
well as within the motif of β-In2Se3 (fig. 6-9c). To obtain a perfect ABC arrangement for more than 
one motif of β-In2Se3, however, the β-In2Se3 motifs must undergo a translation of (1/3, 2/3, 0) 
between two adjacent motifs. Additionally, the In3+ cations must change into tetrahedral 
coordination. As a result of these steps stacking faults are probable to be introduced into the 
chalcopyrite crystal structure of α-CuInSe2.  

 

 

a)  

 

b) c)  

Fig. 6-9:  Possible planes suitable for epitaxy:  a) Cu2Se {1 1 1}, b) β-In2Se3 {0 0 1}   
c) Illustration of the layer sequence after the epitactic connection of one β-In2Se3 motif with crystal 
structure β-Cu2Se. The unit cell edges of the hexagonal β-In2Se3 structure are inserted as a 
guideline for the eye. Cu+ dark, In3+ bright small balls; Se2� large bright balls. See also page 152.  

 

For the final ordering of the chalcopyrite, cation exchange between the educts is required. The only 
diffusion direction which seems easily possible is between the motifs perpendicularly to the <0 0 1> 
direction of β-In2Se3, where two Se2� anions are juxtaposed to each other. Cu+ cations can intrude 
between the motifs of the β-In2Se3 crystal structure by breaking up the VAN-DER-WAALS Se�Se 
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bonds. Unfortunately, this possibility of indiffusion is perpendicular to the epitactically suitable 
{0 0 1} lattice planes. For this reason one must conclude that despite the existence of an epitactic 
relation the consecutive exchange of Cu+ and In3+ cations will be a difficult and thus a slow reaction 
step, which is driven by the concentration gradient of the different cations. Thus, reaction Cβ will 
require a higher activation energy than rct. B and proceed more slowly.  

 

Experimental proof  

When annealing SEL β-Cu2Se and β-In2Se3 have been found to have formed as intermediate 
products. They reacted further with each other at 400°C resulting in the formation of α-CuInSe2. 
The reaction was completed at 450°C after 1 min [6-45].  

 

6.2.2.3.2  Reaction Cγ)  1/2
 β-Cu2Se + 1/2

 γ-In2Se3 → α-CuInSe2  

There are two different epitactic relations, involving either the {1 0 0}, or the {0 0 1} faces of  
γ-In2Se3. The first possibility seems to be more important and has been confirmed experimentally 
without doubt.  

 

a)  Epitaxy on the {1 0 0} faces of γ-In2Se3

The {1 0 0} planes of γ-In2Se3 contain buckled, distorted Se2� hexagons (fig. 6-10). They are centred 
as in the {1 1 1} planes of β-Cu2Se with a misfit of 12� considering the average distance value of 
the Se2� anions. Neglecting the distortion, the whole Se2� anion sublattice fulfils the epitactic 
relation with the anion sublattice of β-Cu2Se. As there are six symmetrically equivalent {1 0 0} 
planes, epitaxy is always ensured with one of the eight {1 1 1} faces of β-Cu2Se. This is especially 
important for randomly oriented crystals growing on a flat substrate where material can be supplied 
only perpendicularly to the surface. The Se2� anions are arranged in corrugated distorted centred 
hexagons on the {1 0 0} faces of γ-In2Se3 like on the {1 1 0} / {1 0 2} lattice planes of α-CuInSe2. 
This is the reason why this reaction does not result in the formation of {1 1 2} lattice planes of  
α-CuInSe2, as all other reactions described so far, but, in the {1 1 0} / {1 0 2} faces of α-CuInSe2. 
The formation of the latter faces is not expected in equilibrium crystal growth conditions, as given 
by the BFNDH law.  

This reaction requires extensive ion rearrangement, since there exits no simple stacking sequence of 
the Se2� anions planes in γ-In2Se3 perpendicular to the {1 0 0} lattice plane like AB or ABC.  

 

a)  

 

     
b) 

Fig. 6-10   
Epitaxial planes for 
reaction mechanism b:  
a) β-Cu2Se {1 1 1} and b) 
γ-In2Se3 {1 0 0}.  
Cu+ and In3+ dark,  
Se2� bright balls 

 

b)  Epitaxy on the {0 0 1} faces of γ-In2Se3  

The {0 0 1} lattice planes of γ-In2Se3 contain distorted Se2� hexagons fitting to the {1 1 1} planes of 
β-Cu2Se. The lattice misfit equals zero within the accuracy of the average distance values of 
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table 6-6. The epitaxy of the anion lattice works only for every second Se2� anion of the (0 0 �1), 
and only for each fourth Se2� anion of the (0 0 1) planes of γ-In2Se3 (fig. 6-11). For this reason the 
prerequisites for epitaxy are not ideal. In particular, the growth on the (0 0 1) lattice plane of  
γ-In2Se3 must be regarded to be more improbable than epitaxy on the (0 0 �1) plane. Additionally, 
the {0 0 1} faces of γ-In2Se3 are not expected to be formed  before the tenth place on the ranking 
given by the BFNDH law. If, nevertheless, epitaxy of the (0 0 �1) face of γ-In2Se3 with one of the 
{1 1 1} faces of β-Cu2Se occurs, one can expect the formation of {1 1 2} lattice planes of α-
CuInSe2, since one can regard both Se2� anion lattice planes to be plane. To get the ABC stacking 
sequence of the Se2� anions as realised in the chalcopyrite structure and in β-Cu2Se, the Se2� anions 
of the γ-In2Se3 structure, not having a simple stacking sequence, need to be rearranged.  

According to the BFNDH law, it can be forecasted that rct. Cγ is realised by epitaxy of {0 0 1} 
lattice planes of γ-In2Se3 with {1 1 1} planes of β-Cu2Se. However, independent of the fact, which 
of the two epitactic mechanisms to initiate reaction Cγ takes place, the initial epitactic reaction step 
must be followed by cation exchange between these two compounds. Because of the dense network 
of the three dimensionally interconnected structure of γ-In2Se3 this modification is not the most 
favourable reaction partner for β-Cu2Se. This is the reason why rct. Cγ requires a relatively high 
temperature to overcome the activation energy and secondly why it is slow compared to rct. B.  

 

a)  b)  c)

Fig. 6-11  

Epitaxial relation between a) β-Cu2Se {1 1 1}, b) γ-In2Se3 (0 0 �1) and γ-In2Se3 (0 0 1) (c). The 
marked hexagon in a), b) and c) contains eight, four and two Se2� anions, respectively. Epitaxy 
with the {1 1 1} face of β-Cu2Se is fulfilled for every second Se2� anion of the (0 0 �1) lattice  
plane and for every fourth Se2� anion of the (0 0 1) plane of γ-In2Se3 only. Thus, the (0 0 �1) face  
is expected to preferentially take part in this reaction. Cu+ and In3+ dark, Se2� bright balls 

 

Experimental proof  

Reaction Cγ was identified in this work with real-time x-ray diffraction experiments during 
annealing a bilayer of γ-CuSe on InSe. It takes place slowly, beginning not below 425°C.  

When γ-In2Se3 was grown during the first stage of the coevaporation process so that its <0 0 1> axis 
was oriented parallelly to the substrate, the growth of plate like crystals of α-CuInSe2 during the 
second stage with their {1 1 0} / {1 0 2} faces parallel to the substrate has been found [6-46]. This is 
in perfect agreement with the growth model presented above. An orientation of γ-In2Se3 with its 
<0 0 1> axis lying parallelly on the substrate means that three of the six symmetrically equivalent 
{1 0 0} faces are pointing upwards from the surface of the substrate. During the second stage of the 
coevaporation process the elements copper and selenium are offered and the {1 1 1} lattice planes of 
just formed β-Cu2Se can epitactically be connected to the {1 0 0} faces of γ-In2Se3. In consequence 
the compound α-CuInSe2 grows with its {1 1 0} / {1 0 2} lattice planes approximately parallel to the 
substrate. The same effect occurs in α-Cu(In,Ga)Se2 which has seen observed by TEM [6-47]. TEM 
further proves that these platelets are almost free of defects compared to {1 1 2} platelets [6-47]. It 
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was also shown that the 1 1 0 / 1 0 2 texture of α-CuIn(Ga)Se2 is more pronounced for increased 
selenium excess [6-48] during the first stage, which confirms that γ- rather than β-In2Se3 (which is a 
slightly selenium deficient compound, cf. chapter 3.1) is the reactant for the reaction. The formation 
of {1 1 0} / {1 0 2} faces of α-CuInSe2 and of α-Cu(In,Ga)Se2 during the coevaporation process 
proves that a mechanism other than equilibrium crystal growth has occurred, since these faces are 
improbable to be formed according to the BFNDH law. The occurrence of the {1 1 0} / {1 0 2} faces 
is a consequence of the topotactic solid-state reaction resulting in an oriented product compound.  

The experiments above are well complemented by the finding that γ-In2Se3 grown with its <0 0 1> 
axis oriented perpendicularly to the substrate resulted in the formation of 1 1 2 textured α-CuInSe2 
[6-46] as grown by the two-stage or α-Cu(In,Ga)Se2 [6-49] grown by the three-stage coevaporation 
process. Under such experimental conditions the <1 0 0> directions of the γ-In2Se3 crystals are 
parallel to the substrate where epitactic growth on the {1 0 0} faces cannot proceed. Instead, the 
only remaining possibility for epitaxy is to use the (0 0 �1) lattice plane of γ-In2Se3 resulting in the 
formation of {1 1 2} lattice planes of α-CuInSe2.  

Finally, the compound β-CuInSe2 was shown to be formed by annealing two ingots in contact with 
each other [6-40]. The ingots were synthesised from Cu2Se and In2Se3 powders. Unfortunately, no 
phase is specified for the latter compound; one can suppose that γ-In2Se3 is the most probable phase 
in this case. After annealing at 550°C the high temperature phase β-CuInSe2 was stabilised down to 
room temperature due to topotaxy with β-Cu2Se.  

 

Addendum:  

ABUSHAMA [6-50] has also observed topotactically grown β-Cu2�xSe, which had been formed 
during the second stage of the three stage process, in which the sample becomes slightly copper 
rich. The cubic β-phase has been found on top of the α-Cu(In,Ga)Se2 crystallites. In addition, thin 
sheets (less than 5 µm thick) consisting of the tetragonal α-phase of Cu2�xSe have been detected in 
the bulk of the film subdividing the α-Cu(In,Ga)Se2 crystallites into different domains. The crystal 
lattices of all three phases are coherent, which is a strong evidence of topotaxy. From these 
measurements, taken at room temperature after interruption of the growth process, a different 
growth model of Cu(In,Ga)Se2 has been proposed [6-50]. It is assumed that the tetragonal phase  
α-Cu2�xSe is being formed during the second stage of the three-stage process. The tetragonal crystal 
structure of α-Cu2�xSe serves as a �host lattice� (template) for the elements indium and gallium, 
which have been deposited in the form of γ-(In,Ga)2Se3 during the foregoing first stage. The 
1 1 0 / 1 0 2 texture of α-Cu(In,Ga)Se2 is regarded as a consequence of the growth from α-Cu2�xSe. 
As soon as the second stage turns into copper rich conditions the cubic β-phase of Cu2�xSe enriches 
as a secondary phase on top of the α-Cu(In,Ga)Se2 layer.  

The growth model of ABUSHAMA [6-50] differs from the crystallographic model of rct. C presented 
in this chapter. The main difference is that ABUSHAMA assumes the tetragonal compound α-Cu2�xSe 
to be the origin for the 1 1 0 / 1 0 2 textured growth of α-Cu(In,Ga)Se2. However, one must keep in 
mind that in thermal equilibrium conditions the α-phase of Cu2�xSe can only exist at temperatures 
lower than 134°C. By contrast, the sample temperature ranges from 400°C up to 600°C during the 
second stage of the three-stage process [6-50]. Although the three-stage process is a non-
equilibrium growth process, it is questionable if α-Cu2�xSe can be formed and remain stable with 
respect to a phase transition into the cubic β-modification under these conditions.  

On the other hand, the work of ABUSHAMA [6-50] clearly slows that the compounds γ-(In,Ga)2Se3, 
Cu(In,Ga)5Se8, Cu(In,Ga)3Se5, α-Cu(In,Ga)Se2 and α- or β-Cu2�xSe are formed in this order within 
the second stage. This is due to the increasing amount of copper and selenium deposited on the 
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sample in this stage of the growth process. The phase sequence experimentally observed is in 
accordance with what one expects from the section Cu2Se � (In,Ga)2Se3 through the copper-indium-
gallium-selenium phase diagram (fig. 3-7) for an increasing Cu2Se content. Thus, the first 
compound being formed by the reaction of γ-(In,Ga)2Se3 with Cu2�xSe is not α-Cu(In,Ga)Se2 but 
Cu(In,Ga)5Se8. The latter compound, Cu(In,Ga)5Se8, was found to crystallise in a hexagonal 
structure [6-50] with slightly contracted lattice parameters compared to the reference values of the 
gallium free compound CuIn5Se8 with aH = 404 pm and cH = 3272 pm [6-51]. In addition, there 
exists a trigonal modification with aT ≈ 1.5·aH and cT ≈ aH [6-51], but no crystal structures have 
been determined for any of the two phases. This does not facilitate to search for epitaxial relations 
between CuIn5Se8, γ-In2Se3 and β-Cu2Se. However, it seems probable that rct. Cγ does not yet 
describe the elemental process, but is the gross equation for a sequence of three topotactic reactions 
subsequently taking place during the second stage of the three-stage process, which finally results in 
the growth of 1 1 0 / 1 0 2 textured α-CuInSe2:  

  3 β-Cu2Se  +  15 γ-In2Se3    →    6 CuIn5Se8  
  2 β-Cu2Se  +    6 CuIn5Se8  →  10 CuIn3Se5  
10 β-Cu2Se  +  10 CuIn3Se5  →  30 α-CuInSe2  

 

6.2.2.4  Reaction D)  1/2
 β-Cu2Se + 1/2

 α-Ga2Se3 → α-CuGaSe2  
This reaction describes a separate reaction path for the Ga3+ cations in a quaternary precursor, as 
gallium was not found to take part in reactions A � C described so far. Similarly to reactions Cβ and 
Cγ this is no redox reaction. As both starting compounds are no layered structures, the concept of 
subunits cannot be applied here, either. The initiating step is epitaxy between the {1 1 1} faces of  
β-Cu2Se and the {0 1 0} faces of α-Ga2Se3 (fig. 6-12a,b) with a lattice misfit of 59�. The stacking 
sequence of the Se2� anions in α-Ga2Se3 along <0 1 0> is AB unlike to ABC as realised in cubic  
β-Cu2Se. Therefore, epitaxy must be followed by cation exchange and rearrangement of the Se2� 
anions in α-Ga2Se3. Due to the corrugated Se2� hexagons extending over two adjacent {0 1 0} lattice 
planes of α-Ga2Se3 the formation of {1 1 0} / {1 0 2} planes of α-CuGaSe2 (which are corrugated, 
too) is expected.  

 

a)   

 

b)  

 

   c)  
Fig. 6-12:  Epitaxial planes of the reaction partners:   
a) Cu2Se {1 1 1}, b) corrugated Se2� hexagons in α-Ga2Se3 {0 1 0}, c) β-Ga2Se3 {1 1 1}  
Cu+: dark small balls, Ga3+: middle grey small balls, Se2�: large bright balls 

 

It is worth noting that the β-phase of Ga2Se3 becomes stable above 730°C. The crystal structures of 
β-Cu2Se and β-Ga2Se3 are isostructural to each other (except for vacancies). This means that 
epitaxy is possible on any two identical lattice planes {h1

 k1
 l1}, {h2

 k2
 l2} for arbitrary hi, ki, li. This 

special case of epitaxy is called syntaxy. As crystals of β-Cu2Se offer only {1 1 1} faces, a 
consecutive topotactic reaction can only exploit epitaxy of the {1 1 1} planes of both structures with 
a misfit of 76� (fig. 6-12a,c). The Se2� anions are arranged in layers stacked according to ABC in 
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both crystal structures of the educts, which is an optimal prerequisite for avoiding stacking faults 
along the <1 1 2> directions in α-CuInSe2. Due to the cation conductivity of both reactants, the 
cation exchange can easily begin and continue in the volume of both structures. In other words, this 
topotactic solid-state reaction is achieved by interdiffusion of cations between the syntactic crystal 
structures. However, as in the case of rct. B, this is a self inhibiting process, as the resulting 
structure of α-CuGaSe2 does not provide cation conductivity any more.  

 

Experimental proof  
In this work rct. D was experimentally observed to begin at 400°C initiated by the crystallisation of 
Ga2Se3. Due to high similarity between the crystal structures of the α- and the β-phase, it was 
impossible to unambiguously distinguish between these phases by their powder diffraction patterns. 
However, according to the phase diagram (fig. 3-4) one has to expect α-Ga2Se3 at 400°C rather than 
β-Ga2Se3. Since α-Ga2Se3 must have been formed from the metallic precursor, it is likely to assume 
that this compound has already been present below this temperature, most obviously in an x-ray 
amorphous form. The formation of α-CuGaSe2 starts exactly with the appearance of α-Ga2Se3, 
never before. This indicates that the development of the {0 1 0} crystal faces of α-Ga2Se3 is 
necessary to initiate this solid-state reaction.  

In a recent thermal analysis it has been proved that the exothermic heat flow of rct. D splits up into 
two signals [6-39]. From these data it was calculated that he activation energies of both partial 
reactions are 148 kJ/mol and 129 kJ/mol, respectively.  

Rct. D was also observed during the one- and two-stage coevaporation process process above 
500°C and the mechanism of topotaxy between β-Cu2Se and α-CuGaSe2 was proposed [6-52]. The 
starting compounds for this reaction have been identified after interrupting the annealing process of 
a CuIn0.75Ga0.25 alloy at 400°C [6-44].  

 

6.2.2.5  Reaction E)  3/4
 α-CuInSe2 + 1/4

 α-CuGaSe2 → α-CuIn0.75Ga0.25Se2  
This topotactic reaction is an example of a pure diffusion reaction of two syntactic structures. The 
gallium content of 25% in the quaternary chalcopyrite serves as an example, only. The reaction 
mechanism is valid for the whole CuIn1�xGaxSe2 solid solution range, 0 ≤ x ≤ 1. The interdiffusion 
of the ternaries will be driven by the increase of the entropy in the quaternary compound compared 
to the ternary chalcopyrites. The lattice misfit is only 43� for Cu�Cu and Se�Se distances, valid 
for any two equal faces of arbitrary {h k l}. Since the chalcopyrite crystal structures do not exhibit 
cation conductivity the pure diffusion rct. E cannot profit from this mechanism. Hence, the 
diffusion current is expected to be proportional to the concentration gradient for each two faces 
being in epitactic contact. This is mathematically formulated as FICK�s second law of diffusion:  

dC/dt = D·d2C/dL2          (eq. 6-1)  

where L is the distance from the interface. Eq. 6-2 is an approximate solution for eq. 6-1 [6-53]:  

C(L) = 1/2C(L=0)·[1�erf{L/(4Dt)1/2}]       (eq. 6-2)  

The input parameters of this model are the Ga3+ cation concentration C, defined as the ratio of 
concentrations [Ga3+]÷([In3+]+[Ga3+]), and the diffusivity D of Ga3+ cations in CuIn1�xGaxSe2. The 
diffusivity D does not have to be constant in time. It can for example decrease during the 
interdiffusion like D ~ t�α with α > 0 [6-53]. The qualitative Ga3+ cation concentration C(L) is 
expected to obey a distribution along the [h k l] direction given by the error function 
erf{L / (4Dt)1/2}. Thus, the reaction time t will depend on the size of the crystals (or the diffusion 
length L, respectively), the gallium concentration C and lateral homogeneity dC/dL desired.  
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Experimental proof  

Rct. E has been found to take place as soon as rct. D has begun to form α-CuGaSe2 (chapter 5.3.2). 
Once initiated, the reaction rate decreases exponentially like in time, as expected, and takes about 
1.5 minutes. Moreover, it has been shown experimentally that the diffusion rate D is reduced if the 
precursor contains a sodium dopant (cf. section 6.5). In this case the reaction may remain 
incomplete. The diffusion rate of Ga3+ within α-CuInSe2 and of In3+ within α-CuGaSe2 was found 
to be similar [6-54]. The authors concluded that the diffusing atoms are moving via vacant lattice 
sites through the crystal. Taking the experimentally determined values for the diffusivity of Ga3+ 
into CuInSe2 at 725°C [6-55] it is possible to estimate the duration of rct. E. With  
D = 5.5×10�13 cm2/s, L = 10�5 cm as diffusion length and α = 1, the argument of the error function 
becomes unity at t = 45 s, which is the typical reaction time. This is double as fast as experimentally 
observed, which is mainly due to different reaction temperatures applied in the investigations of this 
work and the reference for the diffusivity [6-55].  

 

6.2.2.6  Reactions not observed during annealing of stacked elemental layers  
Except for the five main reactions discussed above there is a variety of additional binary 
reactions in the copper-indium-gallium-selenium system one can think of. Four examples shall 
suffice to explain the main ideas of why these reactions are unlikely to occur.  

 

6.2.2.6.1  CuSe2 + 1/4
 In4Se3 � 3/4

 Se → α-CuInSe2  

Even with a high phase content of In4Se3 and CuSe2 directly after the selenisation of a copper-
indium precursor, this reaction could not be confirmed in this work. The crystal structures of both 
compounds consist of stable networks, not of layered structures as in the case of γ-CuSe or InSe. 
Principally these networks could be broken up due to the following redox reaction, destroying the 
In�In bonds within the polycation [In3]5+ and the Se�Se bonds of the polyselenide anion [Se4]2�:  

 2 [Se4]2�
in CuSe2 + (In+ + [In3]5+) in In4Se3 � 3 [Se]0

in the melt → (4 In3+ + 5 Se2�) in CuInSe2  

Nevertheless, this reaction is not observed experimentally. The reason therefore seems to be the 
missing epitactic relation for both educt structures to get connected, which is a prerequisite for a 
quick electron transfer. Instead, a slow redox reaction was observed avoiding the total oxidation of 
In+ and the complete reduction to Se2�. This selenium exchange reaction can be understood as an 
intermediate step. Having reached this state, the compounds γ-CuSe and InSe allow rct. A to begin 
with the formation of α-CuInSe2.  

 

6.2.2.6.2  Reactions involving In4Se3, In6Se7 or CuSe2  
In the search for epitaxial relations no common structural motifs could be found to exist between 
In4Se3, In6Se7 and any of the copper selenides. The same goes for relations between CuSe2 and any 
of the indium or gallium selenides. This is due to the relatively complex crystal structure of the title 
compounds. Thus, any reaction involving the title compounds as reactants is expected to proceed 
slowly, despite the fact that the electron transfer involved in such redox reactions would dismount 
the crystal structures of the reactants. Indeed, the reaction  

 CuSe2 + In4Se3 → γ-CuSe + 4 InSe  

was found to proceed slowly compared to epitactically promoted solid-state reactions (fig. 5-5b).  
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6.2.2.6.3  γ-CuSe + 1/2
 In2Se3 � 1/2

 Se → α-CuInSe2  

In this case there are ideal prerequisites for epitaxy, since the {0 0 1} faces of γ-CuSe fit to the 
{0 0 1} planes of β-In2Se3 (fig. 6-9b) as well as to the {1 0 0} (fig.6-10b) and to the {0 0 1} 
planes of γ-In2Se3 (fig. 6-11b,c). In contrast to reactions Cβ and Cγ (cf. section 6.2.2.4) there is no 
cation conductive starting compound involved, and that is why a slow interdiffusion reaction 
must be expected. Additionally, the selenium in γ-CuSe must disproportionate according to  

2 γ-CuSe → β-Cu2Se + Se  

The modification β-In2Se3 rather than γ-In2Se3 can be expected to be the more advantageous 
reaction partner due to its VAN-DER-WAALS bonds. In a reaction of γ-CuSe with β-In2Se3 the 
cations could diffuse perpendicularly to the <0 0 1> direction of both structures and selenium 
could be released through these gaps.  

When annealing SEL, none of both reactions is observed in the actual measurements. This is due 
to the fact that the formation of In2Se3 is suppressed due to the formation of α-CuInSe2 via rct. A 
or rct. B, both consuming InSe. However, annealing a bilayer of γ-CuSe on γ-In2Se3 facilitated to 
observe this reaction [6-56] above 230°C. The reaction is controlled by one-dimensional 
diffusion through the interface. The activation energy is determined as 162 kJ/mol.  

 

6.2.2.6.4  γ-CuSe + GaSe → α-CuGaSe2  

This reaction is expected to take place due to the same arguments as given above for rct. A, since 
GaSe and InSe are isostructural with a misfit of just 60�. The reason for which this reaction is 
actually not observed when tempering precursors containing gallium and indium simultaneously are 
chemical differences between gallium and indium. As explained in chapter 3.2.2.1 gallium from the 
metallic precursor is expected to be selenised to α-Ga2Se3 whereas indium remains in a lower 
oxidation state. The oxidation to Ga3+ can take place either directly from elemental gallium, or via 
GaSe by a rapid further selenisation of GaSe to α-Ga2Se3 during annealing SEL.  

Assuming that GaSe is intermediately formed during the selenisation of SEL, the reaction 
proposed above can of course take place. This reaction path must be assumed to be taken in SEL 
precursors consisting of copper, gallium and selenium without indium or for bilayers of γ-CuSe 
and GaSe. However, the reaction speed can be expected to be low for the same reasons as given 
for rct. A. If the selenisation proceeds further producing α-Ga2Se3 rct. D can start.  

 

6.2.2.7  Overview  
 

Table 6-7:  Summary of topotactic reactions ordered by ionicity of the educts  
 

Reaction Bond  
   types a

Epitaxial  
planes 

Mecha- 
 nisms b

Reaction  
speed 

Reaction 
 observed c

A) γ-CuSe  
+ 2H / 3R-InSe 
→ α-CuInSe2  

Cov / vdW
Cov / vdW

Ion 

{0 0 1} 
{0 0 1} 
{1 1 2}  

vdW-
epitaxy, 

redox rct.

slow A of SEL 
A of BL 
IA of BL 

 γ-CuSe  
+ 2H / 3R-GaSe 
→ α-CuGaSe2  

Cov / vdW
Cov / vdW

Ion 

{0 0 1} 
{0 0 1} 
{1 1 2}  

vdW-
epitaxy, 

redox rct.

slow no 
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 2 γ-CuSe  
+ β-In2Se3  
� Se (liq. / gas.)  
→ 2 α-CuInSe2

Cov / vdW
Ion / vdW

Cov 
Ion 

{0 0 1}  
{0 0 1}  

�  
{1 1 2}  

epitaxy  slow no 

 2 γ-CuSe  
+ γ-In2Se3  
� Se (liq. / gas.)  
→ 2 α-CuInSe2

Cov / vdW
Ion 
Cov 
Ion 

{0 0 1}  
{1 0 0}  

�  
{1 1 0} / {1 0 2} d

epitaxy  slow A of BL 
 

 2 γ-CuSe  
+ α-Ga2Se3  
� Se (liq. / gas.)  
→ 2 α-CuInSe2

Cov / vdW
Ion 
Cov 
Ion 

{0 0 1}  
{0 1 0}  

�  
{1 1 0} / {1 0 2} d

epitaxy  slow no 
 

B) β-Cu2Se 
+ 2 2H / 3R-InSe  
+ Se (liq. / gas.)  
→ 2 α-CuInSe2  

Ion 
Cov / vdW

Cov 
Ion 

{1 1 1}  
{0 0 1}  

�  
{1 1 2}  

epitaxy, 
redox rct.,
ion cond.

fast A of SEL 
A of BL 

 β-Cu2Se 
+ 2 2H / 3R-GaSe  
+ Se (liq. / gas.)  
→ 2 α-CuInSe2  

Ion 
Cov / vdW

Cov 
Ion 

{1 1 1}  
{0 0 1}  

�  
{1 1 2}  

epitaxy, 
redox rct.,
ion cond.

fast no 

Cβ) β-Cu2Se  
+ β-In2Se3  
→ 2 α-CuInSe2

Ion 
Ion / vdW

Ion 

{1 1 1}  
{0 0 1}  
{1 1 2}  

epitaxy, 
ion cond. 

slow IA of SEL 
 

Cγ) β-Cu2Se  
+ γ-In2Se3  
→ 2 α-CuInSe2

Ion 
Ion 
Ion 

{1 1 1}  
{1 0 0}  

{1 1 0} / {1 0 2} d

epitaxy, 
ion cond. 

slow A of BL 
PVD 

IA of BL 

D) β-Cu2Se  
+ α-Ga2Se3  
→ 2 α-CuGaSe2

Ion 
Ion 
Ion 

{1 1 1}  
{0 1 0}  

{1 1 0} / {1 0 2} d

epitaxy, 
ion cond. 

slow A of SEL 
A of BL 

PVD 

 β-Cu2Se  
+ β-Ga2Se3  
→ 2 α-CuGaSe2

Ion 
Ion 
Ion 

{1 1 1}  
{1 1 1}  
{1 1 2}  

syntaxy, 
ion cond. 

fast e no 

E) 3 CuInSe2  
+ CuGaSe2  
→ 4 CuIn0.75Ga0.25Se2

Ion 
Ion 
Ion 

  {h k l}  
  {h k l}  
  {h k l}  
for arbitrary h, k, l 

syntaxy slow A of SEL 

a vdW: van-der-Waals, Cov: covalent, Ion: ionic bonds  
b vdW-epitaxy: van-der-Waals epitaxy, redox rct.: redox reaction, ion cond.: ionic conductivity  
c A: annealing, IA: isothermal annealing, SEL: stacked elemental layers,  
   BL: bilayers, PVD: two- or three stage coevaporation process  
d The planes {1 1 0} and {1 0 2} are considered as symmetrically equivalent, since c/a ≈ 2, u ≈ 1/4.  
   In these reactions corrugated crystal faces which were assumed to have a lower bond strength  
   than plane faces [6-21], due to observations from epitaxy experiments [6-20], are involved. 
e The term �fast� refers to a temperature where the high temperature phase β-Ga2Se3 is stable.  
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All epitactically promoted topotactic reactions are summarised in table 6-7. The reactions are 
ordered by their bonding type beginning with the weakest interaction. For all reactions the epitactic 
planes of the educts and the corresponding lattice plane in the chalcopyrite structure are given. All 
reactions require epitaxy as initiating step. Only those planes likely to form crystal faces according 
to the BFNDH law are considered here. In two cases the reactants have an infinite number of 
possible planes in common, or, in other words, this reactions are topotactic. In practice however, the 
number of capable faces is either limited due to ion conductivity (β-Ga2Se3), or due to the BFNDH 
law (rct. E). From different mechanisms involved one can estimate relative reaction speeds.  

 

6.2.2.8  List of essential reaction steps  
From the topotactic reactions described above the essential prerequisites promoting the solid-state 
reactions involved in the chalcopyrite formation can be recognised. The general assumption is that a 
topotactic solid-state reaction will start at lower temperature and thus proceed faster in an annealing 
process than a general solid-state reaction not taking advantage of epitaxy. For the following 
considerations let us assume to start with a mixture of two solids which have developed crystals 
large enough to make their surface consist of typical faces, as predicted by the BFNDH law.  

1. First of all, an epitactic relation is required to provide contact of the two different crystals. The 
required faces have to be formed for both crystals. If no epitactically related faces can be found, 
the reaction is suppressed. This is even true, if the reaction was exothermic, as discussed in 
section 6.2.2.6. An epitactic connection is sufficient to start the ion diffusion between the 
crystals and to initiate the consecutive topotactic solid-state reaction.  

2. If a redox reaction is energetically favoured, it will follow as a second step, even if the ion 
diffusion into the volumes of the crystals is impossible due to a densely packed structure. The 
redox reaction first requires electron exchange, ion transport comes thereafter. As a consequence, 
the reduced and oxidised atoms will have to change their bonds and coordination polyhedra by 
slight displacements (example: rct. A). Since the oxidation states of all atoms now are equal to 
those in the product of the reaction, the coordination polyhedra should look similar to those in 
the product. If this step results in the formation of channels or break up of rigid layers this will 
be helpful for subsequent ion exchange between the two crystals.  

3. From this point onwards the ion diffusion can start unhindered throughout both crystals. This is 
much easier if at least one structure is ion conductive as in rct. B. As soon as ion diffusion has 
begun it may block its own transportation paths. Thus, this process becomes difficult for large 
volumes. The ion exchange between the two crystals is finally limited by diffusion, which is only 
driven by maximising the entropy of the system, as expected for rct. E.  

It shall be added that the steps 1. � 3. help to evade the barrier of activation energy, so that high 
temperatures or even melting of the two compounds can be avoided. In the case of the investigated 
formation of Cu(In,Ga)Se2 the quaternary chalcopyrite compound is produced on glass substrate 
below 570°C whereas single crystal growth from the melt requires working above the melting point, 
which is 1002°C for β-CuInSe2 [6-14].  

 

6.2.2.9.  Recommended reactions resulting in large grains with fewer defects  

The formation of large grains of α-CuIn(Ga)Se2 is promoted by reaction mechanisms allowing easy 
cation exchange. Since the production of α-CuIn(Ga)Se2 thin films is currently done by different 
methods, the three main ways of production shall be discussed separately.  
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6.2.2.9.1  Synthesis by annealing stacked elemental layers   
This method starts from the elements forming binary selenide compounds which serve as reactants 
for the reactions described above. As proved experimentally and thermodynamically in section 6.1 
the first compound will always be In4Se3 together with a copper selenide depending on the amount 
of selenium and the usage of a sodium dopant. By setting the conditions such that In4Se3 and CuSe2 
will be formed as first compounds, the chalcopyrite compound CuInSe2 cannot be formed by an 
epitactically assisted solid-state reaction, as discussed in section 6.2.2.6.1. Above the thermal 
decomposition of CuSe2 at 342°C (fig. 3-2) elemental selenium will be released according to  
 CuSe2 → γ-CuSe + Se  

which is taken up by In4Se3 and further selenised to InSe. Above this temperature rct. A can start, 
however its reaction speed is quite low. By increasing the temperature rapidly further above 377°C, 
γ-CuSe decomposes into β-Cu2Se and selenium (fig. 3-2), so that rct. B can start. Due to the fact 
that at this point almost the complete amount of copper present in the precursor has been 
transformed into β-Cu2Se crystals, the compound α-CuInSe2 can quickly form and develop large 
grains, since this reaction is supported by the cation conductivity of β-Cu2Se. Therefore, a 
beneficial temper process of SEL should allow the metallic precursor to be completely selenised in 
selenium excess conditions before initiating rct. B by thermal decomposition of γ-CuSe.  

The reaction path of gallium was experimentally shown in this work to be separate from those of 
indium not starting below 400°C. Consequently, the interdiffusion of the two chalcopyrite crystal 
structures (rct. E) cannot start before that. This final step remains incomplete in the case of 
sodium doping, which will be discussed further in section 6.5.  

Single phase α-CuIn0.75Ga0.25Se2 can be obtained by selenising a metallic alloy, first at poor 
selenium supply at 400°C, followed by a second selenisation step in excess conditions at 500°C  
[6-44]. Rct. B cannot proceed until additional selenium is offered whereas rct. D requires a 
minimum temperature of 400°C. If, consequently, the selenium supply starts not below 400°C, the 
reactions B and D will coincide in time initiating rct. E. By this way single phase α-Cu(In,Ga)Se2 
can be obtained despite sodium doping without extensive annealing.  

 

6.2.2.9.2  Synthesis by coevaporation  

As discussed in section 6.2.2.3 the formation of α-CuInSe2 can be achieved by reaction of β-Cu2Se 
with either the β- or the γ-phase of In2Se3. If one compares reactions Cβ and Cγ which each other, 
the first reaction can be estimated to be superior compared to reaction Cγ due to the β-In2Se3 phase 
being a layered structure which can make cation exchange easier than γ-In2Se3. Thus reaction Cβ 
should result in larger grains and fewer defects than Cγ in identical reaction conditions like 
temperature and time. Furthermore, reaction Cβ should be especially advantageous in a 
coevaporation processes, in which a β-In2Se3 layer is deposited during the first stage (by adjusting a 
slight indium excess) and copper and selenium is offered in a second stage. Then, the offered Cu+ 
cations can diffuse into between the motifs of β-In2Se3.  

However, since {1 1 0} / {1 0 2} platelets of α-CuInSe2 contain fewer defects than {1 1 2} faces do 
[6-47], one should prefer reaction Cγ despite its missing possibility of cation transport as it is 
offered in the layered structure of β-In2Se3.  

 

6.2.3  Summary of the crystallographic model  
The crystal structures taking part in the formation of α-Cu(In,Ga)Se2 have been analysed with 
respect to their epitactic relations to identify possible topotactic solid-state reactions. For the indium 
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and copper selenides many possibilities for epitaxy exist, which is caused by similar cation radii in 
these compounds. All solid-state reactions that have been experimentally verified in the 
experimental part of this work, could be shown to be topotactic. Furthermore, one additionally 
possible reaction path, called Cβ, has been derived, which could be observed recently. Despite an 
extensive and careful search for epitactically promoted solid-state reactions, there might exist 
additional reaction paths, which have been overlooked.  

For the reactions A � D the epitactic relations have been identified, rct. E even involves syntaxy of 
the reactants. Each topotactic reaction was individually described and conclusions concerning the 
reaction rate were drawn. The most important mechanisms to promote topotactic solid-state 
reactions in low temperature thin film crystallisation of Cu(In,Ga)Se2 identified, are epitaxy, 
syntaxy, redox reactions breaking up bonds and ion conductive starting compounds. The formation 
reactions of ternary compounds starting from solid-state binary selenides could be derived. The 
enthalpies of formation to form the ternary compounds from the binaries are small (table 3.1) 
compared to the formation of the binary compounds from the elements (cf. section 6.1). This seems 
to be the essential criterion, if the crystallographic growth model succeeds to predict solid-state 
reactions by simply comparing the crystal structures of the educts. It shall be emphasised that other 
solid-state reactions not exploiting epitaxy are not forbidden. However, the reaction speed of 
topotactic reactions is higher, making the latter reactions dominating. In this spirit it is a worthwhile 
task to study the crystal structures of all possible reactant phases for a solid-state product. The 
recognition of topotactic reaction mechanisms allows to adjust the optimal experimental 
prerequisites to attain solid-state crystal growth at low temperatures.  

 

 

6.3  Predicted formation reactions for ternary chalcopyrites 
 

Although the compound CuInSe2 is currently studied most frequently there is also interest in 
CuGaSe2, CuInS2 and in mixed crystal compounds of these three to adjust the band gap to the solar 
spectrum. As a general trend the band gap increases if the molar mass per formula unit of the 
compound is reduced by replacing one element of the compound with a lighter one, which has the 
same valence. In this section topotactic synthesis routes for these ternary compounds are derived.  

In section 6.2 a crystallographic model for the recognition of epitactically assisted solid-state 
reactions has been developed. A complete set of topotactic reactions for the formation of CuInSe2 
and CuGaSe2 is summarised in table 6-7. The crystallographic model is now applied to identify 
advantageous synthesis routes for the ternary chalcopyrite compounds CuInS2, CuGaS2, CuAlS2 
and CuAlSe2. Together with the results of section 6.2 all possible topotactic formation reactions for 
ternary chalcopyrite compounds in the system Cu-III-VI2 (III = Al, Ga, In and VI = S, Se) will be 
determined for reactions with chalcogenide compounds as starting materials.  

 

6.3.1  Crystallographic data of the binary chalcogenides 
The copper�sulphur phase diagram [6-15] contains two compounds, Cu2S and CuS. The former 
may occur non-stoichiometrical, indicated as Cu2�xS, yet this consideration shall be restricted to 
stoichiometrical Cu2S (x = 0) for simplicity. Cu2S is known in three modifications depending on the 
temperature. There exist two phases in the temperature range of interest: the hexagonal high 
chalcocite, abbreviated as Ch-Cu2S, stable between 103°C and 435°C, and the cubic digenite  
Dg-Cu2S stable above 435°C. The latter compound is known to be ion conductive [6-57] and its 
immobile sublattice is isostructural to that of β-Cu2Se. In analogy to β-Cu2Se one must assume that 
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the {1 1 1} faces are the only ones which will develop (cf. chapter 3-2). CuS is a copper 
polysulphide, formally written as Cu2(S)2, as it contains Cu+ cations [6-19]. Its crystal structure is 
hexagonal and it is isostructural with γ-CuSe. A thermally induced peritectic decomposition occurs 
at 507°C according to 2 CuS → Dg-Cu2S + S(gas.) [6-15].  

The phase diagram for indium-sulphur [6-15] contains the three compounds InS, In6S7 and In2S3. 
The α-phase of InS is stable below 659°C having an orthorhombic crystal structure. In6S7 is 
monoclinic and isostructural to In6Se7. For In2S3 a tetragonal α-phase occurs which is stable below 
414°C containing ordered indium vacancies, whereas β-In2S3 exists between 414°C and 750°C and 
crystallises as cubic spinell type in which the cations are disordered.  

The crystal structures of the gallium sulphides are described in detail elsewhere [6-58]. The 
compound GaS occurs in the 2H and in the 3R polytype with the lattice parameter 
c(3R) ≈ 1.5·c(2H). The concept of introducing subunits, as applied in chapter 3.2 can be used here 
as well to become independent of the actual polytype when describing solid-state reactions with this 
compound on atomic scale. The compound Ga2S3 occurs in four modifications, of which the 
monoclinic α�-phase is the only one stable at room temperature. However, the hexagonal  
α-modification can be stabilised at room temperature by impurities [6-58]. The cation conductive β- 
and γ-phase are stable above 920°C and 858°C, respectively [6-58]. They have simple crystal 
structures as wurtzite (β) and zincblende type (γ) allowing for epitaxy and syntaxy with Dg-Cu2S, 
respectively.  

The monoclinic crystal structure of Al2Se3 is related to that of α�-Ga2S3 whereas Al2S3 crystallises 
in the hexagonal space group P 61 and is structurally related with α-Ga2S3.  

 

Table 6-8:  Crystallographic data of the binary selenide compounds  
 
Compd.  Space Group  Lattice parameters  Expected crystal faces  Epit. plane * 

Ch-Cu2S  P 63/m m c  a = 395 pm, c = 675 pm [6-59] {1 0 0}, {0 0 1}, {1 0 1}, {1 0 2}  {0 0 1} fig. 1a  

Dg-Cu2S  F �4 3 m  a = 559 pm [6-60] {1 1 1}  {1 1 1} fig. 1a  

CuS  P 63/m m c  a = 379.38 pm, c = 1634.1 pm [6-61] {0 0 1}, {1 0 0}, {1 0 1}, {1 0 2}  {0 0 1} fig. 1a  
 

InS  
 

P n n m  a = 444.7 pm, b = 1064.8 pm  
c = 394.4 pm [6-62] 

 

{0 1 0}, {1 1 0}, {0 1 1}, {1 2 0}  
 

none  

 

In6S7  
 

P 21/m  a = 908.8 pm, b = 388.7 pm  
c = 1716.6 pm, β = 101.92° [6-63] 

 

{0 0 1}, {1 0 0}, {�1 0 1}, {1 0 1}  
 

none  

α-In2S3  I 41/a m d  a = 762.3 pm, c = 3236 pm [6-64] {0 0 1}, {1 0 1}, {1 0 3}, {1 1 2}  {1 0 3} fig. 1b  

β-In2S3  F d 3 m  a = 1072.8 pm [6-65] {1 1 1}, {1 1 0}, {3 1 1}, {1 0 0}  {1 1 1} fig. 1a  

2H-GaS  P 63/m m c  a = 358.7 pm, c = 1549.2 pm [6-58] {0 0 1}, {1 0 0}, {1 0 1}, {1 0 2},  {0 0 1} fig. 1a  

3R-GaS  R 3 m  a = 360.5 pm, c = 2343 pm [6-58] {0 0 1}, {1 0 1}, {1 0 2}, {1 0 4} {0 0 1} fig. 1a  
 

α�-Ga2S3  
 

C c  a = 1110.7 pm, b = 639.5 pm 
c = 702.1 pm, β = 121.17° [6-66] 

 

{1 1 0}, {1 0 0}, {�1 1 1}, {1 1 1} 
 

{0 0 1}  

α-Ga2S3  P 61 or P 65  a = 638.3 pm, c = 1804 pm [6-58] {1 0 0}, {1 0 1}, {1 0 2}, {1 0 3}  {1 0 0} fig. 1c  

Al2S3  P 61  a = 643.0 pm, c = 1788.0 pm [6-67] {1 0 0}, {1 0 1}, {1 0 2}, {1 0 3}  {1 0 0} fig. 1c  
 

Al2Se3  
 

C c  a = 1168 pm, b = 673 pm  
c = 732 pm, β = 121.1° [6-68] 

 

{1 1 0}, {1 0 0}, {�1 1 1}, {1 1 1} 
 

{0 0 1}  

*  in bold: lattice planes suitable for epitaxy and predicted as faces  
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a)  b)  

 

c)  

Fig. 6-13:  Epitactic planes according to table 1, a) GaS-{0 0 1}, b) α-In2S3-{1 0 3} and α-Ga2S3-{1 0 0} (c) 

 

For all compounds the expected crystal faces have been determined according to the BFNDH law as 
described in chapter 3.2. The lattice planes were searched for motifs similar to other structures 
(table 6-8) to forecast advantageous solid-state reactions between the binary chalcogenides as 
educts. The atomic arrangement on epitactic lattice planes of some representative crystal structures 
is shown in fig. 6-13. The common motif is a (distorted) hexagon consisting of sulphur or selenium 
anions with similar anion distances maximally deviating by 6% between Cu2S and Al2S3. This motif 
is marked out, since it appears in Ch-Cu2S, Dg-Cu2S and CuS on their faces, most probable to occur 
during equilibrium crystal growth as forecasted by the BFNDH law.  

 

6.3.2  Topotactic formation reactions  
6.3.2.1  The formation of CuInS2  
As there are no epitactic relations of InS or In6S7 with any of the copper sulphides the only possible 
way goes via In2S3 reacting either with Cu2S or CuS. The reaction equation for the first case is 
Cu2S + In2S3 → 2 CuInS2. The detailed reaction mechanisms depend on the involved phases which 
are determined by the temperature.  

Below 414°C the reaction takes place between Ch-Cu2S and α-In2S3, which is initiated by epitaxy 
of the {0 0 1} with the {1 0 3} faces, respectively. Between 414°C and 435°C Ch-Cu2S can react 
with β-In2S3. The epitactic relation is between the {0 0 1} and the {1 1 1} lattice planes of the  two 
crystal structures. Since the S2� anions are stacked like AB along <0 0 1> in Ch-Cu2S, but need to be 
rearranged to ABC along <1 1 2> in CuInS2, both reactions cannot proceed quickly. Above 435°C 
epitaxy of the {1 1 1} faces of Dg-Cu2S and β-In2S3 becomes feasible. The anion stacking is now 
ABC in both crystal structures and the cation exchange between the educts is supported by the ion 
conductivity of β-Cu2S. Thus, as far as reaction speed is concerned this reaction is expected to be 
superior to the two ones taking place at lower temperatures.  

X-ray diffraction and Raman spectroscopy has been applied [6-69] to follow the phase evolution in 
situ during heating a copper indium precursor in a sulphur atmosphere up to 550°C. The compound 
β-In2S3 has been detected between 290°C and 440°C. The latter temperature coincides well with the 
phase transition of Ch-Cu2S into Dg-Cu2S. This finding can be interpreted as an evidence that the 
reaction Dg-Cu2S + β-In2S3 → 2 CuInS2 has been observed.  

The second possibility are the two reactions 2 CuS + In2S3 � S(liq.) → 2 CuInS2 with either α- or  
β-In2S3 as educt. The temperature ranges of these reactions are restricted, since CuS thermally 
decomposes at 507°C, but β-In2S3 does not exist below 435°C. Since elemental sulphur must be 
released from CuS, which will disintegrate its crystal structure, one can neither expect a quick 
reaction nor the growth of large CuInS2 grains formed by these reactions.  
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6.3.2.2  The formation of CuGaS2  
Here one can think of three possible syntheses. For GaS as educt there are two reaction paths, either 
with CuS or with Cu2S plus elemental sulphur. Using Ga2S3 as an educt, only the α-phase provides 
epitaxy on its corrugated {1 0 0} faces suitable for epitaxy with CuS as well as with Cu2S resulting 
in corrugated {1 1 0} / {1 0 2} planes of α-CuGaSe2.  

The topotacic mechanism of the reaction of CuS with GaS corresponds to that of rct. A. This is due 
to the sulphide compounds being isostructural to the selenides. As a consequence of extensive 
atomic rearrangement one has to expect a slow reaction as observed for rct. A.  

The reaction of Dg-Cu2S with GaS is analogue to rct. B (cf. section 6.2.2.2) because the sulfide and 
selenide compounds involved are isostructural to each other. Since this reaction exploits the cation 
conductivity of the Dg-Cu2S phase, the reaction speed will be high. Below 435°C Ch-Cu2S (not ion 
conductive) will be the educt. The change of the atomic arrangement from the two hexagonal educt 
crystal structures stacked like AB into ABC will slow down the reaction speed remarkably.  

The reactions of Dg-Cu2S with β- or γ-Ga2S3 would be attractive for a solid-state synthesis because 
they involve two cation conductive reactants. However, the temperature necessary to stabilise β- or  
γ-Ga2S3 highly exceeds the limit for precursor deposition on glass substrates.  

 

6.3.2.3  The formation of CuAlS2 and CuAlSe2  
The corrugated S2� hexagons in the {1 0 0} plane of Al2S3 provide epitaxy for CuS and both 
modifications of Cu2S. In a reaction of Al2S3 with Dg-Cu2S the cation conductivity of the latter 
compound will increase the reaction speed.  

Unfortunately none of the crystal faces of Al2Se3, which are expected to be developed, is suitable 
for epitaxy with faces of Cu2Se, γ-CuSe or CuSe2. Thus, there exists no possibility for the formation 
of the chalcopyrite CuAlSe2 via topotactic reactions.  

 

6.3.3  Summary of the ternary chalcopyrite formation  
 

Table 6-9:  Summary of all derived reaction paths   
 

Reaction Type Speed Temperature 

  1 2 CuS-{0 0 1} + α-In2S3-{1 0 3} � S → 2 CuInS2-{1 1 2} II slow        < 414°C 

  2 2 CuS-{0 0 1} + β-In2S3-{1 1 1} � S → 2 CuInS2-{1 1 2} II slow 435 � 507°C 

  3 Ch-Cu2S-{0 0 1} + α-In2S3-{1 0 3} → 2 CuInS2-{1 1 2} IV slow        < 414°C 

  4 Ch-Cu2S-{0 0 1} + β-In2S3-{1 1 1} → 2 CuInS2-{1 1 2} IV slow 414 � 435°C 

  5 Dg-Cu2S-{1 1 1} + β-In2S3-{1 1 1} → 2 CuInS2-{1 1 2} IV mean        > 435°C 

  6 CuS-{0 0 1} + GaS-{0 0 1} → CuGaS2-{1 1 2} I slow        < 507°C 

  7 2 CuS-{0 0 1} + α-Ga2S3-{1 0 0} � S → CuGaS2-{1 1 0} / {1 0 2} II slow        < 507°C 

  8 Ch-Cu2S-{0 0 1} + 2 GaS-{0 0 1} + S → 2 CuGaS2-{1 1 2} III slow        < 435°C 

  9 Dg-Cu2S-{1 1 1} + 2 GaS-{0 0 1} + S → 2 CuGaS2-{1 1 2} III fast        > 435°C 

10 Ch-Cu2S-{0 0 1} + α-Ga2S3-{1 0 0} → 2 CuGaS2-{1 1 0} / {1 0 2} IV slow        < 435°C 

Table 6-9 continued on next page



 
 

135

11 Dg-Cu2S-{1 1 1} + α-Ga2S3-{1 0 0} → 2 CuGaS2-{1 1 0} / {1 0 2} IV mean        > 435°C 

12 2 CuS-{0 0 1} + Al2S3-{1 0 0} � S → 2 CuAlS2-{1 1 0} / {1 0 2} II slow        < 507°C 

13 Ch-Cu2S-{0 0 1} + Al2S3-{1 0 0} → 2 CuAlS2-{1 1 0} / {1 0 2} IV slow        < 435°C 

14 Dg-Cu2S-{1 1 1} + Al2S3-{1 0 0} → 2 CuAlS2-{1 1 0} / {1 0 2} IV mean        > 435°C 

Classification of the four reaction types according to the cation-to-anion ratio in the starting compounds:  
Type I:  1:1 + 1:1,    Type II:  1:1 + 2:3,    Type III:  2:1 + 1:1,    and    Type IV:  2:1 + 2:3    (see table 6-10) 

 

All topotactic reactions with the corresponding epitactic planes are summarised in table 6-9. No 
topotactic reaction for the formation of CuAlSe2 has been found.  

 

 

6.4  Formation of multinary chalcopyrite compounds  
 

The crystallographic model as introduced in section 6.2 is now extended to derive the reaction paths 
for the formation of chalcopyrite compounds containing more than three elements, so-called 
multinary compounds. The description of reaction equations will be limited to the system 
Cu(Al,Ga,In)(S,Se)2. In this alloy any band gap between the extrema of CuInSe2 and CuAlS2 should 
be adjustable through the chemical composition. Again the description starts from selenide 
compounds as starting materials.  

 

6.4.1  Distinction between cation and anion sublattice 
Let us consider the chalcopyrite crystal structure taking the compound α-CuInSe2 as an example 
(fig. 3-14a). Further, let us neglect the tetragonal distortions of the lattice parameter ratio c/a ≈ 2 
and the displacement of the anions in the x-direction (u ≈ 1/4) by setting them to the �ideal� values 
(c/a = 2 and u = 1/4) as realised in the cubic sphalerite structure. Then a face-centered cubic lattice is 
obtained for the anions and the cations, if one does not distinguish between the mono- and trivalent 
cations. Thus, the chalcopyrite crystal structure is approximated by two face-centered cubic cages 
stacked into each other or, in other words, the crystal structure consists of a cubic cation and a cubic 
anion sublattice.  

The focus in the following will lie on chemical solid-state reactions promoted by epitaxy and 
described in the previous sections 6.2 and 6.3. All these reactions can be classified into four 
schemes (I-IV) defined in tab. 6-10 concerning the limited choice of suitable educt compounds 
involved. Let us assume that we synthesised a ternary chalcopyrite compound from binary 
chalcogenide compounds by the following example of a solid-state reaction:  

 CuSe + GaSe → CuGaSe2       (reaction scheme I, see tab. 6-10)  

In this case we have to deal with three different crystal structures, which is the general case. In the 
most favourable case the anion sublattices of all three compounds are equal. Then, the anions need 
not to be rearranged, but the cations must be redistributed by interdiffusion to obtain the cation 
ordering of the chalcopyrite crystal structure. Fortunately, the cation radii of Al3+, Ga3+ and In3+ are 
much smaller than the anion radii of S2� and Se2� [6-70], so that the interdiffusion can be realised 
reasonably fast. An estimation of the interdiffusion time of α-CuGaSe2 and α-CuInSe2 has already 
been provided in section 6.2.2.5.  
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Table 6-10:   Generalised reaction schemes for the chalcopyrite formation   
from binary chalcogenides as educt compounds (III = Al, Ga, In and VI = S, Se)   
 

Reaction Scheme Example 

Cu-VI + III-VI  →  Cu-III-VI2  I rct. A   

2 Cu-VI + III2-VI3  �  VI → 2 Cu-III-VI2  II reactions 1, 2, 7 and 12 in table 6-9 

Cu2-VI + 2 III-VI + VI  →  2 Cu-III-VI2  III rct. B  

Cu2-VI + III2-VI3  →  2 Cu-III-VI2 IV rct. C and rct. D  

 

A quaternary compound with a mixed cation sublattice can be obtained if the example reaction 
given above is slightly modified. The coefficient and index variables x, y and z in the following 
reaction equations are always limited between zero and unity.  

 2 CuSe + x GaSe + (1�x) InSe → 2 Cu(GaxIn1�x)Se2  

The question in practice is, however, if the educts GaSe and InSe are offered in a constant ratio, 
especially since GaSe is expected to be further selenised towards Ga2Se3 (cf. chapter 3.2.2.1). A 
slight modification of the latter reaction is to start with mixed crystal compounds, like (GaxIn1�x)Se, 
resulting in the most straightforward formation of quaternary compounds from chalcogenides,  

 CuSe + (GaxIn1�x)Se → Cu(GaxIn1�x)Se2.    (see table 6-12 for x)  

However, in the experimental investigations of BRUMMER et al. [6-18] and in this work concerning 
the formation of the quaternary compound Cu(In,Ga)Se2 it has been proved that the reaction paths 
of indium and gallium remain separated until the chalcopyrites CuInSe2 and CuGaSe2 have been 
formed. No binary indium selenides (or gallium selenides) have been observed to form 
intermediately which take up gallium (or indium) respectively. Obviously, the formation of mixed 
crystal compounds like (GaxIn1�x)Se as educts requires more time or higher temperatures. Instead, 
the interdiffusion reaction of the ternary chalcopyrites has been observed as rct. E with x = 0.25, or 
more general:  

 x CuGaSe2 + (1�x) CuInSe2 → Cu(GaxIn1�x)Se2   

Another way to modify the initial reaction is to insert another anion, for example: 

 CuS + GaSe → CuGa(S0.5Se0.5)2         (see table 6-11)  

In this case the cation and the anion sublattice need to be rearranged. This is expected to proceed 
slower for the anion sublattice than for the cation sublattice due to the different ion radii [6-70]. For 
this reason the latter formation reaction will be slower than our initial example reaction.  

The only possibility to avoid a decrease of the reaction speed due to different anion sublattices is to 
start with mixed crystal compounds as educts, possessing identical anion sublattices (x = y):  

 Cu(SySe1�y) + Ga(SzSe1�z) → CuGa(S(y+z)/2Se(2�y�z)/2)2   (cf. table 6-12 for y and z)  

In the best case the arrangement of the anions of the educts and the product should be identical to 
avoid any rearrangement in the chalcopyrite compound. However, it remains doubtful if the 
condition y = z can be met in practice. In general y ≠ z, requiring some rearrangement of the anion 
sublattice.  

Below a complete set of reaction equations for the formation of the multinary compounds 
Cu(Al,Ga,In)(S,Se)2 is derived. The anion distances between all compounds differ by maximally 
11% for β-Cu2Se and Al2S3 providing epitaxy if a common structural motif exists.  
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6.4.2  Formation reactions for quaternary chalcopyrites 
As described in section 6.4.1 there exist three different ways to synthesise quaternary chalcopyrite 
compounds by an topotaxy, which are starting  

�  from pure binary educts (section 6.4.2.1, table 6-11),   
�  from mixed crystal educts (section 6.4.2.2, table 6-12),   
�  or from ternary chalcopyrites (section 6.4.2.3, table 6-13)  

which must have been formed in a preceding reaction step.  
 

6.4.2.1  Reactions starting from binary chalcogenides 
 

Table 6-11:  Reaction schemes (cf. table 6-10) of topotactic reactions from binary chalcogenides  
 
 

Educts Al2S3-
{1 0 0} 

α�-Ga2S3 α-Ga2S3-
{1 0 0} 

GaS-
{0 0 1}

α-In2S3-{1 0 3} 
< 414°C 

β-In2S3-{1 1 1} 
> 414°C 

InS 

β-Cu2Se-{1 1 1} > 134°C IV � IV III IV IV � 

γ-CuSe-{0 0 1} < 377°C II � II I II � � 

        

 
Educts 

Al2Se3 α-Ga2Se3-
{0 1 0} 

< 730°C 

β-Ga2Se3-
{1 1 1} 

> 730°C 

GaSe-
{0 0 1}

β-In2Se3-
{0 0 1}  

< 745°C 

γ-In2Se3- 
{1 0 0} * 
< 745°C 

InSe-{0 0 1} 
< 660°C 

Ch-Cu2S-{0 0 1} < 435°C � IV � III IV IV III 

Dg-Cu2S-{1 1 1} > 435°C � IV IV III IV IV III 

CuS-{0 0 1} < 507°C � II � I II II I 

*)  γ-In2Se3 additionally offers a possibility for epitaxy on the (0 0 �1) lattice plane. The {0 0 1} faces, however,  
are unlikely to occur during crystallisation (cf. section 6.2.2.3.2). A minus sign indicates missing epitactic relations. 

 

For the synthesis of quaternary chalcopyrites from two binary compounds all four different reaction 
schemes, defined in table 6-10, exist. Table 6-11 lists all topotactic reactions taking the epitactic 
relations and the temperature stability of the educts up to 750°C into account. The common motif of 
all crystal structures is an anion hexagon (eventually slightly distorted and corrugated) appearing on 
the crystal faces {in brackets} expected to facet the crystal according to the BFNDH law (cf. 
chapter 3.2). In all cases the cation and the anion sublattices are different and need thus to be 
rearranged (table 6-13). Consequently, these reactions are slow. Table 6-11 is read as explained 
below:  

Let us consider the educts β-Cu2Se and Al2Se3. Above 134°C (where the β-phase of Cu2Se is stable 
(cf. fig. 3-2)) the solid-state reaction �IV� initiated by epitaxy between these compounds can occur. 
The reaction scheme IV is provided in table 6-10. Taking the involved crystal faces into account the 
explicit reaction equation is:  

 β-Cu2Se-{1 1 1} + Al2S3-{1 0 0} → 2 CuAl(Se0.25S0.75)2  

The compounds α�-Ga2S3, InS and Al2Se3 are not expected to develop crystal faces providing 
epitaxy with the other educt compounds indicated by the ��� sign. Other solid-state reactions are 
excluded by the thermal stability of the educts as in the case of γ-CuSe and β-In2S3, which cannot 
coexist.  
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6.4.2.2  Reactions starting from ternary mixed crystal chalcogenides 
The set of possible reactions might be extended by introducing mixed crystal compounds instead of 
pure binary chalcogenide compounds as educts. Table 6-12 summarises all mixed crystal 
compounds reported in literature. All compounds marked in bold are expected to develop faces 
suitable for epitaxy (containing the anion hexagon as mentioned in section 6.2) with the copper 
chalcogenides as forecasted by the BFNDH law. In section 6.4.1 is has been argued that solid-state 
reactions requiring a rearrangement of the cation and the anion sublattice, simultaneously, will 
proceed more slowly than comparable reactions with one sublattice change. With the mixed crystal 
compounds of table 6-12 as educts and postulating that only one sublattice shall have to be 
rearranged during the solid-state reaction, one can conclude: There are three groups of possible 
reactions for the formation of quaternary chalcopyrites:  

 a)  Reaction of (Al,In)2S3, (Ga,In)S or (Ga,In)2S3 with Cu2S or CuS (reaction schemes I�IV)  
 b)  Reaction of (Al,In)2Se3, (Ga,In)Se or (Ga,In)2Se3 with Cu2Se or CuSe  (I�IV)  
 c)  Reaction of Ga(S,Se), Ga2(S,Se)3 or In2(S,Se)3 with Cu2(S,Se) or Cu(S,Se)  (I�IV)  

For a) and b) the anion sublattice does not need to change, which is advantageous in means of 
diffusion. The same can be achieved for group c) if and only if the S/Se-ratio of the educts is 
identical and sulphur is statistically distributed over the anion sublattice. In this case the reactions of 
all three groups are expected to proceed fast (indicated in bold in the left section of table 6-13), 
especially if the cation conductive phase Cu2(S,Se) is involved as educt.  

Group c) reactions are indeed technically applied during annealing intermetallic films in H2Se and 
H2S [6-71]. Further, it was experimentally shown [6-72] that the sulphur content in an 
Cu(Ga,In)(S,Se)2 absorber obtained by rapid thermal annealing of SEL increases with the 
[Cu]÷([In]+[Ga]) ratio. Sulphur is most probably transported into the chalcopyrite compound via 
Cu2Se as shown by tempering CuInSe2 films in H2S [6-73]. The uptake of sulphur into 
Cu(Ga,In)Se2 is greater if sulphur is offered within the ramp, where the formation reactions occur, 
than during the final annealing step. From this one must conclude that sulphur is transported by the 
copper and probably also by the gallium chalcogenides via formation reactions belonging to group 
c). Since real-time x-ray diffraction measurements of this work and previous ones [6-18] agree that 
neither Ga(S,Se) nor In2(S,Se)3 occur as reactants one can formulate the possible transport reactions 
of sulphur. The temperatures are determined by the thermal decomposition temperature of 
Cu(S,Se), which depends on the sulphur content [6-74] and is known for the edge compounds CuS 
[6-15] and CuSe (fig. 3-2).  

 Cu(S,Se) + InSe → CuIn(S,Se)2    < 377�507°C,  reaction scheme I  
 Cu2(S,Se) + 2 InSe + (S,Se) → 2 CuIn(S,Se)2  > 377�507°C,  reaction scheme III  

 Cu2(S,Se) + Ga2(S,Se)3 → 2 CuGa(S,Se)2   > 400°C,  reaction scheme IV  

 CuIn(S,Se)2 + CuGa(S,Se)2 → Cu(In,Ga)(S,Se)2  > 400°C,  interdiffusion  

Recently the formation reaction of the quaternary compound Cu(In,Al)Se2 could be cleared up by 
means of real-time x-ray diffraction during annealing Cu0.9In0.8Al0.2 intermetallic precursors under 
slight selenium excess [6-75]. Aluminium is transported within the mixed crystal compound 
(In,Al)2Se3 (table 6-12) reacting with Cu2Se according to a group b) reaction (scheme IV). The 
latter reaction allows for epitaxy [6-75] and facilitates the formation of Cu(In,Al)Se2 (table 6-13).  

 

6.4.2.3  Reactions starting from ternary chalcopyrite compounds  
It is obvious that quaternary chalcopyrite compounds can always be formed by interdiffusion of 
ternary chalcopyrites which either have equal cation or anion sublattices. This process was studied 
for the formation of Cu(Ga,In)S2 [6-76], Cu(Ga,In)Se2 [6-77] and CuIn(S,Se)2 [6-78]. The reactions 
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are always limited in speed by the mobilities of diffusing atoms. Since several topotactic reactions 
for the formation of ternary chalcopyrite compounds exist, which was shown in the preceding 
sections 6.2 and 6.3, the rapid formation of the educt compounds is guaranteed.  

 

6.4.3  The formation of multinary chalcopyrites 
Pentanary chalcopyrites can principally be synthesised by four different reaction paths. The first 
possibility is to exploit reactions involving more than two educts, for example:  
  CuS + x GaSe + (1�x) InSe → Cu(GaxIn1�x)(S0.5Se0.5)2  

 

Table 6-12: Mixed crystal chalcogenide compounds stable at process conditions  
and their crystal data (no high pressure or high temperature phases included)  
 

Compound Space group  Remarks   Face 

(AlxIn1�x)2S3     

0.40 ≤ x ≤ 0.50 P 61 γ-In2Se3 type [6-79],  
a = 667.12 pm, c = 1783.5 pm, x = 0.50 [6-80, 6-81] 

{1 0 0} 

(AlxIn1�x)2Se3    

0.07 ≤ x ≤ 0.81 P 61 γ-In2Se3 type, a = 702.0 pm, c = 1899.3 pm, x = 0.33 [6-81] {1 0 0} 

(GaxIn1�x)S     

0 ≤ x ≤ 0.05 P n n m solid solution [6-70], InS type [6-80] � 

x = 0.50 c* / t* a = 6.2 × 102 pm [6-82] / TlSe type [6-83] ? 

0.95 ≤ x ≤ 1 P 63/m m c  solid solution [6-82], 2H type [6-80], also 3R type (R �3 m) [6-80] {0 0 1} 

Ga3In9S16 R �3 m a = 383.8 pm, c = 1222.8 pm [6-80]  {0 0 1} 

(GaxIn1�x)2S3    

0 ≤ x ≤ 0.05 F d 3 m a = 1079 pm for x = 0.05 [6-81] {1 1 1} 

0 ≤ x ≤ 0.15 P �3 m 1 γ-In2S3-type [6-84]  {0 0 1} 

x = 0.25 R �3 m a = 381.4 pm, c = 10004 pm for x = 0.25 [6-80] {0 0 1} 

0.30 ≤ x ≤ 0.33 hR* a = 764 pm, c = 7400 pm for x = 0.30 [6-81] {0 0 1} 

x = 0.375 P �3 m 1 a = 382.56 pm, c = 2114.4 pm for x = 0.375 [6-80]  {0 0 1} 

0.42 ≤ x ≤ 0.50  solid solution [6-82] {0 0 1} 

x = 0.50 P 63
 m c 2H polytype, a = 381.34 pm, c = 3065.6 pm [6-80]  {0 0 1} 

x = 0.50 R 3 m 3R polytype, a = 380.8 pm, c = 4589.4 pm [6-80] {0 0 1} 

x = 0.50 hP* a = 386 pm, c = 1740 pm [6-81] {0 0 1} 

x = 0.50 P 61 γ-In2Se3-type, a = 665.3 pm, c = 1792.1 pm [6-80] {1 0 0} 

x = 0.50 C m c 21 a = 381.1 pm, b = 1906 pm, c = 619.4 pm [6-80] � a

x = 0.50 P �3 m 1 a = 381.05 pm, c = 1819.05 pm for x = 0.50 [6-80]  {0 0 1} 

Table 6-12 continued on next page
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0.50 ≤ x ≤ 0.67 hR* a = 664 pm, c = 1803 pm for x = 0.50 [6-81] {0 0 1} 

0.75 ≤ x ≤ 1 C c  α�-Ga2S3 type, a = 1120 pm, b = 651 pm, c = 707 pm,   
β = 122.3° for x = 0.75 [6-81] 

� 

0.80 ≤ x ≤ 1 P 61 α-Ga2S3-type [6-84] {1 0 0} 

(GaxIn1�x)Se     

0 ≤ x ≤ 0.10 P 63/m m c / R 3 m solid solution [6-82], 2H / 3R polytype [6-80] for x = 0 {0 0 1} 

x = 0.50 I 4/m c m TlSe type [6-83, 6-80], a = 805.1 pm, c = 631.7 pm [6-80] {1 1 0} 

x = 0.67  incongruently melting compound [6-82] ? 

0.80 ≤ x ≤ 1 hP* 2H type, a = 380 pm, c = 1612 pm for x = 0.80 [6-82, 6-83] {0 0 1} 

(GaxIn1�x)2Se3     

0 ≤ x ≤ 0.50 P 61  γ-In2Se3 type [6-81] {1 0 0} 

0.03 ≤ x ≤ 0.70  P 61 and P 65  γ-In2Se3 type [6-85] (0.08 ≤ x ≤ 0.50 [6-82]);   
a = 692 pm, c = 1887 pm for x = 0.38 [6-80]; a = 698.5 pm,  
c = 1899.0 pm for x = 0.40 [6-80]; a = 692.3 pm, c = 1882.9 pm  
[6-80] and a = 691 pm, c = 1882 pm [6-81], both for x = 0.50 

{1 0 0} 

0.58 ≤ x ≤ 0.70 P 63
 m c wurtzite type, a = 395 pm, c = 646 pm for x = 0.58 [6-81]  {0 0 1} 

0.60 ≤ x ≤ 0.67 hP* a = 682 pm, c = 1930 pm for x = 0.60 [6-81] {0 0 1} 

x = 0.60 P 61 a = 684.3 pm, c = 1935.0 pm for x = 0.60 [6-80]  {1 0 0} 

0.75 ≤ x ≤ 1 F �4 3 m sphalerite type, a = 549 pm for x = 0.75 [6-81, 6-82] {1 1 1} 

0.90 ≤ x ≤ 1 P a �3 FeS2 type, a = 544.4 pm for x = 0.90 [6-81] {1 1 1} 

Ga(SxSe1�x)     

0 ≤ x ≤ 1 P 63/m m c 2H polytype, a = 367 pm, c = 1583 pm for x = 0.50 [6-81];  
a = 366.0 pm, c = 1578.6 pm for x = 0.59 [6-80] 

{0 0 1} 

Ga2(SxSe1�x)3     

0 ≤ x ≤ 0.60 F �4 3 m /  
P 63/m m c 

(0 ≤ x ≤ 0.70 [6-86]) sphalerite type, a = 529 pm  or  
GaS type, a = 366.0 pm, c = 1578.6 pm, both for x = 0.60 [6-81] 

{1 1 1} 
{0 0 1} 

0.70 ≤ x ≤ 1 C c α-Ga2Se3 type [6-86] {0 1 0} 

0.75 ≤ x ≤ 1 P 63
 m c  wurtzite type, a = 375 pm, c = 597 pm for x = 0.75 [6-81] {0 0 1} 

In2(SxSe1�x)3     

x = 0.33 m*40 lattice parameters [6-81], but no atomic coordinates given ? 

0.40 ≤ x ≤ 1 F d 3 m  spinell type (like β-In2S3), a = 1107 pm for x = 0.40 [6-81] {1 1 1} 

Cu(SxSe1�x)     

0 ≤ x ≤ 1 P 63/m m c solid solution [6-81], lattice parameters [6-87],  
isostructural to CuS [6-74]  

{0 0 1} 

Cu1.8(SxSe1�x) b    

0 ≤ x ≤ 1 F �4 3 m solid solution [6-81], a = 568.3 pm, x = 0.50 [6-80]  {1 1 1} 
 
a The {0 1 0} face suitable for epitaxy is not likely to occur.  
b No data for Cu2(SxSe1�x) are published. The formula Cu2(S,Se) is used below to simplify the stoichiometry. 

Remark: ALBERTS [6-71] mentions the phase In(Se,S) referring to x-ray powder data.  
However, the measured angular positions of the reflections coincide with pure InSe.  
Therefore, a proof for the existence of the mixed crystal compound In(Se,S) is missing.  
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However, as mentioned in section 6.4.1 already, it is crucial to maintain the stoichiometrical supply 
of the educts, especially since these kind of reactions require a simultaneous reaction of at least 
three starting compounds with each other. This is avoided if the reaction involves two mixed crystal 
educts, given in table 6-12, for example:  

 Cu(SySe1�y) + (GaxIn1�x)Se → Cu(GaxIn1�x)(Sy/2Se(2�y)/2)2  

Another possibility is the interdiffusion reaction of two ternary chalcopyrites, which are all iso-
structural to each other. A pentanary compound is obtained already by the interdiffusion of two 
ternary chalcopyrites, for example:  

 x CuGaS2 + (1�x) CuInSe2 → Cu(GaxIn1�x)(SxSe1�x)2  

In all cases above, both the cation and the anion sublattices have to be rearranged simultaneously. 
This lets one expect slow reactions and can only be avoided by introducing quaternary chalcopyrites 
as educts with y = z, or, more general:  

 x CuGa(SySe1�y)2 + (1�x) CuIn(SzSe1�z)2 → Cu(GaxIn1�x)(Sxy + (1�x)·zSe1�xy�(1�x)·z)2  

Only the latter example reaction is estimated to proceed fast. It is technically applied as final 
reaction step in a special annealing process [6-71] resulting in a homogeneous product. The 
quaternary educts can be synthesised via fast group c) reactions as described in Section 6.4.2.2.  

Hexanary chalcopyrites with the general brutto formula Cu(Al,Ga,In)(S,Se)2 can be obtained by 
reaction of more than three binary or more than two ternary educts, which again involves the 
problem of keeping the local stoichiometry. Such reactions cannot be expected to proceed fast. For 
the selection of chemical elements in this article, the interdiffusion of two quaternary chalcopyrites 
is possible only for the reaction of a sulphide with a selenide compound. The cation and the anion 
sublattices differ then from each other, which results in a slow reaction. The only fast interdiffusion 
reactions are between Cu(Al,Ga)(S,Se)2, Cu(Al,In)(S,Se)2 or Cu(Ga,In)(S,Se)2. For this reason, the 
fastest way to obtain multinary chalcopyrites is the stepwise interdiffusion of quaternary and 
pentanary chalcopyrite compounds. All possible solid-state reactions for the formation of ternary up 
to hexanary chalcopyrite compounds are classified with respect to their relative reaction speed in 
table 6-13.  

 

Table 6-13:  Generalised reaction schemes for multinary chalcopyrite compounds   
 

Formation reactions of ternary (t), quaternary (q), pentanary (p) and hexanary (h) chalcopyrites. 
All solid-state reactions are assumed to be initiated by epitaxy between the educts. The chemical 
elements of the educt compounds are abbreviated (III = Al, Ga, In and VI = S, Se). Indices in 
chemical formulae are omitted to obtain universality (e.g.: Cu-VI = Cu2S or CuS or �)   
 

Chalcogenide III-VI III-(S,Se) (III,III)-VI  Chalcopyrite Cu-III-VI Cu-III-(S,Se) 

Cu-VI tc, qac qac qc, pac  Cu-III-VI qc, qa, pac qa, pac

Cu-(S,Se) qac qc (or qac)* pac  Cu-III-(S,Se) qa, pac pc (or pac)* 

     Cu-(III,III)-VI qc, pac, hac pac, hac

 

Reactions requiring anion and cation exchange are marked with ac and expected to proceed more slowly 
than those (in bold) in which only the anion (a) or the cation (c) sublattice needs to be rearranged.  
Note one additional reaction, which is not included in the right table due to lack of space:  

 Cu-(III,III)-VI + Cu-(III,III)-VI → pc, pa (or pac)*, hac.  
* Fast cation rearrangement, if y = z. Generally, both anion and cation exchange are required for y ≠ z.  
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This table understood as follows: A ternary chalcopyrite (see left part of table 6-13, left upper 
entry) is obtained by a fast reaction requiring only the cation sublattice rearrangement. The 
abbreviation tc codes a large amount of possible reactions provided in sections 6.2 and 6.3, e.g. 
CuSe + GaSe → CuGaSe2. The symbol qac in the same field stands for slow reactions like 
CuS + GaSe → CuGa(S0.5Se0.5)2 as listed in table 6-11. Quaternary chalcopyrites are obtained by 
fast reactions qc according to group a), b) and c) reactions defined in section 6.4.2.2, whereas the 
formation of pentanary chalcopyrites from chalcogenides is always slow (pac). The right section of 
table 6-13 shows that quarternary chalcopyrite compounds are always formed by fast reactions from 
ternary chalcopyrites (qa, qc) as described in section 6.4.2.3. Furthermore, pentanary chalcopyrites 
can be synthesised rapidly only when starting from two quarternary chalcopyrites. For unequal 
[S] / [Se] anion ratios two of the three possible reaction types turn into slow reactions, whereas the 
pure cation exchange reaction pc given in the foot of table 6-13 remains fast, e.g.:  

 Cu(Al,In)Se2 + Cu(Ga,In)Se2 → Cu(Al,Ga,In)Se2  

For the synthesis of hexanary chalcopyrite compounds a simultaneous cation and anion sublattice 
exchange cannot any longer be avoided. Thus, all three reaction classes are denoted with hac and are 
expected to be slow interdiffusion reactions.  

 

6.4.4  Summary of the formation of multinary chalcopyrite compounds 
Heading towards the synthesis of multinary chalcopyrite compounds involves difficulty in adjusting 
the desired ratios of the contained elements. For this reason, the knowledge of fast solid-state 
reactions with two solid educts producing a single-phase product is desirable. This can be achieved 
by exploiting topotaxy. The formation of quaternary chalcopyrites can benefit from the cation 
conductivity of Cu2(S,Se) at elevated temperatures via topotactic reactions with other (mixed 
crystal) chalcogenides. With these chalcogenides as educt compounds one can synthesise ternary or 
quarternary chalcopyrites exploiting solid-state reactions in which the anion sublattice remains 
unchanged. Setting the condition that either the anion or the cation sublattice shall remain 
unchanged during the reaction, higher chalcopyrites can be formed the easiest via interdiffusion of 
lower chalcopyrites. This is a stepwise process ending up with the compound Cu(Al,Ga,In)(S,Se)2.  

 

 

6.5  The influence of sodium on interdiffusion reactions  
 

In the preceding sections the necessity of cation or anion exchange as reaction step has been 
underlined. Now, the effect of sodium doping on this mechanism shall be qualitatively discussed. In 
the experiments of this work it was observed that sodium impedes the interdiffusion of the two 
ternary chalcopyrite compounds α-CuInSe2 and α-CuGaSe2 during the formation of the quaternary 
compound α-Cu(In,Ga)Se2. Thus, the following description will base on the compound α-CuInSe2 
before making more general statements on other selenide compounds.  

 

6.5.1 The location of sodium during the formation process  
If sodium cations are present in the precursor either by adding a sodium dopant or by diffusion out 
of the soda lime glass substrate it may diffuse into the bulk of the binary or ternary selenide 
(chalcogenide) compounds or accumulate on surfaces of the grains of the bulk material.  
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Let us first assume that sodium was dissolved in the bulk of a α-CuInSe2 crystal. Sodium is 
expected to be oxidised to Na+ and to presumably occupy the same site as Cu+ due to its univalent 
oxidation state. This, however, leads to Na+ point defects which one assumes to be much less 
mobile than Cu+ cations, since the cation radius of Na+ is 1.5 times as large as that of Cu+ (cf. 
chapter 3.2) and, more important, the Na�Se bond is more stable than the Cu�Se bond. The latter is 
expressed by the difference of the electronegativities of the concerning elements (EN(Na) = 0.9, 
EN(Cu) = 1.9, EN(Se) = 1.6 [6-88]) calculated from the binding enthalpies. Comparing the heat of 
formation of sodium selenides to isostructural copper selenides, e.g. ΔH(Na2Se) = �343 kJ/mol  
[6-14] and ΔH(Cu2Se) = �59 kJ/mol [6-89] justifies this assumption. The latter comparison is 
admissible, since the crystal structure of Na2Se [6-90] belongs to the CaF2 structure type, which is a 
supergroup of the β-Cu2Se crystal structure. Replacing a Cu+ cation in the β-Cu2Se structure by Na+ 
will introduce a distortion of the tetrahedral neighbourhood of the Cu+ cations due to the tighter 
bonded [NaSe4]7� tetrahedra. Thus, one must expect the diffusion rate to decrease, if Na+ cations are 
incorporated into the selenide structures. However, in α-CuInSe2 the Na+ concentration within the 
bulk is limited typically to 1 at-� [6-91] and additional Na+ cations will accumulate at the surface 
[6-4]. Can this low Na+ bulk concentration (which can be assumed to be similar in all regarded 
reactants for α-CuInSe2) really lower the speed of the solid-state reactions listed in table 6-7, which 
all require the exchange of cations between the involved starting compounds? � A Na+ 
concentration of 1 at-� within the chalcopyrite structure corresponds to one Na+ cation among 
5×5×21/2 unit cells of CuInSe2, or a cube of (2.9 nm)3. Let us assume that the volume in which 
cation diffusion is inhibited by one Na+ cation amounts to 0.5 nm3 (this corresponds to the distance 
of the third nearest neighbour), then the affected volume fraction is just 2% is affected. Therefore, 
the effect of Na+ cations on the grain surfaces, where crystal growth occurs, has to be taken into 
account and, moreover, seems to be much more important.  

RUDMANN [6-92] has recently proposed a model, in which Na+ cations act as a surfactant, 
passivating the surfaces of the grain boundaries. Indeed, a delayed α-CuInSe2 formation was 
observed while annealing SEL with a constant heating rate and NaF having been added to the 
precursor [6-93]. For substrate temperatures lower than 500°C during the three-stage coevaporation 
process, RUDMANN et al. [6-94] showed that Na+ impedes the intermixing of Cu+, Ga3+ and In3+ 
cations in the quaternary chacopyrite. Similarly, the intermixing of a bilayer of α-CuInSe2 and  
α-CuGaSe2 prepared during the coevaporation process is the lowest if sodium doping is applied  
[6-77]. All these observations are coherent to the experimental fact, that the interdiffusion reaction 
of α-CuInSe2 with α-CuGaSe2 (rct. E in fig. 5-9) remains incomplete for sodium doped precursors 
when tempering SEL. Therefore, it is unlikely to assume that Na+ cations diffuse into the  
α-CuIn(Ga)Se2 grains rather than remain at the surface where they can terminate dangling selenium 
bonds. This mechanism is well-known for the saturation of dangling silicon bonds [6-95] by 
hydrogenation of amorphous silicon as technically applied to the production of thin film silicon 
solar cells. Moreover, it has been calculated that the recombination of charge carriers at the grain 
boundaries is impeded if Na+ replaces Cu+ cations on the {1 1 2} surfaces of α-CuInSe2 grains  
[6-3].  

 

6.5.2  The general effect of sodium at surfaces on diffusion  
The model for sodium to be located at surfaces mainly and impeding the ion exchange of solid-state 
reactions cannot explain why the scanning electron microscope images taken after the annealing of 
a copper-indium-galium precursor up to 450°C with and without sodium doping, show 
unambiguously larger grains with sodium doping than without (see fig. 5-11c,d), as frequently 
reported [6-2]. Powder x-ray diffraction in combination with secondary ion mass spectroscopy 
(fig. 5-11a,b) on these samples, however, shows that phase separation has occurred induced by 
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sodium doping. A well crystallised fraction of α-CuInSe2 coexists beside fine-grained  
α-Cu(In,Ga)Se2 with varying gallium content (fig. 5-11e,f). This can be explained easily by taking 
the different formation reactions of these compounds into account. In the SEL process α-CuInSe2 is 
formed by the redox rct. A or rct. B, whereas α-Cu(In,Ga)Se2 is formed via pure diffusion rct. D 
and rct. E. The influence of sodium doping on each single reaction must be taken into account 
separately.  

The experiments of this work showed that the formation paths of α-CuInSe2 and α-CuGaSe2 are 
separated, therefore α-Cu(In,Ga)Se2 must be formed consecutively by the interdiffusion rct. E. The 
interdiffusion of α-CuInSe2 and α-CuGaSe2 is impeded by the sodium polyselenide surface layer. 
The decreased reaction speed can be understood by assuming Na+ cations to be bonded to the 
surfaces of the crystals of both compounds and to saturate dangling bonds of selenium. Thus, the 
last reaction step remains uncompleted with sodium. This explains the observation of fine 
crystalline α-Cu(In,Ga)Se2 material with varying gallium concentration beside large α-CuInSe2 
grains.  

It has been shown that epitaxy is the initiating step of all experimentally confirmed solid-state 
reactions for the formation of α-CuInSe2 (section 6.2). Consequently, the presence of chemically 
pure crystal faces (without Na+ cations being adsorbed) is a prerequisite for a fast solid-state 
synthesis. In this spirit sodium doping exerts negative effects on solid-state reactions which are 
based on diffusion only. One example is the interdiffusion reaction of chalcopyrite compounds (like 
α-CuInSe2 and α-CuGaSe2, rct. E) for the formation of multinary chalcopyrites as described in 
section 6.4. Another case are solid state reactions of chalcogenide compounds containing all ions in 
the same oxidation state as in chalcopyrite compounds (I-III-VI2 with I = Cu+; III = Al3+, Ga3+, In3+; 
VI = S2�, Se2�). An example is the reaction:  β-Cu2Se + (In,Ga)2Se3 → 2 α-Cu(In,Ga)Se2 as applied 
in the two- or three-stage coevaporation process. No electron transfer (redox reaction) is involved 
here, this reaction is a pure interdiffusion reaction. Investigations of the three-stage process showed 
that sodium doping impedes the interdiffusion resulting in a decreased grain size [6-92, 6-96]. Thus, 
post deposition sodium doping [6-94] appears to be an interesting alternative in this case. However, 
this is different for the annealing process of SEL where sodium doping promotes rct. B:  
Cu2Se + 2 InSe + Se → 2 CuInSe2. A redox reaction between [In2]4+ and Se0 will break up the InSe 
grains into thin layers, as shown in section 6.2.2.2. This will shorten the diffusion paths and will 
result in a beneficial net effect of sodium doping. The increased size of α-Cu(In,Ga)Se2 grains and 
their rounded shape for sodium containing samples (fig. 5-11d) is assumed to originate from 
topotactic reactions between β-Cu2Se, InSe and α-CuInSe2 already having formed.  

 

6.5.3  Summary of the effect of sodium on diffusion  
All solid-state rections described in this work involve ion exchange as an essential reaction step. 
This cation exchange can be impeded by Na+ cations present on the surface of the reacting grains 
involved. It has been experimentally proved that the reaction speed for the interdiffusion of the two 
chalcopyrite compounds (rct. E) forming α-Cu(In,Ga)Se2 decreases with sodium doping. This is 
expected to occur for all solid-state reactions without a redox mechanism involved, for example in 
rct. D:  β-Cu2Se + α-Ga2Se3 → 2 α-CuGaSe2. In contrast, sodium doping does not affect those 
solid-state reactions involving electron transfer resulting in the disintegration of at least one crystal 
structure into thin layers as in rct. B:  β-Cu2Se + 2 InSe + Se → 2 α-CuInSe2. The diffusion length 
to overcome is decreased in this case. Furthermore, the total surface area is enlarged so that the 
sodium surface concentration thins out.  

Due to the effect of sodium to promote rct. B for annealing SEL (cf. section 6.1), which is a redox 
reaction and thus not hindered by sodium, it can be understood that sodium doping is positive for a 
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large grain size of α-CuInSe2 on the one hand, but hinders the interdiffusion rct. E on the other 
hand. In the coevaporation process sodium doping is expected to decelerate all solid-state reactions 
involved, since the reaction  β-Cu2Se + (In,Ga)2Se3 → 2 α-Cu(In,Ga)Se2 is a pure interdiffusion 
reaction.  

The results of section 6.5 are expected to be transferable to all topotactic solid-state reactions 
collected in section 6.4.  
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7  Conclusions and Outlook  
 

 

This work was dedicated to identify solid-state reactions for the semiconductor material CuInSe2 
taking place during the annealing of stacked precursors. The knowledge of the solid-state reactions 
providing the synthesis of the absorber material Cu(In,Ga)Se2 well below its melting point is an 
essential prerequisite to further optimise of the technically relevant production processes.  

For this purpose a reaction chamber was constructed in which suitable process conditions during 
annealing of stacked elemental layer precursors could be adjusted. In combination with real-time  
x-ray powder diffraction, which is a non-destructive method, the chemical formation reactions of 
Cu(In,Ga)Se2 were studied in-situ. First experiments at a synchrotron source showed that the 
formation of CuInSe2 can take place already at a temperature as low as the melting point of 
selenium at 221°C. Laboratory measurements provided a deeper insight into the reaction 
mechanisms: During annealing of stacked elemental layers liquid selenium reacts with the metallic 
layer consisting of intermetallic compounds and elemental indium resulting in binary selenides. 
These selenide compounds start to react with each other as soon as they have been formed. For 
stacked elemental precursors two main formation reactions for CuInSe2 and one for CuGaSe2 could 
be identified. The reaction paths of these two compounds remain separated from each other. 
Interestingly, only very few solid-state reactions are experimentally observed among a large variety 
one could think of.  

This finding can be satisfactorily explained if epitaxy is assumed to be essential as an initial 
reaction step. A crystallographic description of all solid-state reactions for the formation of 
Cu(In,Ga)Se2 has been worked out based on topotaxy. The developed theory behind allows to 
identify further topotactic solid-state reactions. Such predictions have been performed for the 
synthesis of all ternary chalcopyrite compounds Cu-III-VI2 with III = Al, Ga, In and VI = S, Se. 
Moreover, the model was extended to recognise topotactic reaction paths for the synthesis of all 
multinary chalcopyrite compounds in the system Cu(Al,Ga,In)(S,Se)2. The band gap energy in such 
alloy compounds can be tuned as desired between the extremal values of CuInSe2 and CuAlS2 by 
adjusting the chemical composition. These compounds might attract interest for wide band gap 
applications in the future. Experimental investigations of the corresponding reaction paths for most 
of the compounds are still missing.  

Models for the effects of sodium doping during the growth process on the formation reactions were 
presented. The enhanced selenisation of the metallic precursor can be understood by assuming a 
sodium polyselenide surface layer acting as a catalyst for the selenium supply. On the other hand, 
the reaction enthalpies are reduced by the amount of energy which has to be paid for the release of 
selenium from the sodium polyselenide layer. The impeded cation exchange, which resulted in 
uncompleted interdiffusion reactions due to sodium doping, could be qualitatively explained with 
the same model. It seems that all effects of sodium doping on the absorber properties can be 
understood by assuming sodium to be enriched on the grain surfaces during growth.  

In conclusion angle dispersive x-ray powder diffraction has been proved to be a suitable method for 
the investigation of chemical solid-state reactions in-situ. The knowledge of the reaction paths for 
the chalcopyrite compound formation was combined with an investigation of the crystal structures 
of the compounds involved, with respect to epitactic relationships with each other. This facilitated 
the recognition of topotaxy and allowed to postulate the reaction mechanisms on atomic scale. 
Furthermore, topotactic reactions for the formation of other chalcopyrite compounds have been 
derived. These reaction paths might attract attention for the synthesis of high band-gap chalcopyrite 
materials in future.  
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Theory versus reality? 
 

               

Assumption:  
 
�All reactions  
observed are  
determined  
by the crystal  
structures of  
the starting  
compounds.�  

 

Cartoon by Nick Kim, University of Waikato (New Zealand) / www.nearingzero.net; used by permission 
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