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Introduction

Photovoltaics (PV) in general has evolved from just powering satellites and gadgets
towards contribution significantly to the electric energy supply. The demand for
renewable energies rises, because conventional energy sources exhibit a finite supply.
In addition, green house gas emission and nuclear power plants are urgent safety issues.
Overall, the absorber material with the dominant market share is Si. The aim of further
reducing production costs led to the concept of thin film technologies. The absorption
of light within a thin film of only a few pm relies on high absorption materials like
Cu(In,Ga)Se, (CIGS) and CdTe. This opens up further advantages like less weight
and creates new fields of application e.g. flexible modules. In the field of thin film PV
technologies, CIGS based cells exhibit the lowest environmental impact in comparison
with Si and CdTe based thin film technologies [Jungbluth et al., 2008].

However, CIGS also needs to be economically competitive. Especially the costs per
output power are relevant. So far, the costs are decreasing by an ongoing upscaling of
the production per year [Palm et al., 2015]. Another main lever for profitability is the
conversion efficiency. In this respect, CIGS is a promising material, currently exhibiting
the highest thin film solar cell efficiency. The highest reported CIGS cell efficiency
is 22.9% [K.K., 2 20]. There is still a high potential for increasing the efficiency,
since the theoretical maximum is about 33 % [Werner et al., 1995, Werner et al., 2005,
Siebentritt, 2011]. Another advantage of CIGS is the possibility to adjust the energy
band gap (E,) to optimize the efficiency in regard to the local incoming light spectrum.
The E, is correlated to the Ga to In ratio in Cu(In;_,Ga,)Se;. An increasing Ga
amount expands the F; from 1.00eV for Ga free CulnSe; to up to 1.68 eV for CuGaSe
[Shay and Wernick, 1975].

An industrially attractive production route is the so called sequential process. It
consists of two steps, first a deposition of a precursor and second a reaction with
a chalcogen at an elevated temperature. The sequential process is already used by
companies, e.g. AVANCIS and Solar Frontier. The central preparation technique in
this work is one possible variation of the sequential process. In detail, it consists of the
thermally activated and fast reaction of a sputtered Cu-In-Ga precursor in elemental
Se vapor (selenization). The selenization is performed within a few minutes via a rapid
thermal processing step (RTP), which can be carried out at atmospheric pressure.



Introduction

The use of elemental Se instead of toxic and explosive gases like HySe (and HsS for
the efficiency record) reduces costs and safety risks. Using a sequential process and
elemental chalcogenides, an efficiency of 17.3 % was reached [Broussillou et al., 2015].
Unfortunately, the preparation technique with fast selenization of a Cu-In-Ga precursor
in elemental Se vapor typically leads to a segregation within the CIGS film. This
means most of the Ga accumulating at the Mo back contact and an emerging Ga
free top part of the film [Chirila et al., 2011, Palm et al., 2004, Caballero et al., 2006,
Weber et al., 2011, Mainz et al., 2015b]. The Ga segregation fundamentally inhibits
an adjustment of the Ga depth profile (E,, respectively). However, such an adjustment
is necessary for a higher efficiency to stay competitive on the market and over other
preparation techniques (e.g. vacuum based co-evaporation).

Some approaches have been investigated in the past to promote a more controlled band
gap tuning, e.g.:

o Adjusting the Ga depth profile in the precursor
[Caballero et al., 2006, Hsu et al., 2012, Wu et al., 2014]

« Increasing selenization time and/or temperature
[Marudachalam et al., 1995, Marudachalam et al., 1997]

So far, all approaches have a draw-back, i.e. they are not sufficient, not reproducible,
not understood or they suffer from an increase in processing time. Up to now, an
adjustment of the Ga in-depth profile during fast selenization in elemental Se vapor
has not been achieved.

The formation of CIGS is determined mainly by the thermodynamics and kinetic
limitations of the material system. For example, the motion of each element can
depend on the possible pathways by either chemical reactions, defects or a diffusion
barrier. The possibilities for a direct control of the selenization are limited. The Se
partial pressure (Pg.) is a possible parameter for controlling the reaction. However,
measuring Ps, is difficult due to the corrosive Se vapor combined with the high
temperature required to avoid condensation. An often followed approach to vary the
Se supply is therefore to add different amounts of Se onto or next to the precursor
and heat up everything together in a closed reaction chamber. In this case, the Se
partial pressure and time of Se supply is often directly coupled to the temperature
of the reaction chamber. As a result, the Se supply is neither independent from the
substrate temperature nor constant throughout the selenization.

The approach in this work is to supply Se by an external Se source to decouple the Se
supply as well as possible from the temperature of the reaction chamber. Thus, the Pg,
is defined by the Se source temperature (T's.). A control of the Se supply might allow
to influence the CIGS growth. Furthermore, with an external Se source, Se can be
provided at an elevated temperature (instead from the beginning at room temperature).



This can lead to unwanted side effects like phase separation and dewetting, which are
investigated in this thesis.

The aim of this work is to understand the phase formation, its evolution and depth
distribution to finally prevent Ga segregation. The reactions during selenization are
very fast and the material is highly complex with its large number of elements and
various possible phases. For these reasons, an in situ approach utilizing synchrotron
light was applied: The fast evolution of phases is observed by analyzing the Bragg
reflections observed by in situ energy dispersive X-ray diffraction (EDXRD). This mea-
surement is performed simultaneously with in situ energy dispersive X-ray fluorescence
(EDXRF) and hence, the signals can be correlated. A unique combination of the in
situ EDXRD/EDXRF method with quantitatively calculated fluorescence intensities is
used to deduce the phase depth distribution during growth.

The approach in this work is to study the influence on the resulting lateral and vertical
Ga distribution of i) different precursor preparations, ii) heating rates, iii) maximum
annealing temperatures, iv) NaF supply and most important v) control of Se supply

via an external Se source.

Outline

Chapter 1 introduces relevant information on material properties of CIGS, required
for this work. It starts with material properties of CIGS and the role of In and Ga
therein as well as related effects on solar cell parameters. The relevant crystallographic
phases present during the growth of CIGS are introduced by means of selected phase
diagrams. A central control parameter in this work is the Se supply during growth of
CIGS. Therefore known influences of Se supply on the Se and Ga diffusion coefficients
and on the phase formation are presented. The applied growth method, the sequential
processing, is introduced and previous in situ and ex situ investigations of it from
literature are presented.

Chapter 2 presents the sample preparation and the experimental setups that were
used for thermal treatments with and without Se supply. Especially, the application
of an external Se source, developed at the Helmholtz Zentrum Berlin (HZB), is
described. Further, the central applied experimental methods are described: in
situ Energy dispersive X-ray diffraction (EDXRD) and fluorescence (EDXRF) at
the energy dispersive diffraction beamline (EDDI) at the synchrotron BESSY II.
A program for calculating EDXRF intensities depending on the elemental depth
distribution is introduced, which is used to draw conclusions about the elemental
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depth distribution during selenization. This chapter closes with a short overview of
the further characterization methods utilized for the present work.

In Chapter 3, lateral elemental separation and dewetting during thermal treatment of
Cu-In-Ga precursor layers in Se free atmosphere are studied to gain knowledge about
the time during selenization when Se should be supplied. This is performed by means
of phase identification using X-ray diffraction (XRD) measurements and by elemental
mapping using energy dispersive X-ray spectroscopy (EDX) in a scanning electron
microscope (SEM).

Chapter 4 shows in situ measurement data from EDXRD and EDXRF during thermal
treatment without and with Se atmosphere. Section 4.1 presents the phase evolution
of a precursor during heating without Se. The phase evolution during selenization of a
sample, which resulted in strong Ga segregation at the back contact is presented in
Section 4.2. Section 4.3 reveals, for the first time, the time dependent phase evolution
during selenization of a sample without resulting in Ga segregation. Both growth
evolutions are compared in Section 4.5. Sec. 4.6 shows an ex situ investigation with
which the temperature of the Se source, growth path and Ga depth profile are shown
to be correlated. The investigations are compared to propose a comprehensive model
of growth in Sec. 4.7.



1. Basics of Cu(In,Ga)Sey absorber
material and preparation

This chapter describes material properties of Cu(In,Ga)Se, (CIGS), the role of In
and Ga therein as well as related effects on solar cells parameters. The relevant
crystallographic phases present during the growth of CIGS are introduced by means
of selected phase diagrams. A central control parameter in this work is the Se supply
during growth of CIGS. Therefore known influences of Se supply on the Se and Ga
diffusion coefficients and on the phase formation are presented. Afterwards, the applied
growth method, sequential processing, is introduced and previous in situ and ex situ
investigations of it from literature are presented.

1.1. The role of Ga in Cu(In,Ga)Se; with respect

to material and electrical properties

The band gap energy (E,) of the absorber material determines the minimum required
energy of photons to create an electron-hole pair. Thus, £, is an important design
parameter to prepare solar cells with maximum possible efficiency. CIGS is a compound
semiconductor of the family of I-III-VI, materials, which offer the opportunity of
adjusting F, by substitution of group I, III or VI elements, i.e. forming different
compounds within the (Ag, Cu)(In, Ga, Al)(S, Se, Te)s system [Wei and Zunger, 1995].
The substitution of In by Ga to increase F, is the most common approach and a central
topic in this work. First principles calculations and experimental results regarding
the functionality of the absorber layer in the solar cell as modified by adding Ga are
presented in the following. Further information on the general physics of solar cells are
described in more detail in reference [Wiirfel, 2000] and further chalcogenide-specific
details can be found in reference [Scheer and Schock, 2011].
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Cu

In/Ga Figure 1.1.: Chalcopyrite crystal structure

Se of Cu(In,Ga)Sey. (Schematic created with
VESTA.)

1.1.1. Crystal structure of Cu(In,Ga)Se:

At room temperature (RT), CIGS exhibits the chalcopyrite crystal structure, as
shown in Fig. 1.1. It is a tetragonal crystal system and its space group is 142d.
The composition can be described by a solid solution of the miscible compounds
CulnSe; and CuGaSe; as Cu(In;_,Ga,)Ses and x is also referred to as [Gal/([Ga]+[In])
(GGI). However, calculations based on Monte Carlo simulations [Xue et al., 2016] and
density functional theory [Wei and Zunger, 1995, Ludwig et al., 2010] suggest, that
a separation of the solutes is energetically preferred at room temperature. CulnSe,
forms clusters in Ga-rich (GGI>0.5) films and CuGaSe; forms clusters in In-rich
(GGI<0.5) films. These clusters are decreasing in average size with increasing tempera-
ture [Ludwig et al., 2010]. This increasing homogeneity is experimentally confirmed
[Haarstrich et al., 2011]. Furthermore, the calculated inhomogeneity is higher for higher
Ga content CIGS [Ludwig, 2011}, which is in agreement with experimental results
[Glutay and Bauer, 2007]. The preservation of the high temperature homogeneity to-
wards a lower temperature can be forced by a fast cool down [Windeln et al., 2009]. The
consequence of a formation of clusters is a detrimental band gap fluctuation. A locally
decreased E, decreases the limit for splitting the quasi-Fermi levels [Siebentritt, 2011]
and thus can increase the recombination. It has been found that band gap fluctuations
in state-of-the art devices are in the order of 8 meV [Giitay and Bauer, 2009]. However,
it has been shown, that only variations above 25 meV significantly change the efficiency
[Rau and Werner, 2004].

The two group three elements (In and Ga) exhibit different atomic radii and occupy
the same lattice position. The lattice constants of CulnSe; are larger than those
of CuGaSey (sup. Tab. E.2). The lattice constant of an ideal solid solution can be
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approximated by a linear dependence on the percentage x of the substituting element,
according to Vegard’s law for two solutes A and B in Eq. 1.1 [Vegard, 1921].

as, B, = (1l —x)as + xap (1.1)

Vegard’s law is a suitable approximation in the case of CIGS [Suri et al., 1989],
[Choi and Lee, 2007].

The structure of chalcopyrite is closely related to that of zinc blende ZnS (sphalerite).
The unit cell of chalcopyrite is approximately twice as big in volume, since 2axc and
reflects an alternation of Cut and In/Ga*" replacing Zn** in adjacent planes. In fact,
CIGS is typically distorted along the c-axis with the result that c/a is unequal 2. The
strengths of the bonds of the cations with Se (Cu-Se, In-Se and Ga-Se) are different
and the anion (Se) is not occupying the ideal lattice position. A consequence is, that
some XRD reflections which belong to the sphalerite structure are split into two signals
for the chalcopyrite structure.

The crystal structure can also be disturbed by a wide variety of point defects possible
in CIGS [Zhang et al., 1998]. The various defects include unoccupied lattices sites
(vacancies), atoms in the space between the normal lattice sites (interstitials) and atoms
on a different position (antisites). Defects influence e.g. the doping and recombination
in a CIGS solar cell as well as the diffusion of elements during growth of CIGS (see
Secs. 1.3 and 1.4).

1.1.2. Cu(In,Ga)Sez-based solar cells and the role of Ga
therein

A standard structure of a CIGS solar cell as it is applied in this work is illustrated in
Fig. 1.2. Glass, coated with 1 pm Mo as back contact typically serves as substrate. A
pn heterostructure consisting of a absorber/buffer/window (p/n/n) stack is prepared
on top. A front contact and a contact grid are deposited on top.

Contact grid | Ni/Al
Front contact | Al:ZnO ~1 um
Window i-ZnO ~130 nm
Buffer cds ~60 nm Figure 1.2.: Schematic structure of an in-house
Cu(In,Ga)Sey based solar cell with exemplary
Absorber CIGS ~1.5 um thickness values.
Back contact [ Mo ~1 pum
Glass ~3 mm
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A Ga concentration x in Cu(In;_,Ga,)Se; between 0 and 1 is possible. CulnSe,
exhibits an £, of 1.0eV in contrast to 1.68eV for CuGaSe, [Shay and Wernick, 1975,
Kulkarni et al., 2009]. The resulting E, in a solid solution of them can be described
as a function of the GGI by use of a bowing factor with the suggested approximation
by Ishizuka et al. (2005):

E,= 1 + 0564 x GGI + 0.116 x GGI? (1.2)

This experimental result is supported by first principles calculations [Wei and Zunger,
1995]. The effect of Ga addition on E, is mainly due to an increase of the conduction
band minimum (E¢), while the valence band maximum (Ey ) is only slightly affected
[Wei and Zunger, 1995, Lavrenko et al., 2015].

In view of commercial application, the efficiency () is the most important property of
a solar module. The efficiency maximum is the optimum of the tradeoff between the
achieved voltage and collected current. Whereas the V. increases with F, the collected
current decreases. Therefore, 7 is correlated to E, and thus to the Ga concentration.
The first approximation relating £, and efficiency is the well-known limit by Shockley
and Queisser (SQL) [Shockley and Queisser, 1961] for single E, solar cells. The model
is based on black body radiation, a temperature of 6000°K for the sun surface,
a quantum efficiency (QE) of 1 and assuming only radiative recombination. For a
refined approximation, a standard AM1.5 spectrum can be applied [Werner et al., 1995,
Werner et al., 2005, Siebentritt, 2011]. Their refined approximation shows that highest
possible efficiencies are for absorbers with £, between 1.15eV and 1.35¢V.

When correlating experimental findings, Contreras et al. used the drop of an EQE
measurement to 20 % as a measure for £, which is referred to as the effective £, in
the following. This definition is used since F, can vary in the depth of the absorber
and laterally. Fig. 1.3 shows achieved efficiencies plotted over the effective Ey, to
demonstrate the experimental correlation between 7 and E.

The achieved record efficiency of 22.9% [K.K., 2 20] is still significantly lower than
predicted. This is not surprising due to non-radiative recombination like Auger re-
combination and in CIGS often dominating Shockley-Read-Hall recombination (SRH)
[Lewerenz and Jungblut, 1995, Siebentritt, 2011]. SRH recombination may occur in
the bulk [Lewerenz and Jungblut, 1995] as well as at the interfaces with the front
and back contact [Siebentritt, 2011, Chirila et al., 2011]. The broad maximum of the
theoretical maximum 7 (according to [Siebentritt, 2011]) between E,=1.15€V and
1.35€V is not found in the experiment. In the experiment, higher currents (at low E,)
were apparently easier to achieve than high V,. (at wide E,) which shifts the trade-oft
between both to lower E,. The linear approximation of V,.(E,) is based on results
from Rau and Schock (1999): They showed that for different recombination mechanism,
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Figure 1.3.: a) Solar cell efficiency and b) V,,. versus effective band gap values of
CIGS devices, determined on the basis of the EQE according to [Contreras et al., 2012].
Figure taken from [Contreras et al., 2012]. The red x marks the achieved values,
presented in this work (Sec. 4.6). Regarding the current record of 22.9 % [K.K., 2 20],
the possibly corresponding E, and V. are taken from [Wu et al., 2018].

typically observed in chalcopyrite solar cells and a dominant recombination in the
bulk, that V,. can be written as V,, = % — %ln(%) (A: diode ideality factor, k:
Boltzmann constant, joo: reference current density). If the recombination process and
its main parameters (apart from band gap) stay the same, the second term (the V.
deficit) should show no distinct variation with the band gap. As Fig. 1.3b) shows, this
does not correspond to the experimental result where the V. deficit increases from less
than 0.5V to more than 0.7V with increasing E,. The predicted dependence of 1 and
E, can only be valid, if Ga modifies just the band gap. However, other consequences
of Ga incorporation such as a modified defect distribution, oxidation, morphology and
band line up at the heterointerface are known:

Ga influences the energetic position of defects [Heath et al., 2002, Zunger et al., 1997]
and the defect concentration. A minimum of the bulk defect concentration was
found for an E,~1.15eV [Hanna et al., 2001]. Another experimental result is, that
CulnSe; can be doped p- and n-type by native point defects resulting from devia-
tions from stoichiometric composition [Noufi et al., 1984] or by doping with Cdg, or
Clse [Zhao et al., 2004]. However, n-type doping seems to be impossible for CuGaSe;
[Coutts et al., 1986]. This describes a fundamental difference between both chalcopy-
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rites regarding the defects without a quantitative correlation with the GGI so far.
First-principle calculations show, that n-type doping in CuGaSe, is strongly hampered
by a low formation energy (and possibility of spontaneous formation) of V¢, acting
as an acceptor [Zhao et al., 2004, Persson et al., 2005]. The calculations also show a
remarkably low formation energy for the defect pair (2Vg,+11IZ}), which is lower
for Ing,, than for Gag, [Zunger et al., 1997]. This explains the possible formation of
ordered vacancy compounds like CulnzSe; (OVC) (see also Sec. 1.2.2).

Regarding the surface properties of CIGS, Ga was found to more quickly oxidize com-
pared with In, forming GasO3 on top of CIGS and a reduction of the Ga concentration
in the film [Lehmann et al., 2014, Dirnstorfer et al., 2000, Lehmann, 2010]. Thus, it
possibly affects the defect distribution at the interface with the buffer layer.

In regard to the morphology and crystal structure, a similar trend to the efficiency
was obtained: A maximum of grain size was found for x=0.23 (corresponds to
1.14¢eV) (by electron backscatter diffraction (EBSD) maps) [Abou-Ras et al., 2008,
Eisenbarth et al., 2009]. This correlates with results from investigation of the crystal
structure in powder samples by XRD [Suri et al., 1989], suggesting a linear dependence
of the c¢/a ratio on the gallium content. They found, that the ratio of the lattice
constants c/a is equal to 2 for about the same x value. The authors propose, that
this pseudocubic crystal structure at about x=0.23 may lead to reduced strain in the
growing Cu(In;_,Ga,)Se; film and therefore larger average grain sizes.

While in these studies, trying to correlate Ga content and morphology, the biggest
grain size was achieved at x=0.23, the maximum cell efficiency (16.9 %) was actu-
ally observed at x=0.37 (1.22eV) [Abou-Ras et al., 2008, Eisenbarth et al., 2009] (in
contrast to Fig. 1.3).

In short, the band gap widening from 1.0eV for CulnSe, towards 1.15¢eV is desired for
a higher efficiency. This is the most important effect of Ga substitution but certainly
not the only one. A fully consistent and comprehensive model of the cell performance

as a function of Ga content does not exist.

Due to the limited material quality of CIGS, an approach to increase n is the im-
plementation of a changing E, over depth [Dullweber et al., 2000, Song et al., 2004,
Huang, 2008, Hirai et al., 2014], which is typical for state-of-the-art devices
[Witte et al., 2015, Chirila et al., 2011].

State-of-the-art CIGS devices include a double F, gradient, with the minimum close
to the edge of the space charge region. This minimum F, typically correlates well to
the effective F, described above. The gradient towards the back contact is typically
achieved by increasing the GGI, while the gradient towards the surface can be realized
by S incorporation in case of sequential preparation [Koo et al., 2016]. An increasing
E, is applied to reduce recombination and minimize interface recombination as well
as ensuring a current flow. The gradient towards the back contact has the advantage

10
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of inducing a gradient of the quasi Fermi level (here for electrons: Ey,) in operation
(Fig. 1.4) in the bulk towards the front surface which improves the current collection
[Wiirfel, 2000]. The gradient also reduces the recombination at the back contact (by
reducing the electron density) which can in addition have a positive influence on the
saturation current density and therefore V..

Figure 1.4.: Band diagram for a CIGS device
with Ga segregation under illumination with a

a) 06 T T | device structure similar to Fig. 1.2, calculated

G 0.3 . at the maximum power point by use of SCAPS

0.0 [Burgelman et al., 2000]. Used properties are

b) 1.0FZ Ec - listed in sup. Tab. A.1. a) GGI plotted over
Fn ]

depth. b) Plotted over depth are Ey and E¢
(valence and conduction band energy) as well

o
o
T
]

>
(0]
5_1.0 i Ev Fre A as Ef, and Ey, (quasi Fermi level for electrons
e and holes). The E, of the absorber is based
Lu-g_o_ i on a schematic example for the Ga in-depth
- B profile, as it is observed in Fig. 4.5, with Ga seg-
-3.0

L L L regation at the back contact. The top 600 nm

0.0 0.5 1.0 1.5 2.0 are at a GGI of 0 and below are 900 nm with

Distance to back contact / um an linear increase of the GGI up to 0.6. This
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There are different preparation methods for CIGS absorber layers. With a preparation
method like co-evaporation of all elements from separate sources, the GGI over film
depth can be controlled by the deposition rates of the elements during growth and a
sufficiently good homogeneity can be achieved. The largest CIGS industrial production
capacity, however, is based on sequential processing [Frontier, 2015]. This preparation
method (as described in Sec. 1.4 in more detail) starts with deposition of a Cu-In-Ga-
based metal precursor film. This film is then processed via reactive annealing in a
Se containing atmosphere. For a sputtered precursor film, Ga is typically present in
a Cu-Ga alloy (like CugGay). During this preparation, the thermodynamics and the
formation of several intermediate phases can only be controlled by external parameters
in a limited way, such as the temperature profile over processing time. Furthermore, this
processing leads to additional kinetic limitations. Sequential processing typically leads
to a Ga segregation at the Mo back contact, see Fig. 1.4a) and Sec. 1.4.2. Adjusting
the in-depth Ga grading towards a uniform profile afterwards is in principle possible
[Marudachalam et al., 1997] but only under specific conditions and with extended
processing time. Ga segregation means, most Ga is located at back and a top part
is free of Ga and thus, the top part at an E, of about CulnSe,, and the £, at the
back contact is higher than 1.2eV. Determining a resulting single £, for the total
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1. Basics of Cu(In,Ga)Sey absorber material and preparation

device from a measurement (e.g. by EQE) shows, that the lowest E; in the top part
determines such an effective £, [Dullweber et al., 2001]. This minimal £, of 1.0eV
limits the maximum V. and efficiency, as explained above.

As in the theoretical predictions, the experiment also shows a steep increase in efficiency
between the £/;,=1.0eV and 1.15eV. That supports the main motivation of this work.
Identifying pathways to prevent strong Ga segregation within a fast sequential process
is the aim of this thesis.

1.2. Binary and ternary phase diagrams of the

Cu-In-Ga-Se system

In the following, phase diagrams of the Cu-In-Ga-Se system are presented and discussed
to introduce relevant phases present during the investigation in Ch. 3 and Ch. 4.
First, the Cu-In-Ga system is presented with the aid of ternary phase diagrams of
Cu-In-Ga. A more detailed discussion of phases in the Cu-In-Ga system can be
found in [Purwins, 2010, Muzzillo et al., 2015]. Afterwards, the Se containing system
is presented on the basis of the ternary phase diagram of Cu-In-Se and the quasi-
binary phase diagram of InySez-CuySe. Further phase diagrams can be found in the
supplementary information (sup. Sec. E). All phase diagrams are typically based on
results close to thermal equilibrium conditions while the rapid thermal annealing step
(RTA) with a heating rate of up to 1°C/s in the experiments performed for this thesis
may be far away from thermal equilibrium.

1.2.1. Phase diagrams of the Cu-In-Ga system without Se

Possible phases in a Cu-In-Ga precursor are given by the ternary Cu-In-Ga phase
diagram at 150°C (Fig. 1.5a) and at 550°C (Fig. 1.5b). At 150°C, possible precursor
phases and solid solutions are 17-Cuyg(In,Ga)g (in literature often denoted as Cugln for
Cuyglng), Cuyilng, 7:-Cug(In,Ga)y, In, a-Cu(Ga), (-CuzrgGags, d-Curlng and CuGas.
The phase 7-Cuy6(In,Ga)g is found to form already at RT and the preparation process
might induce enough energy for formation of other phases. The development over
temperature shows (compare Fig. 1.5), that especially the solubility ranges increase for -
Cug(In,Ga), and liquid In. Meanwhile the three phase area of In+Cuyglng+Cug(In,Ga),
decreases (see gray area in Fig. 1.5).

Although the typical total film compositions with a GGI about 0.3 and a CGI about
0.9 is often prepared, the reported phases in the precursor vary. This is likely a
consequence of different preparation techniques as well as parameters and impurities.

12



1.2. Binary and ternary phase diagrams of the Cu-In-Ga-Se system
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Figure 1.5.: Calculated isothermal ternary phase diagram of Cu-In-Ga from Muzzillo
et al. (2015) at a) 150°C (423K), b) 550°C (823 K). An additional phase diagram
for 350°C (623 K) is shown in sup. Fig. E.4. The greek letters correspond to the
following compounds: «: Cu, ;: different CugGay (see text and sup. Fig. E.1) with
v which is denoted as 7 in this work, a low (LT) and high (HT) temperature phase
of n: Cuyglng, ¢: Cuylng, ¢ CuyrsGages. The area of the ternary phase mixture of
In+Cuyglng+Cug(In,Ga), is colored in gray.

13



1. Basics of Cu(In,Ga)Sey absorber material and preparation

A difficulty for phase identification results from the fact, that most reflections of the
two solid solutions, the 7- and the n-phase, may overlap due to the variation of the
lattice constants with the Ga/In ratio within their regions of existence. Assignment of
reflections to the y-phase is sometimes possible, because of unique but low intensity
reflections like 110, 222 or 321.

Another difficulty rises from CugGay, for which four different structures were found and
which are also present in the ternary system. They are denoted as 7;-CugGay (with
i from 0 to 3, in this work v is denoted as ), compare Fig. 1.5a) and the details in
the Cu-Ga phase diagram in Fig. E.1. They all exhibit a range of phase existence and
~1 transforms to vy at higher temperatures, see sup. Fig. E.1. Additionally, the Cu
to Ga ratio changes the lattice constant, see sup. Fig. E.2a). In XRD patterns, they
can be differentiated only by different relative intensities of side reflections, which have
typically low intensities. However, the different reference patterns could not be found
in the literature. In seems to be soluble only in 7;-Cug(In,Ga), [Holzing, 2013]. The

solubility of In in CugGa, and Ga in Cuiglng increases with increasing temperature.

No other Cu-In, Cu-Ga of Cu-(In-Ga) phases will be observed during this work. An
identification of the structure of Cug(In,Ga), as well as possible will be the basis to
determine the composition. The distinction of Cuyg(In,Ga)g and Cug(In,Ga)s as well

as the composition will be important for the calculation of fluorescence intensities.

1.2.2. Phase diagrams of the Cu-In-Se system

To describe the complex quaternary system of CIGS, it can be depicted as a binary
system of CulnSe; and CuGaSe,. Each ternary compound can be found in a ternary
phase diagram (see Fig. 1.6a for Cu-In-Se and [Purwins, 2010] for Cu-Ga-Se) . In turn,
a ternary phase diagram can be broken down by many possible isophlet lines into
pseudo binary systems. One pseudo binary system is InySez-CusSe (see Fig. 1.6b)) (or
InSe-CuSe) in which important phases can be found.

Especially, for non-stoichiometric growth (CGI # 1) secondary phases were found
at the (growth) surface. Cuy_,Se is found in the Cu-rich condition (CGI > 1)
[Tuttle et al., 1991], which is highly conductive and can produce shunt paths. In the
Cu-poor condition (CGI < 1), CulnySes 5 and CulngSe; were found [Schmid et al., 1993,
Kessler et al., 1993, Marin et al., 1998]. It was suggested that Cu(In;_,Ga,)Ses ex-
hibits Cu(In;_,Ga,)3Ses at the surface [Negami et al., 1995, Schmid et al., 1993] or
grain boundaries [Hetzer et al., 2005, Abou-Ras et al., 2012] and therefore it might
be important for the growth process. Cho et al. assume, that an OVC layer reduces
the defect density at the interface to CdS and suppresses the interface recombination
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processes of a CIGS solar cell [Cho et al., 2013]. Hence, it is relevant for solar cell

preparation.
a) b)
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Figure 1.6.: Phase diagrams of the Cu-In-Se system. a) Ternary phase diagram of
Cu-In-Se at 300 °C, reported in [Purwins, 2010]. Single phase areas like CulnSe, in the
center and OVCs are shaded gray. b) The pseudo binary system InsSe3-CusSe (from
reference [Purwins, 2010]) as an exemplary isophlet in the ternary Cu-In-Se phase
diagram. The abbreviations of phases are: «: chalcopyrite-CulnSes, 5: CulnzSes; and
0: sphalerite-CulnSe,. The range of the existence area of a-CulnSes increases with
addition of Na towards an In richer composition (crosshatched). This suppresses the
formation of 5-CulngSe; [Haalboom, 1998]. Many more pseudo binary phase diagrams
can be found in [Godecke et al., 2000a, Godecke et al., 2000b, Godecke et al., 2000¢].
Phase diagrams of the ternary Cu-Ga-Se system can be found in [Purwins, 2010,
Mikkelsen, 1981]. An area with green lines indicate a miscibility gap.

Generally, CulngSe; (and CulnsSeg) can be described by a solid solution of the quasi
binary system CulnSe,; - InySes [Pamplin and Feigelson, 1979]. The structure can
be explained with formation and ordering of the defect pair (2Vc,~ + Ing,?") and,
accordingly, ordered defect compound (ODC) or ordered vacancy compound (OVC)
were sugggested as names. First-principle calculations show a remarkably low for-
mation energy for the defect pair (2Vg,+I1IZ;), which is lower for Ing, than for
Gagy, [Zunger et al., 1997]. This explains the possible formation of ordered vacancy
compounds like CulnsSe; (OVC). This defect pair with its unusually low formation
energy is favorable over other possible defects [Zhang et al., 1997]. In comparison
with CulnSey, CulngSe; exhibits a similar tetragonal lattice in relation to the Se
positions. The ordering of 2V, and Inc,?* leads to additional reflections in XRD
pattern. The additional reflections for CulngSes result from planes with hkl-indices
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1. Basics of Cu(In,Ga)Sey absorber material and preparation

of 002, 110, 200, 202 and 114 which do not fulfill the extinction conditions as the
lattices in the space group 142d. Instead P42c [Marin et al., 1998] was suggested and
its accuracy is still under debate. CulnSe, and CulngSe; were hardly distinguished by
TEM [Grigorov et al., 2008].

For CulnsSeg a completely different XRD diagram was found indicating a hexagonal
structure [Folmer et al., 1985, Merino et al., 2000] and is not relevant for this work.
OVC were found at the CIGS surface [Negami et al., 1995, Schmid et al., 1993] and
are supposed to be present at the CIGS growth front (see below) and grain boundaries
[Hetzer et al., 2005, Abou-Ras et al., 2012]. The preferred growth of CulnSe, leading
to Ga segregation maybe also explained by the lower formation energy of (2Vg,+InZ!)
than (2Vg,+Gagh).

1.3. Types of Se supply and known effects on
CIGS growth

Types of Se supply

The way as well as the amount of Se supplied for the selenization can influence the
growth of CIGS e.g. via changing the diffusivity of Se in the phases or by triggering a
different phase formation of intermediate phases. The growth of CIGS is based on the
reactions of metallic and intermediate phases with Se. Hence, the Se supply is a very
important experimental factor during the thermal reactive treatment (selenization)
and is of particular interest for this work.

In general, Se is required for the complete formation of CIGS. It may be supplied as
part of the precursor and/or during selenization via HySe or Se vapor. When supplying
elemental Se vapor, the Se supply depends on the Se partial pressure (Pse), which in
turn is a function of the Se source temperature (T's,) in a constant volume, compare
Fig. A.la).

In many experiments described in the literature, Se is often placed in form of pellets next
to or as layer onto the precursor before heating everything together [Mainz et al., 2015b,
Koo et al., 2013, Song et al., 2003, Caballero et al., 2006]. This procedure couples
the Se partial pressure to the current substrate temperature, which changes during
selenization by nearly 600°C. Besides the influence on Pg., this also changes the
composition of the Se; molecules (i=2-8) in the vapor. Another consequence is a
varying amount of Se supplied depending on the position of the Se pellets. Increasing
the distance to the sample was found to lead to a decreasing solar cell efficiency
[Colombara et al., 2017, Chernomordik et al., 2016]. In addition, Se was found to be
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1.3. Types of Se supply and known effects on CIGS growth

adhering to the inner walls of the chamber acting as an additional and difficult to
control source of Se.

The application of an external Se source, as in this work (see Sec. 2.1.2) requires
additional expenditure. The most important advantage is to decouple the Se supply
from T, and to be able to choose the time of the Se supply. In this work, the Se
supply is adjusted via T'se.

Influence of the Se supply on Se and Ga diffusivities

It is known, that P, affects the diffusion coefficient of Se (Ds.). The Dsg, in CulnSe;
was found to be a function of Se,! partial pressure with a square root dependence,
formulated as Dge ~ Pgiﬂiom by Von Bardeleben [von Bardeleben, 1984] (see sup.
Fig. A.1b). Von Bardeleben found, that Ds. is dominated by Se vacancies in case
of a low Pgcwhile it is dominated by Se interstitials (Se;) in the case of a high
Ps.. Another investigation was performed with first-principles calculations based on
thermal activation energies for mass transport in CIGS. The outcome was, that Se
vacancies (Vg.) and Se dumbbells (two Se atoms sharing the same lattice site, see
[Oikkonen et al., 2012]) exhibit a similar formation energy. However, the diffusion
of Vg, is impeded by a migration barrier of 2.19eV. A lower migration barrier of
0.24 eV was found for Se dumbbells [Oikkonen et al., 2013]. The authors concluded,
that formation of Vg is energetically preferred in under-stoichiometric Se conditions.
In contrast, Se dumbbells are preferred in case of a high Se supply. They stated, that
the dominant mechanism for Se diffusion is independent of the substrate temperature.

The formation of the Ga depth profile (see description of CIGS growth in Sec. 1.4)
can be strongly influenced by the elemental diffusion processes [Gabor et al., 1994,
Lundberg et al., 2003], which in turn are influenced by substrate temperature [Nishi-
waki et al., 2001] and Se supply [Moon et al., 2012, Matsushita and Takizawa, 1997].
During selenization, Se enters the film and forms a reaction front at the depth position,
where it encounters the other elements or already formed phases. This depth position
might be determined by the relative diffusion coefficients. Furthermore, a diffusion of
an element would prevent or exclude it from the reaction front. Hence, a noteworthy
aspect is the order of magnitude of the elemental diffusion coefficients in comparison

to each other.

2,1

The range of measured Dg, (and similarly Dy,) reaches from about 1 x 107 cm?s™
up to 1 x 1072 em?s™!, while Dg, reaches from 2 x 10713 cm?s™! [von Bardeleben, 1984]

over (6.7 + 1.0) x 107'em?s™! [Wang et al., 2013] up to 1.5 x 10 %cm?s™!

1Se vapor consists of various molecular species (Se;) with different thermal energy (due to different
mass) and chemical activity. Their relative composition varies according to the temperature,
especially within a difference from RT to 600°C, as shown by [Rau, 1974]. An investigation on
the mole fraction of the species in Se vapor from H. Rau [Rau, 1974] showed Seg to be the main
molecular species in saturated selenium vapors up to 610 °C, above Ses becomes the dominant
species.
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1. Basics of Cu(In,Ga)Sey absorber material and preparation

[Kumar and Reddy, 1997], compare overview in sup. Fig. A.2). Dg, can be orders
above or similar to Dg,. A relation of Dg.>Dg, with a difference in the order magnitude
by 10% has been seen by Wang et al. at a temperature of 300°C [Wang et al., 2013].
Since Se is needed for the formation of CIGS, the magnitude of the different diffusion
coefficients especially in relation to each other may determine the growth path. If Dg,
exhibits the highest value, it can diffuse deep into the film to reach the rear side of
already formed CIGS. In contrast, if Ds. gets smaller, other elements, such as Ga, may
diffuse quicker through the CIGS layer than Se.

It was found, that Dg, can be influenced e.g. by a Se containing / Se free environment,
by the CGI as well as T'g,.

Regarding the Se supply, Marudachalam et al. showed, that annealing a film, in which
CulnSe; and CuGaSe; are separated (CGI = 0.9-1) in a Se free Ar atmosphere at
500-600 °C for at least 60 min leads to formation of single phase CIGS by inter-diffusion
[Marudachalam et al., 1994, Marudachalam et al., 1996, Marudachalam et al., 1997].
Inter-diffusion occurred only in a Se free Ar atmosphere. At the same time, they
observed a loss of Se from 51.8at.% to 50.2at.% Se in CIGS. They concluded that
inter-diffusion is enhanced by the presence of Se vacancies (V). Furthermore, it
was found by S. M. Wasim, that Vg, can lead to Se interstitials (Se;) or vacancies
of Cu, In or Ga, with small energies of formation for Cu and In vacancies compared
with that of Se interstitials [Wasim, 1986]. The result, that Vg, can lead to metal
vacancies is important for the Ga diffusion, because metal vacancies are a preferred
path for Ga and thus influence Dg,: The dominant diffusion mechanism for Ga
was suggested to be via vacant metal sites in the lattice structure for both cases,
a Cu-rich (CGI>1) and Cu-poor (CGI<1) film composition [Lundberg et al., 2003,
Marudachalam et al., 1996, Bodegard et al., 2003]. This is also in agreement with an
estimation of the diffusivities for Ga in Cu(In,Ga)sSes, Cu-poor CIGS and Cu-rich CIGS
(with present CusSe phase) by Rodriguez-Alvarez et al. (2014), based on the results
in the references [Marudachalam et al., 1997, Schroeder et al., 1996]. They conclude,
that Dg, increases with temperature and is 20 times higher in OVC (CGI~0.25) than
Cu-poor CIGS (CGI~0.9) and 100 times higher in presence of CuySe (CGI>1) than
Cu-poor. An overview of the elemental diffusion coefficients found in literature is
presented in Fig. A.2.

The film composition is a more important factor than the applied temperature in
controlling the diffusion coefficient of Ga in CulnSe;. This is concluded from the
different ranges of the diffusion coefficient which is about two decades for varying the
composition at each same temperature (500, 570 or 725°C), while the range of the
diffusion coefficients is only about one decade between 400-600 °C (compare Fig. A.2a)
and Fig. A.2b)).
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Influence of the Se supply on the phase formation in the Cu-In-Se system
Matsushita et al. investigated the phase formation in the Cu-In-Se system with a
decoupled Se source [Matsushita and Takizawa, 1997]. The authors varied the Pg,
(T'se, respectively) and expressed this value as a ratio x in (Culn);_,Sey, (x=0-1). The
results led to the Culn—2Se phase diagram, as shown in Fig. 1.7.
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The phase diagram shows significant differences for x below and above 0.5. An
understoichiometric Se offer (x<0.5) is referred to as low Se supply and an excess of
Se (x>0.5) is referred to as high Se supply in the following. In the range of a low
Se supply, a liquid In-Se forms at 500 °C. Furthermore, the liquidus line of CulnSe,
decreases by 400 °C. This is not the case in the Se-rich (x>0.5) part.

1.4. Sequential growth of Cu(In,Ga)Se;

The sequential growth consists of two steps: The first step is the preparation of
the precursor. The second step is a reactive thermal treatment to activate chalcog-
enization. Various preparation methods for the precursor have been investigated
in the past, like thermal evaporation [Voorwinden et al., 2003], electrodeposition
[Broussillou et al., 2015], ink printing [Wang et al., 2012] and sputtering
[Rockett et al., 1989]. The precursor can consist of metals only or may exhibit a
chalcogen as capping or within the film. Typically applied chalcogens are Se and S.
The chalcogenization is based on thermally activated reactions of the metals with the
chalcogen. This thermal treatment has a duration between minutes and hours. The
required chalcogen can be supplied either in the precursor or by an application of a
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1. Basics of Cu(In,Ga)Sey absorber material and preparation

chalcogen containing atmosphere, i.e. Se/S vapor or HySe/HsS or by a mixture of
both. For this work, a Cu-In-Ga precursor was prepared by sputtering and is combined
with the selenization in elemental Se vapor within few minutes. Fast processing is
advantageous e.g. to decrease the cycle time and energy consumption for an industrial

production.
1. Step: ) 2. Step: ===) Final absorber
Precursor Selenization
preparation Heating
/
Se vapor
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Cu-In-Ga ﬁ Cu-In-Ga ﬁ>
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Figure 1.8.: Schematic of a sequential processing for the preparation of CIGS thin
films, as it is applied in this work.

An overview of the current theory and understanding of the sequential growth of CIGS
during selenization is presented in the following. The focus here is on a Cu-poor?
precursor and Se as chalcogen, since S is not applied in this work. First, the growth
of CulnSe, is presented. The growth of CIGS with Ga is presented afterwards, as
it increases the complexity. The typical CIGS thin film used for solar cells contains
more In than Ga (GGI &~ 0.3). The growth of CIGS typically leads to a segregation
of Ga within the film with a higher GGI at the back contact. This chapter starts
with describing the Ga free growth paths and continues with the case of Ga addition.
Afterwards, results on the growth with resulting single phase CIGS are depicted.

Finally, the discussion on the explanations for Ga segregation is summarized.

1.4.1. Growth of CulnSe,

Wolf and Miiller [Wolf and Miiller, 2000] developed a qualitative model of CulnSe,
growth (Ga-free) (see Fig. 1.9). They combined the results from in situ thin film
calorimetry and ex situ XRD obtained on different films. In-Se and Cu-Se films were
thermally evaporated and Cu-In-Se films were sputtered. Their model presents a
phase evolution, which is divided into four steps. The first step A is defined for the

2The Cu-poor precursor was chosen to prevent formation of CuySe, which is highly conductive
and produces shunt paths [Hsieh et al., 2011]. Furthermore, Cu deficient surfaces are assumed
to enable a Cd in-diffusion, which can decrease the valence band maximum at the interface
[Nishimura et al., 2017].
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heating from RT to 220 °C. At around 150 °C metallic reactions form Cuy;Ing and In.
Meanwhile, the layer of deposited Se, which was partly amorphous, crystallizes. In the
second step B between 220 °C and 310 °C the former phases transform to CuSe, and
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InySez. The third step C between 310 °C and 380 °C is described as reactions with a
Se exchange. In,Ses forms InSe with Se from the peritectic decomposition of CuSe,
to CuSe at around 340 °C. CuSe reacts peritectically to Cuy_,Se at around 380 °C. It
is concluded that CulnSe, forms from CuSe and InSe in this step. In the last step
D for a temperature beneath 380 °C the only existing copperselenide is Cuy_,Se and
therefore it reacts with InSe and Se to CulnSe,.

1.4.2. Growth of CIGS with strong vertical Ga segregation

The original model from Wolf and Miiller (Fig. 1.9) was further investigated by Hack
[Hack, 2003]. Hergert et al. extended the model by the addition of Ga based on angle
dispersive in situ XRD [Hergert et al., 2005]. They found that large grains of CulnSe;
were formed latest at 377 °C. At 377 °C CuSe decomposes and CusSe forms on top of
the CulnSe, crystals [Purwins, 2010]. Afterwards, GasSes crystallizes at 400 °C and
reacts with CusSe to CuGaSe;. Their models describe a growth with the resulting
typical inhomogeneous Ga depth distribution.

Such a selenization with final Ga segregation was investigated by Mainz et al. (2015b)
with combined in situ EDXRD/EDXRF and ez situ investigations. The evolution of
their observed fluorescence and diffraction peak intensities is shown in Fig. 1.10. They
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assume that the separation of CulnSe,; and CuGaSe, initiates with In diffusion to the
surface and a beginning formation of In,Se, (first InySes followed by InSe). According
to the authors, the subsequent stage (t=40s) involves the formation of Cuy_,Se on
top. Cuy_,Se was identified by Raman spectroscopy but could not be observed in in
situ EDXRD measurements. For Cusy_,Se to be on top, Cu needs to diffuse to the
surface which generally might be detected by an increase of Cu-K,. Unfortunately, Cu
fluorescence could not be detected due to attenuation of low energy photons by the
setup. The Cu,Se, and In,Se, react to CulnSe; while Ga enriches in the metallic phase
at the back contact. Further Se diffuses in and CuGaSes forms. The main selenization
reaction takes only a few tens of seconds. Afterwards a slower ordering of Cu and In

or Ga occurs.
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An important difference of the growth of CIGS to the growth of Ga free CulnSes
are possible additional phases and solid solutions like Cuy6(In,Ga)g, Cug(In,Ga)s and
(In,Ga)Se. Only few identical phases are observed always in both cases, i.e. InySes.
In the Ga free growth of CulnSey, Wolf and Miiller could identify CuSes, CuSe and
CusSe by thermodynamic and XRD analysis. In contrast to a growth with Ga, Mainz
et al. found CuySe on top of a film by Raman analysis after an interrupted selenization
without any Cu-Se diffraction peaks and Purwins found Cuy_,Se crystals on top of a
film by SEM and saw a thermodynamic transition of CuSe to CuySe at 377 °C.

The CIGS growth path is still under investigation due to the difficult phase identification.
An alternative thermodynamic assessment is also difficult with a quiet large span of
standard formation enthalpies of CulnSe, published. This inconsistency is a topic in
many publications [Purwins, 2010, Anderson et al., 2003, Guillemoles, 2000].

Gabor et al. suggested that the strain energy of the film is reduced by a preferred
outdiffusion of In relative to Ga due to the larger atomic radius of In [Gabor et al., 1996].
This assumption is based on similar behavior found in III-V materials [Lin et al., 1987].
Further, Gabor et al. state this to be a competing mechanism to the presence of a
homogenization force described by Fick’s law and the concentration gradients.
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1.4. Sequential growth of Cu(In,Ga)Ses

1.4.3. Growth of CIGS with less distinct vertical Ga

segregation

A CIGS film with Ga segregation can be transformed to a single phase CIGS by
annealing it in a Se-free Ar atmosphere at 500-600 °C for at least 60 min as shown by
Marudachalam et al. (1994, 1996, 1997) . They used a sputtered precursor with a CGI
of 0.9-1, which was selenized in an HySe atmosphere for 90 min. This inter-diffusion of
Ga and In could not be obtained in case of a Se containing atmosphere. They typically
apply this in a three step process of selenization, homogenization and subsequent HsS
treatment.

Alberts et al. reached a single phase Cu(In,Ga)(S,Se), via sequential processing and
a chalcogenization at atmospheric pressure with a not further specified gas concen-
tration by a combination of HyoSe and HyS in Ar [Alberts et al., 2004]. They used a
sputtered precursor with a CGI of 0.9 and a GGI of 0.25. Their growth schematic
depicts two different approaches for growth of Cu(In,Ga)(S,Se), with either an initial
formation of a single phase Cu(In,Ga)Ses; with a post sulfurization forming a top
layer of Cu(In,Ga)(S,Se)s or an initial formation of binary selenides (CuSe, InSe and
GagSes) as well as CulnSes which is transformed to a single phase by sulfurization.
Their tentative schematic for the reaction path shows CulnSes; and intermediate phases
like GagSes, InSe, CuSe and CusSe [Alberts, 2004]. The parameters for achieving
these results are described by “careful optimization of reaction parameters such as
temperature profiles, pressures, gas concentrations and durations of selenization /-
sulfurization reaction periods” [Alberts, 2007]. They note, that an increase in gas
concentration (HySe/HsS/Ar), reaction temperature or reaction period would increase
the reaction between the remaining binary phases and result in CuGaSe, formation.
They showed this also for Cu(In,Ga)(S,Se)s with an intermediate state, which consisted
of Culn(S,Se); and CuGa(S,Se)y (identified by their 112 reflections in XRD) and a
following inter-diffusion via long term processing [Alberts et al., 2006]. Concerning
the results from Alberts et al., Hanket et al. denote [Hanket et al., 2007], that the
identification of phases is complicated due to the possible reflexes of InSe at 20 angles,
which were attributed by Alberts et al. to CuSe and GasSes.

For a selenization with elemental Se, a higher Ga concentration (>0) towards the sample
surface was proposed to be adjustable by a steep heating ramp [Koo et al., 2013]. Koo
et al. used a precursor with a Se top layer and the selenization was performed under
atmospheric pressure. They increased the heating ramp from 0.33°C/s over 2 and 3 to
4°C/s resulting in a shift of the CIGS 112 and 220/204 reflection peaks to higher angles
and therefore higher Ga incorporation and reduced phase separation between CulnSe,
and CuGaSe;. They explain their finding with the initial formation of CulnSe,. If this
CulnSe, layer is acting as a diffusion barrier for the inter-diffusion of CuGa and Se
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1. Basics of Cu(In,Ga)Sey absorber material and preparation

and the incorporation of Ga into CIGS, the CulnSe, layer should be kept as thin as
possible until a temperature regime is reached where Ga reactions take place.

TR T —
Se Cu CISe/OVC/CA ClSe/OVC/ICA
Se Cu-Se | [CISe/OVCICA
n In In, In-Se InSe InSe
Cu, Ga T +I
Cu, Ga, In Cu, Ga, In
n Cu, Ga, In Cu, Ga, In Cu, CGa, In
precursor 140 °C 250 °C 440 °C 520 °C 580 °C 60s @ 580 °C

Figure 1.11.: Growth schematic for CIGS in relation to elemental depth distributions.
Distinct movements of Cu, Ga, and In during the transitions to the next higher
temperature or annealing time are denoted by red arrows, indicating the Ga movement
towards the surface between 520 °C and 580 °C from [Schmidt et al., 2017].

Recent ez situ studies [Schmidt et al., 2017] with a tool for fast atmospheric selenization
and elemental Se (see Sec. 2.1.2) resulted in an increased Ga concentration towards
the film surface with selenization of only a few minutes. The proposed schematic of
CIGS growth is shown in Fig. 1.11. Indications are found by Ga depth distribution
from GDOES measurements, the observation of only one CIGS 112 diffraction peak
instead of two as well as a shift of the inflection point between 1000 nm and 1300 nm
in the EQE, which corresponds to a higher E,. The authors suggest that the key
was to reduce the Se supply. In contrast to the previous schematics (Fig. 110 in
[Purwins, 2010] and Fig. 4 in [Mainz et al., 2015b]), an ordered vacancy compound
(OVC) as well as CulnSe; in Cu-Au (CA) cation order was observed. A strong Ga
diffusion is suggested to occur between 520 °C and 580 °C in their selenization. This is
in agreement with observations reported in [Huang et al., 2017]. Huang et al. observed
a slight peak shift of the diffraction signal of CIGS 112 between 500 °C and 550 °C and
an abrupt peak shift between 550 °C and 580 °C.

Comparison and summary of sequential growth

Comparing the Ga free and the Ga containing growth of CIGS shows, that in a Ga
free precursor, typically In and Cu;;Ing are identified. While with addition of Ga,
the presence of In and Cuyg(In,Ga)g are characteristic. Additionally, by increasing
the Ga content, an increasing amount of Cug(In,Ga), is present. The further phase
development exhibits some similarities. Especially In Ses and InSe were found in both
cases. Tentatively, this also holds for CuSe and Cusy_,Se but the identification is in this
case less certain and their role in the growth mechanism therefore under discussion. A
participation of Cuy_,(S,Se) (and Cu(In,Ga)s3(S,Se)s5) at the reactive growth interface in
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1.4. Sequential growth of Cu(In,Ga)Ses

the formation of Cu(In,Ga)(S,Se), has been found by [Vieweg, 2007, Tuttle et al., 1991,
Schmid et al., 1993, Kessler et al., 1993, Marin et al., 1998]. GaySes is found in In-free
processes and therefore possible to form and to react very quickly to CuGaSe, during
growth of CIGS and thus difficult to detect.

The explanations for Ga segregation are summarized in the following with aid of
Fig. 1.12. The typical initial state is a precursor, which can be prepared with several
elemental depth distributions. Nonetheless, the melting temperature of In is 157 °C
[Ancsin, 1985] and thus, liquid In is very mobile during processing and is getting to the
surface where it can react with Se vapor. In the next step, Cu diffuses in direction of the
surface and reacts directly or via a binary Cu-Se with an In-Se to CulnSe,. It might be
that either In preferentially reacts with Se or Ga diffusion is lower than In diffusion with
the consequence, that CulnSe, formation occurs before Ga,Se, and CuGaSe, formation.
This can be summarized in two parts of growth. The first growth part exhibits Cu and
In diffusion towards the surface. The second part is discussed by the fact, that CuGaSe,
forms last and at the back contact. For this, Se need to diffuse through the already
formed CulnSe; to the remaining metallic compounds of mainly Cu and Ga. Therefore
the Se diffusion in the second part is higher than the metallic diffusion. The resulting Ga
segregation suggests also, that Ga could not diffuse in direction of the surface. On the
one hand there are explanations with equilibrium properties, like the formation enthalpy.
The published values for the formation enthalpy Hogg of CulnSe; span a range from
-280 kJ/mol up to -190kJ/mol [Purwins, 2010, Ider et al., 2014] which demonstrates
the lack of thermodynamic data. The value might be smaller than the one for CuGaSes
(Hogs=-251kJ /mol [Jéger-Waldau et al., 1998]). On the other hand, this process is
possibly far away from thermal equilibrium due to a fast heating rate and therefore
strongly influenced or even dominated by kinetics. The surface film of In is such a
kinetic growth condition. Additionally, it was found that CulnSe, forms faster even
at lower temperature than CuGaSe, [Marudachalam et al., 1997, Dittrich et al., 1989).

Sel
Se
In-Se CulnSe, CulnSe, Se CulnSe,
Cu, In| In-Se N
In-Se 12
Cu, Ga, In Cu, Ga, In
T Cu, Ga, (In) CuGaSe,

Figure 1.12.: Schematic of CIGS growth with Ga segregation. The first part exhibits
a high diffusion of Cu and In to the surface, while in the second part, Se diffusion is
higher than the diffusion of metals. At the end, inter-diffusion of In and Ga can occur
under certain conditions.
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1. Basics of Cu(In,Ga)Sey absorber material and preparation

Therefore CulnSe, seems to be thermodynamically preferred. Another assumption
is that Ga cannot easily diffuse through a formed layer like InSe [Huang et al., 2017]
or CulnSe; [Koo et al., 2013]. At least, the Ga diffusion is much smaller than the Se
diffusion. This leads to another process value, the Se partial pressure which determines
the diffusion coefficient of Se in CIGS (Fig. A.1b). From the Culn-2Se phase diagram
(Fig. 1.7) with its two differences for a high and a low Se supply, one can conclude,
that Pg, might critically influence the CIGS growth and elemental diffusion processes.
Unfortunately, it is difficult to measure Ps, due to the corrosivity of Se vapor and the
temperature exceeds the electromechanic resistance of available measurement tools.
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2. Experimental and analytical
methods

The main focus of this work is the understanding of the reactive annealing of Cu-In-Ga
precursor layers in Se vapor (selenization). The objective is to identify phases which are
present at certain process times and assess depth distributions to understand the process
route. A number of elemental, binary and ternary phases are present before CIGS is
formed. A simple approach is to interrupt a process at specific stages and to analyze the
quenched samples. Disadvantages of this approach are that some fast reactions might
be missed and that the state of the sample at the interruption time might change during
cool down and is not easily correlated with a specific temperature. These disadvantages
can be avoided by in situ analysis of the crystal structures and depth distribution
by energy dispersive X-Ray diffraction (EDXRD) and fluorescence (EDXRF). The
diffraction peaks allow a phase identification. The fluorescence intensities allow to
draw conclusions about the elemental depth distribution.

This chapter starts with the description of the sample preparation of the substrate
and precursor as well as the different tools for annealing and selenization. The
characterization of CIGS growth by EDXRD, EDXRF and the method for calculating
EDXRF intensities are explained. This chapter closes with a short overview of the
further characterization methods utilized for the present work.

2.1. Cu(In,Ga)Se; absorber preparation

2.1.1. Cu-In-Ga metal precursor deposition

The substrate consists of 3.1 mm thick soda lime glass, coated with a sequence of
SiOxNy/Mo/Mo:Na/Mo or SiOxNy /Mo on top of which the precursor stack is deposited.
All layers are magnetron sputtered using a Leybold Optics Dresden A600V7 DC. SiO<N,,
acts as a diffusion barrier for Na from the substrate and is about 150 nm thick. The
Mo/Mo:Na/Mo layer with a total thickness of 850 nm contains a 70 nm thick middle
layer of Mo:Na (with 5wt.% Na). It is applied to provide a laterally homogeneous and
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2. Experimental and analytical methods

defined amount of Na for CIGS growth since it influences grain growth and doping.
Na-free Mo with 800 nm thickness is used throughout all presented in situ measurements
in Ch. 4 and for the study of Na influence on the morphology of a precursor during
thermal treatment in Ch. 3.3. A Cu-Ga (75 % Cu) and an In sputter target are utilized
for the 700 nm thick precursor stacks. Different precursors were prepared for this
study: i) In/CuGa and ii) CuGa/In bilayers, iii) triple layer precursor consisting of
one In/CuGa/In stack and iv) multilayer precursors containing 22 In/CuGa/In triple
layers. The total thickness of all precursors was kept constant and all exhibit an
integral [Cu]/([Ga]+[In]) (CGI) ratio of about 0.87 and a [Gal]/([Ga]+[In]) (GGI) ratio
of about 0.27, monitored by X-ray fluorescence (XRF) in a WD-XRF ZSX Primus II
from Rigaku.

2.1.2. Selenization of metallic precursor layers

The setup for EDXRD and additional experiments in this work are i) a vacuum chamber
with a closed reaction box inside (extended by an external Se source during this work)
which can be set up at a synchrotron and ii) an industrial selenization tool working at
atmospheric pressure. Further, iii) a vacuum chamber is utilized, which is normally
used for thermal co-evaporation.

i) Vacuum based RTA /RTP tool

A reaction box in a vacuum chamber, free of selenium and sulfur, was used for the
annealing of metalic Cu-In-Ga precursors in vacuum (Ch. 3). The principle was
described earlier in [Rodriguez-Alvarez et al., 2008]. The cylindrical reaction chamber
consists of a graphite ring and quartz bottom and top to allow heating by lamps, see
Fig. 2.1b. The base pressure was about 10~" mbar at RT. Heating experiments were
performed up to a maximum substrate temperature of 600 °C and heating rates of
up to 1°C/s were applied. After heating, the lamps were switched of and the sample
cooled down passively with an initial cooling rate of 1.9°C/s. A temperature of 400°C
was reached after 3.9 min; 300 °C was reached after 13 min.

The tool was extended by an in-house built external Se source as shown in Fig. 2.1b.
The reaction chamber can be closed via the chamber valve to enable a Se vapor pressure
controlled by the Se crucible temperature. The setup can be used at the synchrotron
to measure in situ EDXRD and EDXRF. The in situ measurement setup is sketched
in Fig. 2.3. The vacuum chamber exhibits two windows with 50 pm thick Kapton foil
and the reaction chamber exhibits two graphite windows of 1 mm thickness for the
beamline.
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Figure 2.1.: Vacuum selenization tool with external Se source as a) construction
drawing and b) schematic cross view. The vacuum chamber is pumped to an initial
pressure below 1x107° mbar. The reaction chamber can be decoupled from the vacuum
chamber by the chamber valve. The substrate temperature (T,,) is measured by
a thermocouple for a temperature control, which is positioned approximately 2 mm
above the sample. The reaction box has a graphite wall and quartz top and bottom, to
enable heating of the sample by infrared light. The selenium source has three heating
coils (around Se line, Se valve and Se crucible), which are controlled by thermocouples.
The temperature of the Se crucible is defined as Se source temperature (T's,). The
other two heating coils prevent a condensation of the Se vapor and and are set to 20 °C
above T'se. A synchrotron beam is indicated, because this setup can be applied to a
synchrotron, see details in Fig. 2.3.

It was found during this work, that the Se crucible valve (Se valve) does not close
perfectly and there is always Se condensation in the Se line from the cool down of the
previous experiment. To mitigate these circumstances and to assure that the Se vapor
pressure is controlled by the crucible rather than the Se line, bake out processes were
carried out before each new experiment without heating the crucible directly. The Se
source is attached to the graphite reaction chamber, which is at a lower temperature
than the Se source during warm up of the source. Therefore the reaction chamber
is cooling the opening of the attached Se line. To avoid a cold spot of the opening
and therefore condensation of Se with clogging of the Se line, the standard procedure
includes heating the substrate to Ts,;, = 170 °C before heating the Se source. During a
second annealing step at 220 °C, the Se crucible is heated to processing temperature
Ts.. The Se vapor gets sucked out of the reaction chamber by the surrounding vacuum
chamber. Then, the valve of the reaction chamber is closed and the rapid thermal
processing with selenization is started.

Another important difference to earlier setups is a thinner graphite window in the
beamline for a decreased absorption loss. This enables the measurement of the Cu
fluorescence for the first time.
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2. Experimental and analytical methods

The thermocouple for measuring the substrate temperature is placed 5 mm over the
sample. This leads to a systematic error, which is concluded from the fact, that the
thermally induced shift of diffraction peaks (e.g. Mo 110) due to heating of a sample to
170 °C continues during a following constant temperature. Further evidence is indicated
by the melting of In during this 170 °C plateau, although the melting point of In is at
157°C [Ancsin, 1985]. The temperature deviation is at least 14 °C.

Some preliminary remarks about Se during process preparation should be made. During
warm-up of the Se source, Se condensates on the sample leading to appearing and
increasing signals of Se from X-ray fluorescence and diffraction (compare Se fluorescence
and reflection signals at ts., in Fig. 4.3). The warm-up of the Se line also indirectly
heats the sample. Hence, for reproducibility and comparability reasons, the following
heating steps were performed in every process: During warm-up of the Se source, the
sample is kept at a constant temperature of 170 °C by the heating lamps. Then the
precursor gets heated to 220°C to evaporate the condensed Se for an initial state
previous to the RTP step.

ii) Atmospheric RTP tool

Atmospheric selenization is done in an in-line RTP selenization tool from Smit Thermal
Solutions which allows a sample size of up to 30x30 cm?. Three hot wall chambers
are equipped with external Se sources (a forth one with S) and are used for a typical
selenization process, shown in Fig. 2.2.

All chambers and sources are heated to a specific temperature before the process to
reach equilibrium state. The Se vapor is transported with an adjustable Ny flow via an
array of inlets into the reaction chamber. The process starts after purging with pump
and flush cycles in the load-lock. The temperature of the chambers are T.,; = 300 °C,
T.ho = 710°C and T,,3 = 580°C. The temperatures of the Se sources Tg.o and Tg.3
are both at 390 °C (or 420 °C, respectively) while the first is without Se supply at T
= 90°C. The Ny flows (measured in standard litre per minute: slm) Fy,(2,3) are at
Islm while Fy,(1) is Oslm. For the first step the sample is transported to chamber
2, where it heats up with more than > 7°C/s to 580 °C. Then it moves to the third
chamber for an annealing for t¢,3 = 6 min. Afterwards the sample starts to cool down
passively in the first chamber under a temperature of 300 °C for tcp3 = 5:30 min and is
then actively cooled in the load-lock under Ny pump and purge steps till the substrate
temperature is beneath T, ~ 90 °C.
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Figure 2.2.: Schematic of the atmospheric selenization tool and process steps indicated
underneath. The chambers are at fixed temperatures Tej123. The temperatures of the
Se sources Ts.o and Ts.3 are both at 390 or 420 °C while the first is without Se supply
at Ts.1 = 90°C. The sample is transported via a pulley system. The process starts by
purging with Ny pump and flush cycles in the load lock. Then the substrate is heated
in the second chamber to reach Tg,, = 580 °C. This is followed by an annealing step
for tcps = 6min. At last, the substrate cools down passively in the first chamber for
ters = 5:30min and is finished with an actively cooling by Ny pump and flush in the
load lock to reach a temperature beneath T, ~ 90 °C.

iii) Tool for physical vapor deposition (PVD)

This chamber is used for in situ EDXRD/EDXRF of Se free annealing of a Cu-Ga-In
precursor (Sec. 4.1) as well as selenization of a Cu-Ga-In precursor.

The chamber holds the sample face down and there is one heater above the substrate.
A Se source for thermal evaporation is mounted at the bottom of the chamber and the
deposition rate is adjusted by its temperature and measured with a quartz thickness
monitor. The chamber can be mounted at the EDDI beamline at BESSY II for in
situ EDXRD. The sample holder was cleaned by bake out for a Se free annealing
of the precursor for Sec. 4.1. The actual sample temperature deviates from the set
point by up to 20 K. A schematic and further experimental details can be found in
[Stange et al., 2016, Mainz et al., 2015a, Rodriguez-Alvarez et al., 2013].

2.1.3. Preparation of solar cells

The preparation of solar cells vary by two different combinations of buffer and window
materials on the absorber: 1) CdS/i-ZnO/Al:ZnO and 2) Zn(0,S)/i-ZnO followed by
ZnO:Al by 2a) sputtering or by 2b) atomic layer deposition (ALD). For 1) a 60 nm
thick CdS layer is applied by chemical bath deposition (CBD). For this purpose,
the mixed solutions of a 2mM Cadmiumacetate dissolved in 1 M Ammonia and a
8 mM Thiourea solved in water were heated to 65°C. The following intrinsic ZnO
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(i-ZnO) with 130 nm thickness was RF-magnetron sputtered by use of a Von Ardenne
Anlagentechnik VISS 300 (VISS 300) system. For 2) Zn(O,S) as a Cd free buffer is
deposited. In case 2a) Zn(0,S)/i-ZnO was sputtered by a VISS 300 with thicknesses
of 60/130nm. In case 2b) Zn(0,S)/i-ZnO were deposited by ALD in a Beneq TFS
500 at 130°C with 60nm Zn(O,S) (9:1 cycle ratio of ZnO:ZnS corresponding to
a [S]/([S]+]O0])of about 25%) and 75nm i-ZnO as protection from sputter damage
[Merdes et al., 2014, Merdes et al., 2015]. In all cases, 240 nm ZnO:Al was sputtered
(by VISS 300) as transparent front contact and finally a Ni/Al contact grid was
deposited by electron beam evaporation in a Creamet®400 by Creavac.

2.2. Main characterization methods

The aim of this work is to understand the growth of CIGS during thermally activated
and fast reaction of a sputtered Cu-In-Ga precursor in elemental Se vapor (selenization).
This investigation is mainly based on the analysis of in situ energy dispersive X-ray
diffraction (EDXRD) and fluorescence (EDXRF) spectra. Observed diffraction peaks
are used to identify crystalline phases and are analyzed! with regard to e.g. integral
intensity, energetic position etc. and their evolution over time. The major setup for
the measurement consists of the vacuum selenization tool, presented in Fig. 2.1, which

is applied to the EDDI beamline at BESSY II, see Fig. 2.3.
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Figure 2.3.: Application of the vacuum selenization tool from Sec. 2.1.2 for the
EDXRD/EDXRF measurement at a synchrotron, shown in side and top view. Several
slit systems are needed to reduce the beam cross-section. The synchrotron beam
enters (and leaves) via Kapton (0.05mm thick) and graphite (0.5 mm thick) windows.
In between, it interacts with the sample. Outgoing photons are collected with two
detectors. The sample height position is adjusted with the lift table.

1Sources of errors are explained in the sup. Ch. B.
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During a thermal treatment, the sample thickness can thermally change by up to
200 pm, which is compensated by adjusting the sample height position with the lift
table, which is software controlled by adjusting to the maximum Mo- K« intensity (see

Sec. B).

For the calculation of fluorescence intensities, both angles between the sample and the
incident beam as well as the reflecting beam to the detector are needed. The angle
0;, was measured with photo paper by making a point with the beam at different
sample height positions. 60, o are determined by an angle calibration, as it is explained
in Sec. B. The reflection angle 0,,, is calculated for detector 1 with the equation
20 = 0, + 0,411 While detector 1 is placed in line with the beam direction, detector 2 is
rotated out of plane. The resulting angle between the sample and detector 2 is defined
as Oput,2. With the position of the active volume, the 6,,; 2 can be calculated as following:

COS (90° — By o) = —48lin)tzcoslin) phe Byclidean distance of the detector (d) to the
) \/x2+y2+z2

active volume (a) is given by /22 + y2 + 22 = \/(xd — %)% + (Y — Ya)? + (20 — 24)?%,
which is measured manually.

The setup of the PVD tool at the EDDI beamline exhibited the angles 26, = 6.275° +
0.002° and 26, = 9.696° + 0.002° (see [Stange et al., 2016]), as applied in Sec. 4.1. The
angle of the sample surface with the incident synchrotron beam was 6;, = 2.83° +0.01°
and with the outgoing beams 6,1 = 3.43° £ 0.15° and 0, 2 = 1.20°.

The setup of the vacuum RTP tool at the EDDI beamline exhibited the angles
2601 = 5.975° + 0.002° and 2605 = 9.940° £ 0.002°, as applied in Secs. 4.2 and 4.3. The
angle of the sample surface with the incident synchrotron beam was 6;, = 3.61° +0.01°
and with the outgoing beams 60,,,1 = 2.37° £ 0.15° and 0,2 = 0.93°.

A special feature is, that the data of EDXRD and EDXRF is collected within a single
spectrum, as shown with an exemplary spectrum in Fig. 2.4. The applied angle 26,
leads to a distribution of the fluorescence and diffraction peaks with only little overlap.
Above the fluorescence with the highest energy, which is In- K3, with 27.863 keV, only
diffraction peaks are observed. Below that energy, only few diffraction peaks occur.

These spectra are obtained every 3s and the presentation over time is exemplarily
shown in Fig. 2.4Db).
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Figure 2.4.: Exemplary a) single spectrum and b) series of spectra over time (and
substrate temperature on top), observed from EDXRD/EDXRF measurement. Diffrac-
tion (white) and fluorescence (black) peaks are indicated. The intensity in b) is color
coded, as indicated on the right hand side. The indications in gray and with square
brackets are photons, that are reduced by an energy of 9.875keV, resulting from an
ionization of Ge in the detector. These peaks are so called escape peaks. Their
intensity decreases towards higher energies and are nearly not measurable above 30 keV
[Buras and Gerward, 1989].

2.2.1. Energy dispersive X-ray diffraction (EDXRD)

The measurement of diffracted X-rays is used to identify crystalline phases. Continuous
and real time measurements are performed and analyzed to exhibit the evolution of
the crystalline phases regarding their intensity and composition.

The difference of the incoming and outgoing wave-vectors k and K gives the lattice
vector @hkl, which is perpendicular to the diffracting lattice plane. The equation,
G = k — k' (with |k| = |K'|) is called Bragg’s law. The lattice plane of atoms
contributing to the reflection is defined with Miller’s indices hkl. The perpendicular
distance between the successive planes is dpy;. It is correlated to the lattice vector via the
equation dpy = 27/ \éhkz\. Together with k/27m = Eppoton/hc, the energy dependence
of the lattice plane distance can be expressed with dpii(Epnoton) = nhc/2Eppotonsing.
n is an integer representing the order of the reflection. 6 is the angle of the incident
radiation as well as the reflected beam to the lattice plane. h is Planck’s constant and
c is the speed of light.

A polychromatic synchrotron beam is used here. As a consequence, various lattice
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planes fulfill the Bragg’s law with the appropriate photons. An energy dispersive
detector can collect all of them for a single spectrum.

More details about the reflection of photons and the Bragg condition can be found in
many books like [Kittel, 2006, Hunklinger, 2009].

The EDXRD spectra are used to determine the crystal phases. A Gaussian curve is
fitted to the signals to determine the energy of the peak. Crystal phases are identified
by comparing the analyzed reflections to reference patterns from the database of the
International Center for Diffraction Data (ICDD). In case of a temperature above RT,
thermal expansion coefficients are used to calculate the temperature dependent pattern
positions. The references of used patterns and thermal expansion coefficients are listed
in sup. Tabs. E.2 and E.3.

The applied spectrum at the EDDI beamline (Energy Dispersive DIffraction) is shown
in [Genzel et al., 2006]. It is generated by electrons, which get accelerated to a circular
movement with a velocity close to the speed of light. The transverse acceleration by
magnetic forces by e.g. a wiggler magnet leads to tangential radiation of synchrotron
light. The electron bunch is permanently filled in top-up mode to a ring current of
300mA. A 7T multipole wiggler supplies the beamline EDDI with a high energy white
photon beam for diffraction, which is described elsewhere in detail [Berger et al., 2002].
The energy dispersive setup includes two Germanium solid state detectors (Canberra)
with a resolution of 160eV (at 10keV) and 420eV (at 100keV). The advantage is a fast
measurement with a time resolution down to 3s. The usable energy range of X-rays
starts at around 5keV and goes up to ~ 100 keV. Further, it is possible to get depth
information, as explained in 2.2.2. A calibration for the energy and the diffraction
angle is done with the fluorescence and diffraction lines of gold. The beam-area on the

sample surface is approximately 1 mmx2mm.

2.2.2. Energy dispersive X-ray fluorescence (EDXRF)

The evolution of the relative intensity of X-ray fluorescence signals were evaluated to
get indications for a change in the elemental depth distribution. By calculating the
fluorescence intensities of specific elemental depth distributions, it is often possible to
select depth distributions which may actually be present in the sample from the wider
range of distributions which might in principle be present. The calculation is based on
the fundamentals and resulting applied equations described in this section. Further
details can be found in [Mainz, 2008]. The general working principle is outlined in
Fig. 2.5.
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Figure 2.5.: Schematic of the working principle for the deduction of a phase depth
distribution (stacking sequence) by use of the software EDXRFfit. An ex situ XRF
measurement of the precursor defines the projected number of Cu, In and Ga atoms
per nm? (element quantity per area). Phases and their composition are deduced from
in situ EDXRD at a specific point in time ¢;. A linear equation system is built with
the known phase compositions and known total element quantities and the unknown
phase amounts. The linear equation system determines the phase amounts. The
thickness of each phase is determined by its atomic density. The calculated densities
are listed in sup. Tab. E.1. This results in an elemental stacking sequence, with which
the fluorescence intensities are calculated, see Sec. 2.2.2.2. In general, the n phases
have n! variations of a possible stacking sequence. Then, the calculated fluorescence
intensities of all stacking sequences are compared with the in situ obtained fluorescence
intensities at ¢;. In the ideal case, there is only one stacking sequence, whose calculated
fluorescence intensities are matching the experimental values. This is then repeated for
different points in time to obtain an evolution of the phase depth profile. Difficulties
can occur, for example, in an under-determined linear equation system with too many
free parameters, e.g. number of phases. Then, additional parameters need to be fixed,
see Sec. 2.2.2.3.

Energy dispersive X-ray fluorescence (EDXRF) is mainly dependent on the elements,
their amounts and the attenuation by the sample itself. Intensity is attenuated by the
traveling length through the sample as well as the density of the elements. A decreasing
intensity of an element is correlated with a deeper depth position, as long as it is not
evaporating. The traveling length is dependent on the incoming and outgoing beam
angles to the surface, 6;, and 0,,;. Thus the fluorescence signals from a lower angle
are more surface sensitive. With the two detectors at different outgoing angles, both
are compared with each other and with the calculated fluorescence intensities. Due to
the simultaneous measurement (in the same detectors) of EDXRD and EDXRF their
results can be correlated. Fluorescence calculation is based on the material, 6, 0,
as well as to the detector and on defining a depth distribution function. The depth
distribution function will be expressed by only a few free parameters. These parameters
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are the identified phases, their densities and an assumed layered stack. The fluorescence
signal intensities are calculated numerically. The result is compared with the intensities
from experiment and the depth distribution is adjusted to find an adequate accuracy.
This procedure allows to identify depth distributions which contradict the experiment
and hence can be excluded from the possible distributions. EDXRFfit is the program
used to calculate the fluorescence intensities [Mainz, 2008, Mainz and Klenk, 2011].
Some parameters from the experimental setup are considered by the program such as
slight absorptions for example by air and setup windows. In case of the incident beam,
a sequence of Al window/air/KAPTON (polyimide foil)/graphite with thicknesses
of 0.3/200/0.05/0.5 mm is taken into account. From the sample to the detector, the
outgoing beam travels through the sequence of graphite/KAPTON /air with thicknesses
of 0.5/0.15/400 mm. For example, the attenuation of the radiation by the polyimide foils
is calculated from its composition (Coy H19N2Os), density (1.43g/cm?) and the atomic
cross sections of its elements as described by [Henke et al., 1993]. The absorption of
the beam in air is very small. Used densities of phases for the calculation of the layer
thicknesses are listed in the sup. Tab. E.1.

2.2.2.1. X-ray fluorescence

X-ray fluorescence is the emission of an X-ray from an electron relaxing in an atom.
The electron relaxes from an outer shell to an inner free level. E.g., the transition from
an L, shell to the K shell is called K«, and from M, or N, to K as K[3,. The energy
of the emitted X-ray is characteristic for each element. Here, the free electron level is
created by an inner electron which absorbs an X-ray with enough energy to eject the
electron from the atom to the vacuum level (ionization). Due to the close energies of
Koy and Kas, only their sum is analyzed as Ka. The same is done for K3, .

2.2.2.2. Calculation of the fluorescence intensities and multiple
fluorescence

The following is a short description of the calculation of the fluorescence intensities,
as developed in [Mainz, 2008]. A complete derivation of the calculation equation and
further details can be found in the references [Mainz, 2008, Mainz and Klenk, 2011].

The process described so far, is the absorption of a synchrotron photon and the emission
of a fluorescence photon of a specific element. If this primary fluorescence photon has
an energy high enough to ionize another element, it can lead to a secondary fluorescence.
With the five elements here, a five-time fluorescence might be possible starting with a
fluorescence photon from In which might lead to a secondary fluorescence of Mo. In
turn, the fluorescence photon from Mo can lead to further ionization and fluorescing of
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Se, followed by Ga and finally Cu (compare Tab. 2.1). Generally, the total fluorescence
intensity is a sum of all single and multiple fluorescences. A maximum of 5 % of primary
fluorescence lead to secondary fluorescence as shown in [Mainz and Klenk, 2011] for
Mo/CIGS and a layer thickness of about 1.7 pm. Only the primary and secondary
fluorescence are used for the calculation and every further fluorescence is neglected.

Table 2.1.: This table shows the fluorescence energies Ek,, and Egp, and the ele-
ments with a lower ionization energy with the possibility for a secondary fluorescence.
[Thompson et al., 2009]

Element 1 Eg,, /keV  Egg /keV  Element 2 Ex/keV

Ga 9.25 10.26 Cu 8.98
Se 11.22 12.50 Cu 8.98
Ga 10.37
Mo 17.48 19.61 Cu 8.98
Ga 10.37
Se 12.66
In 24.21 27.28 Cu 8.98
Ga 10.37
Se 12.66
Mo 20.00

The attenuation of both the incidence and the fluorescence radiation is dependent
on the spacial distribution of sample elements. The longer the distance of an atom
from/to the surface, the smaller the probability for a incidence photon to reach the
atom as well as for a fluorescence photon to leave the sample. So, the changing
elemental depth distribution is the only influence on the fluorescence intensities as long
as the total amount of elements is constant. In this case, the fluorescence intensities
give information about the elemental depth distribution. It should be noted, that Se
condensation and incorporation occur and that an evaporation of In,Se, is possible.

The total fluorescence intensity is the sum of primary and secondary fluorescence. The
calculation is performed numerically. For this, the film is subdivided into homogeneous
plane parallel layers, in this case 200. Fluorescence intensities are calculated with the
probability of absorption of an incoming photon after traveling through the Az; thick
layers under the angle 6,, for each layer, together with the probability for creating a
fluorescence photon and the probability of this fluorescence photon to exit the film
under 6,,;. The secondary fluorescence is extended by its additional probabilities of
being absorbed from another element and emitted as a fluorescence photon.
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2.2.2.3. Parametrization

An arbitrary depth distribution may need a large number of parameters for an exact
description of its various changes. For the calculation, however, the distribution needs
to be described by a limited number of parameters. This is done with the phase
information from EDXRD. The final calculation of the elemental depth distribution
in EDXRFfit is performed by assuming parallel planes of homogeneous layers. An
influence on the calculation of the fluorescence intensities by roughness of the interface
was investigated in [Mainz, 2008]. It was shown, that the model with a corrugated
interface was indistinguishable from a model with linear mixing.

The degree of freedom can be written for n layers and m elements as [Mainz, 2008]

fmm =n—m. (2.1)

The atomic areal density is assumed as being constant for every phase. The result is,
that for the simulation an input of the amount of elements is necessary. In general, for
every layer in the calculation of the film, the amount of exactly one element is needed
to solve the equations, for example for 5 phases, 5 element amounts are needed. Since
there are 5 elements (Mo, Cu, Ga, In, Se) a maximum of 5 phases (layers, respectively)
can be defined with a possible solution. For every additional layer, another degree of
freedom needs to be eliminated, which is possible by fixing the atomic fraction of a
layer with respect to the total amount of atoms.

The in situ EDXRF measurement data is not calibrated to directly calculate the
element amounts. To determine the element amounts laboratory XRF measurements
are performed with a calibrated determination of elements. XRF measurement on the
precursor / absorber-beam-spot is performed with a spot of a diameter of 30 / 1 mm and
are used as initial / resulting conditions. These are extracted by fitting a range / time
frame with constant conditions (constant fluorescence intensities) with a horizontal line.

2.2.2.4. Correcting factor for fluorescence signal calculation

In Ch. 4, calculated fluorescence intensities will be shown and compared with the
measurement. However, the detector for energy dispersive analysis has an energy
dependent response. Further, intensity deviations due to the neglected influences of
the vacuum and non-vacuum beam paths as well as systematic errors of the elemental
amounts can occur. For example, Se might condense at the beam windows. To allow
correct data interpretation and cancel out the described errors, a correcting factor is
determined for each detector. For a highest precision of the correcting factor, it needs
to be determined for every measurement. This is done by calculating the fluorescence
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Figure 2.6.: a) Elemental depth distribution by GDOES of the multilayer precursor.
The scale of the depth can not be evaluated due to the varying density. b) Approximated
depth distribution in EDXRFfit for calculating the fluorescence intensities.

intensities of a precursor with its elemental depth distribution. The elemental depth
distribution is analyzed by GDOES (see Fig. 2.6a). This measurement shows two main
layers on the back contact, one mainly In and underneath one with Cu, Ga and In.
The sputter-crater, created by the GDOES setup, is funnel-shaped. This shape and
the sample roughness limit the depth resolution, which can be as poor as 100 nm. The
transition between the two described layers is assumed to be abrupt rather than the
gradual transition seen in GDOES. Further, the compositions of the two layers are
approximated as being constant and fitted. The density of these layers can not be
determined exactly, since only In and Cuyg(In,Ga)g are known as compounds, but
small additional amounts of amorphous components need to be present to reach the
atomic composition from XRF. Especially in the deeper layer more Cu and Ga are
present than possible compared with the In content and the maximum Ga content in
Cuy6(In,Ga)g. The density does not affect the primary fluorescence intensities. Since
only 5% of the total fluorescence intensity originates from the secondary fluorescence,
the influence of the density is very small.

The total elemental quantities (also referred to as projected number of atoms per nm?)
in the film are defined with XRF measurement, since it achieves a higher precision than
GDOES. The quantities are 15606 Cu atoms/nm?, 4908 Ga atoms/nm? and 13515
In atoms/nm?. The distribution of the element quantities into the two layers leads
to a difference in the total elemental amounts of XRF and the atomic percentage of
the two assumed layers from the GDOES elemental depth profile. When dividing the
In and Ga amounts from XRF and attributing them to the two layers according to
GDOES, a discrepancy of around 10 % concerning the Cu content arises. Since the
error in GDOES is the highest, the extra Cu is added to the two layers by increasing
their Cu content by the same factor. The result is a top layer of 6.00 at.% Cu, 1.85at.%
Ga and 92.60 at.% In while the second layer exhibits 56.09 at.% Cu, 17.65at.% Ga and
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Table 2.2.: Calculated correcting factors for the investigated experiments.

Chapter Detector Elemental correcting factor
Cu Ga Se Mo In

4.2 1 1.63 145 1.06 1.43 1.34
4.2 2 3.37 223 103 137 1.31
4.3 1 230 205 1.00 1.66 1.44
4.3 2 3.93 251 1.00 1.69 0.74

28.83 at.% In. The measurement of the multilayer precursor and the formulated model
in EDXRFfit are shown in Fig. 2.6. With this, the fluorescence intensities are calculated
and the difference to the values, measured by EDXRF, results in the proportional
correction factors. The factor for each element is the quotient of the calculated intensity
divided by the measured intensity of the precursor. The calculated correcting factors
for each experiment (described in the following chapters) and detector are shown in
Tab. 2.2. The amount of Mo for the calculations is selected to equal the thickness from
the Mo thickness from XRF measurement with 707 nm.

2.2.2.5. Calculated fluorescence intensities for exemplary stacking
sequences

Calculated fluorescence intensities are presented in the following. The calculation is
performed as described in Fig. 2.5.

It is useful for the considerations and the discussion presented in Ch. 4 to establish a
feeling for the change of fluorescence intensities as consequence of different elemental
depth profiles. Therefore, the fluorescence intensities of a chosen set of stacking
sequences are calculated, see Fig. 2.7. The calculation is performed with EDXRFfit,
as described in Fig. 2.5. The used element quantities correspond to the reference as
applied in Ch. 4. The Se quantity is chosen as the sum of those of Cu, Ga and In.

An emitted fluorescence photon can be absorbed by another atom as described above
and presented in Tab. 2.1. The probability for an absorption process is correlated
to the total absorption cross-section o, (see Fig. B.2). This proportionality can be
seen in the calculated elemental fluorescence intensities (Igiement—ka)- The different
thicknesses of Cu, Ga and In layers rather enhances the following findings and does
not disagree (not shown). Some important findings are:

The highest o at the photon energy of Cu-K« is o4 of In. This is represented by the
larger decrease of I¢,_ ko when an In layer is on top of Cu (compare stacks C and E)
than for a Ga layer on top of Cu (compare stacks A and B), as indicated with the red
arrows.
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Figure 2.7.: a) Exemplary stacking sequences and b) calculated fluorescence intensities.
G and H exhibit a homogeneous mixture. The colors correspond to the element species
as indicated at the left and right axis. All I, k., values are reduced by 16 for a better
visibility of the differences in the fluorescence intensities. Arrows are explained in the
text.

At Ga-Ka, o of Cu is only slightly smaller than that of In. Therefore the difference
in I, ko is similar when switching the Ga top layer with either In or Cu, compare A
with B and D with F, as indicated with the yellow arrows.

At In-Ka, op of Cu, Ga and Se exhibit the lowest values compared with the values
at the other K« lines. Therefore, a different depth position has the smallest effect on
I Kka.

Se exhibits the highest o, at the photon energy of Mo-K«a. Hence, Se has the
highest effect on Iy, ko, compare stack G with H, assuming the error in the height
alignment has a much smaller influence on I/, k. A decrease of Iy, i, suggests an
incorporation of Se into the film.

The highest relative change of the intensities is found for Ga (x11.48) and Cu (x6.40),
in contrast to In (x1.15). Therefore, the calculated intensities of Cu and Ga represent

the most significant measure for the deduction of stacking sequences in this work.

The layer of Mo is always at the same depth position within the sample. Assuming
constant element quantities and a properly adjusted height position of the sample
(Sec. B), the primary fluorescence intensity of Mo is constant. In that case, Iy, o can
only change by a changing stacking sequence on top, altering the contribution of the
secondary fluorescence, which is described above. In case of Mo, the contribution of
secondary fluorescence to the total fluorescence intensity results in a maximum factor
for the difference within the stacks A to F to be a factor of 1.001. The contribution
of secondary fluorescence is considered in the calculation but does not contribute
significantly to the total intensity.
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2.3. Standard characterization methods

This section describes the further utilized characterization methods and their measure-
ment conditions.

X-Ray diffraction (XRD) measurement in Fig. 3.3 was performed in Bragg-Brentano
geometry by use of a Panalytical X'pert MRD equipped with a goniometer PW3050/60
using the Cu K, line and a scan rate of 0.016°s71. The lateral element distribution was
analyzed in a scanning electron microscope (SEM) LEO GEMINI 1530 from ZEISS
equipped with an Energy Dispersive X-Ray (EDX) detector from Thermo Fisher Scien-
tific. Measurements on precursors (see Ch. 3) were performed in top view configuration.
For the cross sectional view in Fig. 3.6, an SEM S4100 from HITACHI equipped with
an EDX system from AMETEK EDAX was used with an acceleration voltage of 10 keV.
For a quantification of the domain sizes in Sec. 3.2, the Cu La or Mo La net counts
were measured by EDX and escape peaks were recognized and eliminated by the ZEISS
software. The net counts were transformed to binary images by use of the threshold
criterion by N. Otsu [Otsu, 1979] in Diplmage [Hendriks et al., 1999], an extension for
MATLAB. Pixels with value 1 (or 0) correspond to net count values above (below)
the threshold. Connecting pixels of value 1 (or 0) within each line and each row were
identified as a domain with size x = number of connecting pixels. The number of
domains with various sizes x > 0 were determined. The number of occurrence of each
domain size x was weighted by multiplication with x to obtain a quantity that gives
the fraction of domains with size x with respect to the total number of pixels with
value 1 in the image.

The analysis of elemental composition was performed by wavelength dispersive X-ray
fluorescence (XRF) using a WD-XRF ZSX Primus II from Rigaku. In general, a
spot with 30 mm diameter was measured. For a measurement of the composition at a
position of the EDDI beam spot, this position is measured with an aperture of 1 mm.
Glow discharge optical emission spectroscopy (GDOES) was used for determining
the elemental depth distributions. Measurements are performed within a 5 mm? spot
with a Spectruma GDA 650 spectrometer. A uniform reference sample with known
composition was used for quantification. The resulting GGI is used to calculate the
related depth distribution of the band gap energy (E,). The E, was calculated by the
method from Ishizuka: E, = 1 4+ 0.564xGGI 4 0.116 x GGI? [Ishizuka et al., 2005].
For the calculation of the depth distribution, every point of measurement with its GGI
is taken into account due to a density dependence of the ratio of CulnSe; to CuGaSes.
The error is specified by the manufacturer to be 5% of the total depth, which is around
70nm for the performed measurements, but the surface roughness has an additional
influences on the evaluated composition and depth resolution of the measurement, as
discussed in [Shimizu et al., 1999]. The first 1-2nm of an analysis are omitted due to
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measurement initialization. A smoothing of factor 10 is performed.

Standard current-voltage analysis was conducted at 25°C and 100 mW /cm? illu-
mination of a AAA WACOM Dual Light source solar simulator. For statistic reasons,
a 5 (10) cm? sample contains 15 (49) solar cells with 1.35cm? active area. External
quantum efficiency (EQE) was measured with the two beam spectral responsivity
method using a grating monochromator, a quartz halogen bias light and short circuit
current condition. The wavelength range was 300 to 1400 nm with an increment of
10nm as described in [Hénel, 2008].

Measurements of the root mean square (RMS) roughness were ether performed by
use of an atomic force microscope (AFM) XE70 from Park Systems or an optical
confocal microscope VK-X200 from KEYENCE. The RMS roughness from AFM is
measured on a region of interest on the precursor and the absorber with an area of
100 pm? and 900 pm?, respectively. A parabolic background was removed using the
software Gwyddion [Necas and Klapetek, 2012]. The RMS roughness analyzed by an
optical confocal microscope is measured with a magnification of 150 on an area of
71.50x95.35 (= 6800) pm?. The data is tilted to a horizontal reference plane and a
weak height cut level is applied.
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3. Lateral element redistribution
during annealing of metal
precursors

The ternary Cu-In-Ga phase diagram (see Fig. 1.5a) shows a mixture of possible phases
present in a precursor, including Cujs(In,Ga)g, Cug(In,Ga), and an In-rich liquid
phase or pure solid In. Phase formation thereby strongly depends on the temperature,
see Fig. 1.5. On the one hand, lateral phase separation and dewetting can occur
during precursor annealing being enhanced by a melt of In above 157 °C [Ancsin, 1985].
Such a separation of elements, dewetting and coarsening in Cu-In-Ga precursor films
can lead to solar cells with low shunt resistance due to pinhole formation and to a
locally varying stoichiometry and in-depth distribution, leading to a deterioration of
the electronic properties [Werner et al., 2005]. On the other hand, the intermixing of
Cuyg(In,Ga)g and Cug(In,Ga), as well as the solubility of In in these phases increase with
increasing temperature, as reported in [Holzing et al., 2011]. An increased solubility
may decrease the amount of liquid In and thus counteract a possible phase separation.
The possibility to reach temperatures of up to 600 °C in an annealing step prior to the
chalcogenization without phase separation and dewetting, would widen the parameter
space for selenization. With this, some reactions might start only when Se is supplied.
Such a delay might be of high interest, since CulnSe, formation is typically observed at
a lower temperature than CuGaSe, formation, leading to vertical phase separation (see
Sec. 1.4). Overall, a delayed Se supply at a higher temperature can lead to a different
phase formation during selenization and possibly enable process designs leading to
optimized Ga depth profiles.

A further topic is the addition of alkali metals, which is known to have an effect
on the growth and properties of Cu(In,Ga)Se; (CIGS): Na can influence the grain
size [Bodegard et al., 1994] and crystal orientation [Contreras et al., 1997]. Further-
more, Na may impede the In/Ga-interdiffusion in CIGS films [Lundberg et al., 2003].
Nonetheless, the influence of Na on a chalcogen-free annealing step, where phase
separation may occur, has not been studied previously.
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The influence of the precursor stacking sequence is investigated with regard to i) the film
roughness by atomic force microscopy (AFM), ii) the homogeneity of lateral element
distribution by energy dispersive X-ray spectroscopy (EDX) and iii) electrical and
morphological properties as well as the Ga in-depth profile by glow-discharge optical
emission spectroscopy (GDOES) in Sec. 3.1. The annealing of precursors with different
layer stacks and the influences of heating rate and temperature on the lateral phase
separation and dewetting are presented in Sec. 3.2. Dewetting is characterized by areas
with exposed Mo in EDX mappings. The role of Na therein is shown in Sec. 3.3 and
the effect of phase separation in the precursor on the lateral homogeneity of selenized
films is studied in the last Sec. 3.4.

Parts of this chapter were published in [Backer et al., 2017] and [Schmidt et al., 2017].

Four sputtering sequences for the four precursors were investigated, see below. The two
simplest bilayer structures, possible by the two sputter targets, were selected, because
Ga is known to oxidize faster compared with In [Lehmann, 2010]. The triple layer and
the multilayer precursor were studied because they exhibit a smoother surface and a
more homogeneous Ga in-depth distribution that may affect the Ga distribution in the
final absorber layer.

o Prec. 1: In/CuGa

o Prec. 2: CuGa/In

o Prec. 3: In/CuGa/In (triple layer)

o Prec. 4: 22 layers of In/CuGa/In (multilayer)

Annealing experiments are performed in a vacuum RTP tool (see Sec. 2.1.2) and were
stopped at Tya = 170, 350 or 580 °C. Heating rates of 1, 0.1 and 0.01°C/s were
applied. The precursors were passively cooled down after heating. Some of the samples
were subsequently selenized in an atmospheric pressure inline chalcogenization tool
using sources with elemental Se (see Sec. 2.1.2). Atmospheric selenization is done
by a baseline selenization sequence, as described in details in [Schmidt et al., 2017,
Bécker et al., 2015]. For an independent assessment of the influence of sodium fluoride
(NaF) in Sec. 3.3, an 800 nm Na free molybdenum back contact on top of an Na diffusion
barrier (SiOxNy) was used. This enables a controlled addition of Na for homogenous
and industry-compatible production in opposition to soda lime glass as Na source
because the Na content may vary with the glass batch as well as locally on every glass.
NaF was deposited by thermal evaporation in a high vacuum chamber with amounts of
0, 10, 20 or 30 nm before or after the precursor deposition. An In layer (around 40 nm)
was deposited by evaporation prior to the precursor sputtering. This layer was used as
sputtering protection of the NaF and to avoid NaF contamination of the sputtering
system. The layer was deposited on all samples for reasons of comparability.
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3.1. Influence of precursor stacking sequence on

film roughness and homogeneity

Before performing annealing experiments with
metal precursor layers, it is useful to analyze
their initial properties, such as morphology, |
element distribution, etc. Fig. 3.1 shows SEM
images of two precursor layers with a differ-
ent architecture: Fig. 3.1a shows the triple
layer precursor (see Sec. 2.1.1) which exhibits

droplet like structures at the surface. Fig. 3.1b
shows the multilayer precursor, which does
not, or to a much lesser extent, exhibit such

Figure 3.1.: SEM images observed by
droplets. The RMS roughness of the precursor an acceleration voltage of 12keV on

surfaces in case of the triple layer is 221nm the a) triple layer (In/CuGa/In) and b)
and for the multilayer 80 nm. Additionally, multilayer precursor (see Sec. 2.1.1).
the multilayer precursor exhibits less dewet-

ting after annealing e.g. with 0.1°C/s up to 580°C (sup. Fig. C.1). The smoother
surface and a smaller tendency for dewetting during annealing in comparison to the
triple layer precursor is the reason the focus is set on the multilayer precursor for the

following investigations!.

For studying the effect of the four different metal precursor architectures on the
morphological absorber properties?, the selenization procedure was kept the same.
Tab. 3.1 summarizes the RMS roughness as well as the maximum difference in surface
amplitude measured by use of AFM on an absorber area of 30x30 pm?2. Both the RMS
roughness and the maximum amplitude are more than 10% smaller for Prec. 3 and
Prec. 4 compared with the bilayer architectures.

Table 3.1.: Roughness of the absorber layers fabricated with the four different metal
precursor stacks measured on a 30x30 pm? sample area.

Roughness / nm  Prec. 1 Prec. 2 Prec. 3 Prec. 4

Root mean square 392 446 342 338
Max amplitude 3100 3140 2280 2740

!Details about the electrical properties can be found in [Schmidt et al., 2017]. In summary, the best
Voe, FF and efficiency (n) are found for Prec. 4.

2For the further context in Ch. 4, it should be noted, that the Ga in-depth profiles are similar for all
samples, which was even true, when all Ga was contained in the top layer of the Prec. 1.
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3.2. Effect of heating rate and temperature on

lateral element redistribution

This section is dedicated to the influence of the heating rate and maximum temperature
Tnaz On the element redistribution and dewetting during annealing of the multilayer
precursor.

Heating rates of 1, 0.1 and 0.01 °C/s and maximum annealing temperatures of up to
Traz=170, 350 and 580 °C were applied. SEM as well as elemental distribution images
of selected annealed samples are shown in Fig. 3.2. Cu elemental distributions measured
on all samples as well as the extracted binary images are shown in the supplementary
(see Figs. C.2 and C.3).

The development of the elemental distribution images (Fig. 3.2a-c) of the multilayer
precursor with increasing annealing temperature 7},,, and constant heating rate of
0.01°C/s is the following: The Mo intensity is in the order of the noise level and hence
only noise is observed below T,,,,=580°C. As a result of the elemental distribution
after heating up to 7},,,=580 °C, which exhibits areas that show a high Mo signal and
no other elements (like Fig. 3.2c and d), one can conclude that these are dewetted
regions. The number and fraction of these dewetted areas decrease with increasing
heating rates. An even faster heating rate may reduce them further. After annealing up
t0 T1ax=170 °C the element distribution remains unchanged (compare Fig. 3.1b with
Fig. 3.2a) within the experimental resolution of the EDX measurements. When heating
up to 350 °C a different distribution of elements appears in the elemental distribution
images (Fig. 3.2b). For T,,,,=580°C, larger domains in the order of several ym with
different compositions are clearly visible (Fig. 3.2¢). In Fig. 3.2¢ four identified domains
with different elemental compositions are marked and listed in Tab. 3.2.

Point 1 in Fig. 3.2c corresponds to a lower In - Table 3.2.: The compositions of the
amount of 11 at% (see Tab. 3.2) in comparison four marked points in Fig. 3.2c, mea-

to point 2 with an In amount of 25at%. The sured by EDX. The measurement error

highest In content observed can be as high 15 estimated to 1-2 at%.

as 100 at%, as marked in point 3. Point 4 is

representative for the regions where dewetting No. of point 1 2 3 4
has occurred and mainly Mo is detected. In- Cu (at%) 2 .66 0 O
creasing the heating rate from 0.01°C/s to Ga (at%) 7 9 0 3
1°C/s reduces the area of relative dewetting In (at%) 11 25 100 2
from 12% to 1% (compare Fig. 3.2¢c, d and Mo (at%) 0 0 0 9
sup. Fig. C.4).
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3.2. Effect of heating rate and temperature on lateral element redistribution

a) 0.01°C/s, 170°C

b) 0.01°C/s, 350°C

&

Figure 3.2.: SEM and elemental distribution images (net counts) of Cu, Ga, In
and Mo measured by EDX and an acceleration voltage of 12keV on the multilayer
precursors at RT after heating with a) 0.01°C/s up to 170°C, b) 0.01°C/s up to 350 °C,
¢) 0.01°C/s up to 580°C and d) with 1°C/s up to 580 °C. The heating rate (°C/s) and
Tinaz (°C) are indicated on the SEM images. On sample c) four different compositions
(see Tab. 3.2) were identified and exemplary points are marked as 1-4.



3. Lateral element redistribution during annealing of metal precursors

Phase analysis was performed by use of room temperature X-ray diffraction. The
result is shown for the multilayer precursor after annealing with 0.01°C/s up to 580 °C
(Fig. 3.3), for which elemental distributions are shown in Fig. 3.2c. Mo (ICDD-No.
00-042-1120), In (ICDD-No. 00-005-0642) and CugGay (ICDD-No. 01-071-0458) were
identified in the room temperature diffractogram in Fig. 3.3. Additionally, a strong
peak at around 43°, to the right of the position of Cuyglng 102/110 (ICDD-No. 00-042-
1475), can be seen (In the database the phase is denoted as Cu2In.). In accordance
with Purwins et al. this peak can be attributed to the solid solution of Cuyg(In,Ga)g
[Purwins et al., 2007].

SR
Cuye(In,Ga)g| Figure 3.3.: The room temperature diffrac-
togram shows the identified phases: Mo, In,
Cuy(In,Ga)g and CugGay of the multilayer
precursor after annealing with 0.01°C/s up
nGa),| 580°C (see Fig. 3.2c). The reference lines
of Cuyglng 102/110 (ICDD-No. 00-042-1475)
T and CugGay 411 (ICDD-No. 01-071-0458) are

6 38 40 42

2 Theta (°) shown.

> Intensity (arb. units)

The composition at the 4 marked points may be explained by: The pure In phase
matches the composition measured at point 3. The composition at point 2 can be
associated with Cuyg(In,Ga)g. The composition at point 1 may be explained by
the presence of Cug(In,Ga),. The co-existence of two Cuy(In,Ga), phases and In is
consistent with the Cu-In-Ga phase diagram (sup. Fig. E.4) [Muzzillo et al., 2015] and
experimental observations [Purwins et al., 2007]. From the Cu distribution images for
all heating rates and all T},,., the area-weighted domain sizes of Cu agglomeration
were quantified as introduced in the experimental section. These are shown as boxplots
in Fig. 3.4. With higher T,,,, the median increases and the distribution of domain
sizes extends to bigger values. The boxplots show no substantial dependency on the
heating rate for 7,,,,=170 and 350 °C. The median domain size for T},,,=580 °C(red
boxes) decreases slightly towards lower heating rates. Additionally, the distribution
range, i.e. the range of domain sizes between the whiskers as well as within the box,
gets narrower towards lower heating rates. It is remarkable that for the sample heated
with 1°C/s, the upper and lower whiskers are higher and lower respectively compared
with lower heating rates. Only the latter might be expected, since the domain sizes
in the as grown precursors are even smaller and when giving the system less time
to equilibrate, the domain sizes should be closer to the initial values. One reason
could be an altered composition of the four identified domains (see Fig. 3.2d) with
respect to those identified in Fig. 3.2¢ (Tab. 3.2). However no significant differences for
the respective domains are detected. Another explanation could be that the relative
dewetted area increases from 1% to 12% for the sample annealed with the fastest to
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Figure 3.4.: Boxplots of area weighted domain sizes (as described in the experimental
section) identified in the binary elemental distribution images of Cu for multilayer
precursors annealed with heating rates 1, 0.1 and 0.01°C/s up to T},,:=170, 350 and
580°C (see sup. Figs. C.2 and C.3). 1Px is equal to 0.393 pm. The median (line in the
boxes) indicates that about half of the total image size (number of pixels) consists of
domain sizes smaller, and about half of the total image consists of domain sizes larger
than this value. The upper/lower box values (upper and lower whisker), indicate that
about 75% /25% (90% /10%) of the image area consists of domain sizes smaller than
the respective value.

the one annealed with the slowest heating rate. This suggests that the same amount of
material is now distributed over a smaller area and hence the domains between the
dewetted areas exhibit reduced lateral dimensions and an increased thickness. This
effect might explain why larger domain sizes in the sample with the fastest heating
rate and the least dewetted area are detected. It should be mentioned, that phase
separation might also continue during cool down, which lasts around 10 min from 580
to 350 °C and might have a more relevant influence on the final state in case of a shorter
heating time. Overall, the elemental distribution images (Fig. 3.2) show an increasingly
strong redistribution of elements with increasing 7,,.., leading to an increasing area
weighted domain size. This dependence is much less distinct with decreasing heating
rate (see Fig. 3.4).

3.3. Impact of evaporated NaF on dewetting

Different amounts of NaF have been added on top or under the precursor by thermal
evaporation before annealing in order to study the influence of NaF on the dewetting
of the multilayer precursor during annealing. Na diffusion from glass is prevented
by use of a diffusion barrier (SiOxNy) underneath the Mo back contact and there
was no Na used as dopant in the Mo back-contact. The precursors were annealed
by heating with 0.01°C/s up to 580°C. Fig. 3.5a-c show SEM images of annealed
precursors with different NaF amounts and positions. It can be seen that droplet
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3. Lateral element redistribution during annealing of metal precursors

a) w/o NaF b) NaF underneath c) NaF on top

25 um § Mo

Figure 3.5.: SEM images at an acceleration voltage of 12keV after heating with
0.01°C/s up to 580°C of a multilayer precursor a) without NaF, b) with 30 nm NaF
underneath the precursor, ¢) with 30 nm NaF on top of the precursor. (d-f) EDX Mo
intensity distributions corresponding to the SEM images in (a-c) (blue value represents
Mo intensity, the binary images processed from d-f are shown in sup. Fig. C.5).

formation is enhanced for the annealed precursor with 30nm NaF underneath the
precursor (Fig. 3.5b) compared with the precursor without NaF (Fig. 3.5a). In contrast,
droplet formation during annealing is significantly reduced for the sample with 30 nm
NaF on top of the precursor (Fig. 3.5¢). Fig. 3.5d, e and f show the Mo distribution
intensity belonging to Fig. 3.5a, b and c, respectively. The Mo distribution images
are further processed to binary images and analyzed by the percentage of relative
dewetted area, calculated as number of red (Mo) pixels/all pixels (1024-768) (from
sup. Fig. C.5). The relative dewetted areas are shown for all prepared NaF amounts
in Tab. 3.3. Precursors with NaF underneath the precursor lead to an increase in
percentage of relative dewetted area from 30% (without NaF) to over 60% (with 30 nm
NaF underneath), see Tab. 3.3. Only for the smallest NaF thickness of about 10 nm,
a slight decrease to 23% is observed. If NaF is deposited on top of the precursor
(Fig. 3.5¢, f) the percentage of Mo area is decreased to below 5% (Tab 3.3) for all
amounts of NaF. These results show that NaF has a different influence on the precursor
dewetting during annealing, depending on the initial location underneath or on top of
the precursor. In Sections 3.2 and 3.2, the relative dewetted area of the sample after
the same treatment (7},,,=580 °C, heating rate of 0.01°C/s) differs. The difference
is, that the sample in Sec. 3.2 (sup. Fig. C.5¢, f) has a back contact consisting of a
stacking of Mo/Mo:Na/Mo (as described in the Experimental section), and for the
investigations on the influence of NaF addition in Sec. 3.3 (Tab. 3.3 and Fig. 3.5d),
the back contact consists of Mo only. The relative dewetted area for the first sample,
with Na-doped back contact, is 12% and the sample without Na is 30%.

This can either be explained by the different sputtering resulting in different surface
properties or by Na diffusion from the back contact to the precursor.
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3.4. Non-reversibility of lateral phase separation with selenization

Table 3.3.: Percentage of relative dewetted area, calculated as number of red (Mo)
pixels/all pixels (1024-768) (compare sup. Fig. C.5).

NaF thickness / nm ‘ Relative dewetted area / %
‘ NaF underneath precursor NaF on top of precursor
0 30 30
10 23 2
20 63 5
30 65 4

3.4. Non-reversibility of lateral phase separation

with selenization

A phase separation as observed here in the metal precursors during annealing with-
out chalcogens could, in principle, be (partly) reversible during chalcogenization by
interdiffusion and lead to laterally uniform layers despite the initial phase separation.
Therefore CIGS absorbers are compared after selenization of an as grown multilayer
precursor (Fig. 3.6a) and a pre-annealed multilayer precursor (Fig. 3.6b). The pre-
annealed precursor was heated with 0.01°C/s up to 580 °C and exhibited a clear lateral
phase separation before selenization as in Fig. 3.2c. The SEM cross section image of
the selenized precursor in Fig. 3.6a shows a uniform morphology and thickness. In
contrast, the pre-annealed absorber layer in Fig. 3.6b illustrates a strong variance
in thickness with bumps. SEM (Fig. 3.6¢) and elemental distribution images of Ga
(Fig. 3.6d) and In (Fig. 3.6e) measured on the cross section view of a bump shows that
the bottom part of the bump consists of CIGS with high GGI and the top and thin
parts of CIGS with small GGI. This result shows that the phase separation during
annealing was not reversed during selenization and demonstrates the importance of

preventing lateral phase separation during precursor heating.

3.5. Discussion

Influence of NaF on dewetting

Fig. 3.5 and Tab. 3.3 show that NaF affects the dewetting of precursor metals on Mo
during annealing up to 580 °C differently, depending on whether the NaF layer was
deposited on top or underneath the precursor stack. This suggests that the effect of
NaF on the precursor during annealing is more than simply entering the solution of In
or Cuy(In,Ga), and changing the respective chemical and physical properties, since the
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3. Lateral element redistribution during annealing of metal precursors

il

= ACuGaSe,

Figure 3.6.: Cross-section SEM images of CIGS absorber layers (on Mo and a Cd-
S/ZnO top layer) fabricated by use of a) a multilayer precursor, b) an annealed
multilayer precursor (with 0.01°C/s up to 580 °C) exhibiting phase separation as in
Fig. 3.2c. ¢) Magnified image from sample b) with elemental image of d) Ga and e) In.
Analysis was performed with an acceleration voltage of 10 keV.

effect should be similar if NaF is deposited on top or underneath the precursor. The

following effects are proposed in addition:

o4

)

ii)

NaF underneath increases dewetting: A small amount of Na increases the melting
point of elemental In, as it is reported in literature [Larose and Pelton, 1991].
Due to the NaF layer under In, either NaF with its melting point of around
992°C [Kojima et al., 1968] or a formation of IngNas [Larose and Pelton, 1991]
with its melting point at 441 °C might create a solid layer under the precursor.
Such a solid layer could also be the reason for the increase of dewetting fraction
from around 30 to over 60 %, since the Young contact angle could be different
(higher) if NaF or IngNas is used as substrate instead of Mo. Another possibility
is that in this case, a part of the NaF is entering the solution with another phase
and changes the solid-liquid interfacial energy and therefore the contact angle.
In contrast to NaF on top of the precursor (see below), there is no structural
confinement for the Cu-In-Ga phases on top.

The evaporation of the small NaF amount aimed for 10 nm under the precursor
might have led to an inhomogeneous deposition like a non-closed layer, or this
NaF amount is too small to affect the increasing dewetting during annealing
(compare Tab. 3.3).

NaF on top prevents dewetting: An NaF or formed IngNas layer might act
as a solid top layer which might be more stable during annealing than an In
top layer with its melting point at 157 °C. A closed solid top layer could indeed
prevent dewetting through structural confinement of fluid phases underneath
and is, e.g., utilized in so called thin film vapor-liquid-solid growth (TF-VLS)



3.6. Conclusion

for InP [Kapadia et al., 2013]. Here a solid SiO, layer on top of an elemental In
precursor thin-film is used as a dewetting prevention during processing. This
effect might explain the decrease from 30 to under 5% relative dewetted area with
NaF on top of the precursor. In addition solid SiOy is permeable for phosphorous
vapor in TF-VLS. Similarly, NaF may be permeable for Se vapor, since precursor
layers with NaF on top have been successfully selenized (not shown here).

It is still not fully clear if the phase separation observed after cool down is also present
during annealing since Holzing et al. showed that more In is soluble in Cuy(In,Ga)y
[Holzing et al., 2011]. However if even small amounts of pure liquid In are present, the
results show that phase separation is plausible to occur and has to be avoided in order
to achieve uniform absorber layers. A multilayer architecture, a faster heating rate and
NaF on top of precursor layers could be effective measures to avoid phase separation

and dewetting.

3.6. Conclusion

Lateral phase separation and dewetting during selenization of Cu-In-Ga precursors is
an unwanted effect for CIGS production and may become significant, if the Se supply
during selenization is adjusted such that the precursor is in part or fully heated up
without Se. This work studies the impact of heating rate and maximum temperature
during annealing of metal precursors in Se free environment. A suitable starting point
was a smoother and more homogeneous multilayer precursor in comparison with a
triple layer architecture. The multilayer precursor as well as the fastest heating rate
of 1°C/s and an NaF layer on top of the precursor led to a reduced dewetting of
the annealed precursor along with a different phase separation after annealing of the
sample. This beneficial effect from NaF only occurred when NaF was deposited on
top and was not significantly dependent on the NaF amount (between 10 and 30 nm
thick layer). The necessity of a prevention of lateral phase separation during thermal
processing of Cu-In-Ga precursors to CIGS absorbers was demonstrated by selenizing
a precursor that exhibited distinct phase separation prior to selenization. After this
selenization, an inhomogeneous lateral Ga/In distribution in the chalcopyrite phase
was found.

The results above showed how to enable and widen the parameter space for selenization
with a prior annealing step of up to 580 °C, even with low heating rates of 0.01°C/s.
Fast heating rates as well as NaF addition on top enable a delayed Se-addition
during selenization and possibly enable process designs leading to optimized Ga depth
profiles.
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4. Evolution of crystallographic
phases and vertical elemental
redistribution during
selenization of Cu-In-Ga
precursors to CIGS

The following results aim at the understanding of the growth of CIGS layers during
thermally activated reaction of a sputtered Cu-In-Ga multilayer precursor! in elemental
Se vapor (“selenization”). The selenization is performed within a few minutes.

The possibilities for a direct control of the phase formation and evolution during
selenization are limited. The substrate temperature (Ts,,) can be controlled well.
A possibility for an additional control is the Se partial pressure (Ps.) (see Sec. 1.3).
However, the most common approach is based on placing surplus Se in the reaction
chamber as pellets next to or as a layer onto the precursor film. In this way, the
properties of the Se supply are coupled to the substrate temperature. This approach
of processing typically results in a segregation of Ga at the Mo back contact, see
Sec. 1.4.2.

In this work, Se is supplied by an external Se source to decouple the Se supply from
Tsup (see Sec. 2.1.2). Only then, the Se source temperature (T's.) enables an additional
control during CIGS formation. T, (and thus Ps.) can be kept at a specific and
constant value. Using the vacuum selenization tool (see Sec. 2.1.2), two different growth
paths were identified, possibly correlated to a different Ps.. The first one led to a
strong Ga segregation without Ga at the surface. The second one led to a final Ga
depth profile without Ga segregation and a minimum [Ga|/([Ga]+[In]) (GGI) of 0.26
(also referred to as Ga homogenization). This type of growth is studied by in situ
analysis for the first time. The different Ga profiles could be reproduced with the
atmospheric selenization tool (see Sec. 2.1.2). The results allow a direct correlation of
the Ga profile with increased homogenization to a lower T'se.

!The multilayer precursor was selected from results in Ch. 3.
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4. FEvolution of crystallographic phases and vertical elemental redistribution

Thermodynamically driven Ga segregation fundamentally limits an adjustment of
the Ga depth profile. However, the Ga depth profile is important, because the GGI
determines the band gap energy (E,, see Eq. 1.2). The E, of the absorber needs to be
increased above the E, of pure CulnSe; to achieve a higher conversion efficiency of
CIGS solar cells (see Sec. 1.1.2). With a decoupled Se supply, an adjustment of the
Ga depth profile during selenization to some extend is feasible. Initial experiments
already led to the highest efficiency of 15.5% for a sequentially produced solar cell
using elemental Se vapor [Schmidt et al., 2017, Song et al., 2018|.

The chemical reactions during selenization are fast, so that some intermediate phases
are only present within one minute. In addition, the material is complex with its
large number of elements and various possible phases. For these reasons, an in situ
measurement was applied: Information about phases present in the film were obtained
by energy dispersive X-ray diffraction (EDXRD) and complemented by the information
about the elemental depth profile obtained by energy dispersive X-ray fluorescence
(EDXRF) at BESSY II. The measurements are performed simultaneously and thus can
be correlated. The identified phases from EDXRD are used to calculate fluorescence
intensities. The specific fluorescence intensities are then used to deduce the phase-depth
distribution during growth of CIGS (as explained in Sec. 2.2.2). So far, this method
has only been applied to the ternary Cu-In-S system. The method is applied here with
higher accuracy and complexity. The possibilities and limits for an application to the
growth of the more complex quaternary compound CIGS are discussed.

The following investigation is based on three experiments: i) An EDXRD/EDXRF
measurement during thermal treatment of a precursor without Se has been performed
to identify phases in the Se free system as basis for investigating the selenization process
(Sec. 4.1). ii) The growth of CIGS during fast selenization with strong Ga segregation
is analyzed (Sec. 4.2). iii) The growth of CIGS during fast selenization without a final
Ga segregation is presented in Sec. 4.3.

The comprehensive phase identification and accurate determination of the composition
of each phase (Secs. 4.2.1 and 4.3.1) is important for the fluorescence calculations
conducted later in Secs. 4.2.2 and 4.3.2, to deduce the one-dimensional (1D) stacking
order of the phases present at a given time. It is further important for the understanding
of the general phase evolution of the film. A comparison of the two in situ investigations
and deduced growth paths are shown in Sec. 4.5. An ex situ investigation in Sec. 4.6
supports the finding, that a more homogeneous Ga grading can be triggered via a lower
Se supply. The results are used to propose a model of growth in Sec. 4.7.
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4.1. Thermal treatment of the Cu-In-Ga multilayer

precursor without Se

4.1.1. Analysis of the in situ EDXRD/EDXRF measurement

An in situ EDXRD/EDXRF measurement during thermal treatment of a multilayer
precursor without Se was performed. First, the crystalline phases present at 34 °C and
550 °C will be identified on the basis of the EDXRD spectra. Afterwards, the evolution
of reflection and fluorescence peak intensities during heating will be correlated. Phase
identification on the basis of reflections is difficult since in certain temperature regimes
there exist several phases with similar reflections. This is the case for 7-Cuyg(In,Ga)g
and v-Cug(In,Ga),. The energies of the diffraction peaks of both phases depend on
their composition, see Sec. 1.2.1 and the reflections of the two phases can overlap.
Nevertheless, the presence of n-Cuyg(In,Ga)g is differentiated from v-Cug(In,Ga), by a
few unique low intensity reflections of y-Cug(In,Ga),.

In the following, 7-Cujs(In,Ga)g is referred to as Cuyg(In,Ga)g or n-phase and ~-
Cug(In,Ga), is also denoted as the y-phase.

Assigning reflection peaks in the precursor helps to distinguish those from reflections
of Se containing phases in Sec. 4.2 and 4.3.

Phase identification before heating and at 550 °C

Fig. 4.1 shows spectra measured at T ,,=34°C and 550 °C, which are measured for
2.48 min and 15.36 min, respectively. At 34°C, some of the peaks can be correlated
to the known reflections of crystalline In [Smith and Schneider, 1964]. The remaining
peaks could in principle be attributed to either a n- or a y-phase. No clearly assignable
reflection of y-Cug(In,Ga), is found, suggesting that only Cuyg(In,Ga)g is present. The
n-phase has no additional unique reflections in contrast to the y-phase. Assuming
the assigned Cuyg(In,Ga)g 110/102 reflection to correspond to a y-Cug(In,Ga)s 330
reflection instead, the corresponding composition would exhibit a GGI of 0.25+0.03,
which is in discrepancy to the Cu-In-Ga phase diagram (Fig. 1.5a), which shows a
minimum GGI of 0.75 at T<150 °C.

An evaluation of the composition of Cuyg(In,Ga)g is not strictly possible, because there
is only a reference diffraction pattern available for Cujglng. Purwins et al. performed
a study [Purwins et al., 2007] about precursors with similar elemental (GGI between
0.15 and 0.31) and phase composition as reported here. With increasing GGI of the
film, the 110/102 reflection of Cuyg(Iny«Gay)g shifted until reaching 42.85°, for which
they estimated a maximum Ga content of x = 0.29. This angle corresponds to 34.58 keV
in the EDXRD measurement here (Fig. 4.1). The position of the 110/102 reflection
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Figure 4.1.: EDXRD spectra of a multilayer precursor before the start of the heating
process (Tsup=34°C) and at the maximum temperature of 550 °C. The EDXRD spectra
are shifted vertically for better separation. The arrows indicate assigned peaks and
Miller indices of the phases Mo, In, n-Cuy6(In,Ga)g (1) and v-Cug(In,Ga), () as well
as the peaks from the In-Ko o and In-Kp; » fluorescence (partly overlapping with
reflection peaks).

of the n-phase here is at 34.60 & 0.14keV?, which is at the same position within
the uncertainty. Therefore, a GGI of x=0.29 in Cuyg(In;_,Ga,)g is assumed for the

following investigations.

At T4,=550°C, the presence of y-Cug(In,Ga), is identified by means of its unique
diffraction peaks 321 and 332 (see Fig. 4.1), which cannot be assigned to the n-phase.
In principle, a small 110/102 reflection of the n-phase might be present within the 330
reflection of the y-phase in the unlikely case of a similar change in position. Therefore,
and due to a corresponding small phase amount, this is assumed to be negligible. No
other phase was observed at 550 °C.

The presence of In and solid solutions of the n- and ~+-phases are in agreement
with the ternary Cu-In-Ga phase diagrams [Kim et al., 2012b, Muzzillo et al., 2015,
Purwins et al., 2007] and with an in situ study by [Mainz et al., 2015b].

Phase evolution during thermal treatment

The transformation of the phases is studied by the evolution of the main reflections of
both Cu,(In,Ga), phases during heating. These are shown in Fig. 4.2.

The 101 reflection of In decreases with increasing T, and vanishes at the melting
temperature of In of approximately 157°C (see Fig. 4.2c)). After In has melted, the

2The 110 and 102 reflections from the reference of Cujglng (ICDD 03-065-0704, see Tab. E.2) are in
average (and weighted by intensity) at 34.22keV.
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Figure 4.2.: Evolution of temperature and intensities of phase reflection and fluores-
cence peaks over process time during heating of a Cu-In-Ga multilayer precursor. a)
Substrate temperature, b) Real-time EDXRD with indicated reflections Cuyg(In,Ga)g
110/102 and ~-Cug(In,Ga), 330, which is a magnified part of the full measurement as
shown in Fig. D.1c). The intensity is color coded (as indicated on the right side). ¢)
Integral intensity of reflections and d) integral intensity of fluorescence peaks, fitted
with Gaussian curves. Error bars are given in the plot as derived in Sec. B. Dashed
vertical lines indicate specific temperatures, that correlate with certain changes in peak
properties, for details see text.
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reflection intensity of Cuys(In,Ga)g 110/102 starts to decrease. At the same time,
~-Cug(In,Ga)s 330 appears and increases until Cuyg(In,Ga)e 110/102 disappears at
410°C. This suggests the formation of 7-Cug(In,Ga), from Cuys(In,Ga)e. During the
initial and strongest change of the Cu,(In,Ga), phases between 240 and 320°C (8 to
10 min), the intensity of In- K« increases while the intensities of Cu-Ka and Ga-Kao
decrease. In the interesting temperature range between 150 °C and 350 °C, the possible
Cu and Ga concentrations in y-Cug(In,Ga), are higher than in Cuyg(In,Ga)g (compare
Cu-In-Ga phase diagrams for 150 °C and 350 °C in Fig. 1.5a and sup. Fig. E.4). Higher
Cu and Ga concentrations in y-Cug(In,Ga), are also in agreement with the lattice
plane distance of v-Cug(In,Ga), (see sup. Fig. D.2), which is closer to the reference of
~i-CugGay than ~-Cuglny and thus exhibits a GGI > 0.5 (using Vegard’s law). Liquid
In is assumed to remain on top of the film, because the as-grown multilayer exhibited a
top layer with 92.6at.% In (Fig. 2.6a) and is known to form In droplets on top during
heating [Gupta and Isomura, 1998, Song et al., 2003]. Therefore, the evolution of the
fluorescence intensities indicates, that y-Cug(In,Ga),, which contains higher fractions

of Cu and Ga (or less In) forms underneath Cuy(In,Ga)s.

Between 468 °C and 519 °C, the y-Cug(In,Ga), 330 reflection exhibits an increase of its
integral intensity (Fig. 4.2c¢)) and an increased change of the energetic position over
time (Fig. 4.2b)) (lattice plane distance, respectively). Furthermore, the reflection
intensity of 7-Cug(In,Ga), 300 increases. The 7-Cug(In,Ga), phase can be regarded as
a solid solution of v-Cuglny and one of the four different v;-CugGay phases (i=0,1,2,3),
which are shown in the Cu-Ga phase diagram (sup. Fig. E.1). Each of those exhibits a
range of allowed Cu to Ga ratios and a corresponding varying lattice constant (sup.
Fig. E.2). In principle, they can be differentiated by different intensities of some weak
diffraction lines [Predel, 1994]. Unfortunately, no further details about the relative
diffraction intensities were found in the literature. Regarding the ~-phase, it is therefore
proposed, that the increasing intensity of the 330 reflection, the decreasing position of
the 330 reflection and the appearing 300 reflection, indicate a phase change from one
v:-CugGay to another ;-CugGay.

4.1.2. Summary

The metallic phases In, 7-Cuyg(In,Ga)g and -Cug(In,Ga), were identified. At 157 °C,
complete melting of In was observed. From this temperature on, the reflection intensity
of 7-Cuy6(In,Ga)g 110/102 decreases while the reflection intensity of y-Cug(In,Ga),
330 increases. It is supposed, that v-Cug(In,Ga), forms from n-Cuye(In,Ga)g. The
formation of v-Cug(In,Ga),; was concluded to be beneath n-Cuys(In,Ga)g due to a
decrease of the Cu-Ka, Ga-Ka and an increase of the In- Ka fluorescence intensities
(between 8 to 10 min).
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4.2. Fast absorber growth with strong vertical Ga segregation

4.2. Fast absorber growth with strong vertical Ga

segregation

This section presents the phase evolution and the depth distribution of phases during
a fast selenization of a precursor in Se vapor, which led to a vertical segregation of two
CIGS phases with significantly different GGI. Most of the Ga and thus the highest
GGI is found at the back contact. This typically observed Ga segregation is studied by
means of the evolution of the most dominant diffraction peaks of all identified phases.
Their properties, regarding integral intensity, energetic position and corresponding
lattice plane distance will be evaluated considering also a correlation with the intensities
of fluorescence peaks. An overview of the complete time-resolved EDXRD/EDXRF
signals measured is shown in Fig. 4.3. The observed evolutions of diffraction (I}/%5)
and fluorescence peak intensities (Igjement— o) during the fast heating between time
t=0min (¢y) and t=8min are shown in Fig. 4.4. The reflection intensities are not
evaluated to quantify the phase amounts. However, changes in the intensity of more
than the uncertainty are assumed to mainly correlate to a changing crystal amount.

The lattice plane distance of a phase is denoted as dj .

Due to a variety of identified CIGS phases with different compositions, the following
acronyms are defined:

o CIGS: CIGS phase with a GGI above 0.35

o CIGS: CIGS phase with a GGI between 0.25 and 0.35
o CIGS: CIGS phase with a GGI between 0.1 and 0.25
o CIS: CIGS phase with a GGI below 0.1

4.2.1. Analysis of the in situ EDXRD/EDXRF measurement

A multilayer Cu-In-Ga precursor (see Sec. 2.1.1) was heated from RT to 580 °C and Se
vapor was supplied in the vacuum selenization tool. The starting point of the fast sel-
enization step at {y=0 min is prepared from t=-65 min until ¢y. The preparation includes
the preheating of the Se source and sample for comparability reasons, as described in
Sec. 2.1.2. During this preconditioning, Se fluorescence peaks and Se related reflections
are detected, which are marked in Fig. 4.3. Thus, condensation and crystallization of
Se occurs on the sample surface. Se then evaporates from the surface during a period
of 15 min at T's,;,=220°C. The Se vapor is pumped through the open reaction chamber

valve into the surrounding vacuum chamber. A small Se fluorescence intensity remains
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Figure 4.3.: Evolution of temperature, intensities of phase reflections and fluorescence
peaks over process time during selenization of a Cu-In-Ga multilayer precursor. a)
Substrate temperature T, and b) time-resolved EDXRD/EDXRF signals over time.
The intensity is color coded (as indicated on the right side). The fluorescence peak with
the highest energy is In-Kf3, (close to the horizontal dashed line). At lower energies,
mainly XRF peaks are present and at higher energies only XRD peaks were found.
XRF peaks are assigned in brown and XRD peaks in white. The corresponding ICDD
numbers and references are listed in sup. Tab. E.2. Points in time with characteristic
diffraction intensities or changes are marked with vertical dashed lines defined as t;
and % defines the start of the selenization process. Negative times indicate the process
preparation before t5. The measurement results between 0 and 8 min (gray rectangle)
are plotted in an extended scale in Fig. 4.4.
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4. FEvolution of crystallographic phases and vertical elemental redistribution

at tge,. This is probably due to a small amount of Se dissolved in liquid In, which
is in accordance with the In-Se phase diagram (sup. Fig. E.6). The chamber valve
was then closed at the beginning of the fast heating at ty, such that the Pg, is ideally
determined by the Se source in the following.

At the start of the measurement at t=-65min, n-Cuys(In,Ga)g is present with its most
dominant 110/102 reflection. Until fo=0min, its intensity (I}}q,,4y) decreases to about
half the initial value. During this period, In melts and 7-Cug(In,Ga), appears. Its most
dominant reflection intensity (I35) increases. The decline of I}, 4, correlates with
the increase of I35, which is similar to the Se free process presented in Sec. 4.13.

Evolution of signals between T(;=220°C and T3=505 °C

Evolutions of integral signal intensities from Ty onwards are shown in Fig. 4.4. The
deduction of the stacking sequence in the following section is performed at the indicated
temperatures (T;-T3) with characteristic signal intensities and a preferably small

number of phases.

Between T'g,,=220°C and 327 °C, Fig. 4.4 shows an increasing transformation rate of

the n- to the y-phase. It also shows the formation of InySes with its most dominant
InySes

040 reflection intensity (Iyy)°%). First reflections assigned to InsSes (e.g. 040, 011,
330, 510) appear at T,,=309 °C. Simultaneous with the increase of [(1)238‘33, the Se
fluorescence intensity (Is._ o) increases, which in turn correlates with the decrease of

Injo-kao (see Fig. 4.4d)).

I5545% reaches a maximum at T;=388 °C. This maximum occurs at the same time as

the maximum of the reflection intensity of v-Cug(In,Ga), 330 at 388 °C (see Fig. 4.4e),

f)), while I}, /102 decreased to nearly zero. While [(1]23863 decreases, reflections of

(In,Ga)Se appear (004, 110, 002*) and increase in intensity (I5; ™). Initially, its
composition® is close to the reference of InSe (compare sup. Fig. D.4). Over time,
diGM5¢ Jecreases, corresponding to an increasing Ga to In ratio. At To=447°C, its

composition is (Ing gy Gag gs)Se.

At Tq,=327°C the first chalcopyrite reflection appears, in the following referred to as
CIS 112. Initially, its lattice plane distance d{[5 is slightly below the literature value of
CulnSey 112 and shifts closer to the reference at 447°C (see Fig. D.5 for details).

3The current setup is a different one as used in the previous Sec. 4.1. A different processing tool
and different detection angles were used for the setups and hence peak intensities and energetic
positions differ. Further experimental details can be found in Sec. 2.1.2.

4The peak corresponding to (In,Ga)Se 002 is overlapping with the escape peak of In-Ka.

®InSe and GaSe can form a solid solution (In;_,Ga,)Se with x<0.2 and x>0.8, as shown in the
InSe-GaSe phase diagram in sup. Fig. E.7. By use of Vegard’s law (Eq. 1.1), d§i3¢ and dia3e, its
composition is calculated.
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4.2. Fast absorber growth with strong vertical Ga segregation

Between 388 °C and 481 °C, the 330 reflection of 4-Cug(In,Ga), decreases and vanishes
(see Fig. 4.4). This evolution correlates with the appearance and increase of reflections
assigned to 7 /2-CugGay 330 and Cuy_,Se 220. The composition of the latter is deduced
to be Cuy 72Se by use of Vegard’s law and literature values from [Tonejc et al., 1975,
Tonejc, 1980]. (see P. 160 for further details to Cuy.72Se 220 and 111). The 74 /9-CugGay
phase exhibits a smaller ds3p than v-Cug(In,Ga)s (see details in sup. Fig. D.3). The
dsz30 corresponds to the phase composition. The applied procedure to evaluate the
composition of the y-Cug(In;_,Ga, )44, phases as accurate as possible is explained in
sup. Sec. D.1. The transformation of y-Cug(In,Ga), to In-free v o-CugGay was not
observed in the Se-free experiment in Sec. 2.1.2 (compare the energetic position with
Fig. 4.2b)). Here, the latter phase exhibits no (or nearly no) In anymore. It is therefore
very likely, that the released In reacted with Se possibly to an In-Se phase.

At T1=388°C, the composition of 7-Cug(In,Ga), (blue line) is estimated to be within
a Cu concentration of 68+1at.% Cu and a GGI of 0.743+0.007, which is a reasonable
composition regarding the ternary phase diagram (sup. Fig. E.4). The GGI of the
n-phase is 0.29, as estimated in Sec.4.1. Consequentially, the y-phase exhibits a higher
Ga concentration compared with the n-phase.

At Ty=447°C, the possible composition of 7, /,-CugGay is 6434 at.% Cu, within the

uncertainty of the measurement.

Due to the release of In from v-Cug(In,Ga), between T and Ty, also Cu needs to be
released, such that the phase decreases its amount and remains in its phase existence
range without a phase transition. The maximum intensity of the 7 /o-CugGay phase is
smaller than for -Cug(In,Ga), also indicating a smaller total amount of vy /o-CugGay.
The release of Cu from y-Cug(In,Ga), coincides with the formation of Cuj 75Se.

Between 388 °C and 491 °C, the intensity of Cu; 755e 220 exhibits a similar evolution as
the Cu fluorescence intensity (Icy—ka). The relative increase in I¢,— ko is even more
pronounced in detector 2 (Sup. Fig. D.8). This points to an increasing concentration
of Cu towards the surface. The maximum ¢, _ o at To=447°C is an important point
in time for an evaluation of the phase depth distribution later. The maximum Ic,_ ko
can be explained with the presence of the Cuy_,Se phase at the surface with its higher
Cu content than that in CIS.

During the heating from 447 °C to 481 °C, decreasing intensities of Cu-Ka, (In,Ga)Se
004 and Cuy_,Se 220 are observed, while all CIS related reflection intensities increase.

IES increases until 491 °C (Fig. D.5b)). Only then, an additional reflection appears,

corresponding to CIGS 112 with a GGI of 0.88 and is therefore referred to as CIGS
112. The increasing [ 1011298 correlates with a decreasing intensity of the v, /,-CugGay 330
reflection (Fig. D.3a)) and I55> reaches its maximum at about 505 °C.
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4. Evolution of crystallographic phases and vertical elemental redistribution

Interdiffusion of In and Ga after T53=505°C

The final temperature interval includes the heating from 505 °C to 580 °C and subsequent
annealing for 20 min (¢3 - tenq). The phases CIS and CIGS change as follows: At 505 °C

. . oy CIGS ;CIGS CIGS CIGS .
and during the annealing at 580 °C, dyy5", I35 as well as dyy /204 and I,y /204 INCTEBSE.

The increase of d?}%s and d§210§/8204 is higher than the expected increase by thermal
expansion. Hence, it must be correlated with a decreasing GGI (see Fig. D.5e)). The
GGI of CIGS decreases from 0.88 at 505°C to 0.56 until the end of the annealing
period with 580 °C (t=36 min). Simultaneously, I1}5, di}3 as well as d533 90, and I5y5) 904
decrease, but relatively smaller in comparison with CIGS. An explanation for this
behavior is interdiffusion of In and Ga, while a top part of the film remains Ga-free, as

confirmed by the elemental depth profile (Fig. 4.5).

Final CIGS film composition after cool down

A SEM image of the final CIGS layer is shown in a cross sectional view in Fig. 4.5a).
The film was also analyzed with regard to the elemental depth profile by GDOES (see
Fig. 4.5b)) and integral film composition by WDXRF (see Tab. 4.1). The GDOES
measurement shows a top layer with a CGI over 1 and Se concentration above 0.5. Both
are higher than expected for stoichiometric Cu(In,Ga)Se,. This is perhaps correlated
with a CuSe layer, which is often found to be present at the surface, but no CuSe
reflections were observed by EDXRD. The CGI of the rest of the absorber layer is
about 0.9. This is in good agreement with the integral film composition which exhibits
a CGI of 0.96 according to WDXREF.
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Figure 4.5.: a) SEM image of the cross section of the final CIGS film. b) Quantified
elemental depth profile measured by GDOES on the final CIGS layer. The in-depth
uncertainty is in the order of 100 nm. The back contact is assumed to start at a molar
fraction of Mo at 0.1, indicated by the vertical dashed line.
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4.2. Fast absorber growth with strong vertical Ga segregation

Table 4.1.: Elemental compositions of the precursor and absorber, analyzed by
WDXRF. In the latter case, the measurement position was aligned to be on the same
position as the in situ EDXRD/EDXRF measurement.

Element / % Cu In  Ga Se CGI GGI Thickness

Precursor 459 397 144 0 0.87 0.27 610 nm
Absorber 23.2 179 6.1 52.8 096 0.26 1532 nm

The GDOES measurement shows no relevant Ga content in the top 0.4pum of the
film. Below that, the Ga content increases towards the back contact with a GGI
of about 0.6. In comparison, the composition of the two chalcopyrites from their
reflections CIS 112 and CIGS 112 at the end of the EDXRD measurement at 108 °C were
Cu(Ing 9sGag 2)Ses and Cu(Ing 45Gag 55)Se, corresponding to the lattice plane distances
of 0.33540.001 nm and 0.32840.001 nm. The elemental depth profile determined by
GDOES of the absorber film and the final EDXRD signal are in agreement, indicating
that two chalcopyrite phases are present, one without and one with Ga. In conclusion,

this selenization led to vertical Ga segregation at the back contact.

Summary of the in situ analysis and the deduced phase evolution

The most important results are listed in the following and an overview of the presence
of phases observed during process time is provided in Fig. 4.6. The observed phases,
their compositions and the listed relevant values at characteristic points in time t; are
the basis for deducing a growth schematic of stacking sequences in the next section.
For this, the complexity of the growth process is reduced to a simple 1D model. The
reflection intensities are not evaluated to quantify phase amounts. Therefore, only the

presence of a reflection is correlated with the presence of the corresponding phase.
e 7-Cug(In,Ga), (Cu and Ga richer) grows while Cuyg(In,Ga)g reduces until T4
o InySes appears at T's,;,=309 °C
o CIS formation starts at T's,,=327°C
o 7-Cug(In,Ga), and o,k are at maximum at T7=388°C
» 7-Cuy(In,Ga), transforms to 7 /2-CugGay from 388 °C onwards until Ty=447°C
» (In,Ga)Se appears at 388 °C, being fed by the InsSes phase

e (In,Ga)Se, Cuyr2Se and Iy o are at maximum at 447 °C
Afterwards, (In,Ga)Se, Cuy 7oSe and I¢,_ ko decrease

o CIGS appears at 491 °C, being fed by the 7, /2-CugGay phase
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Figure 4.6.: Simplified overview of phases present over process time and as function
of temperature. Characteristic points in time for deducing a growth schematic with
specific stacking sequences are at Ty, of T1=388°C (1), To=447°C (t3) and T3=505°C
(t3) in the next section.

o Limited inter-diffusion of Ga and In occurred, leading to a decreasing GGI of the
CIGS phase from 0.88 at T3=505°C to 0.56 at end of T,,=580°C (t=36.0 min)

 Final chalcopyrite compositions from EDXRD are Cu(InggsGag g2)Ses (CIS) and
Cu(Ing 45Gag 55)Seqs (CIGS) and the elemental depth profile from GDOES showing
CIS on top of CIGS

4.2.2. Deduced 1D growth schematic

The aim of this section is to investigate the vertical phase distribution and its evolution
in time during the described selenization in Sec. 4.2.1. A simplified one-dimensional
growth schematic is proposed at the end of the section. In the following, the individual
stacking sequences at characteristic points in time are deduced by comparing the
measured fluorescence intensities with calculated fluorescence intensities. Fluorescence
intensities were numerically calculated for a set of stacking sequences of the identified
phases. This procedure is described in general in Sec. 2.2.2. Finally, the evolution in
time of the calculated fluorescence intensities of the deduced stacking sequences are

compared with the measured evolution.

The first deduction of the depth distribution of phases at T;=388°C (Sec. 4.2.2.1) is
discussed in great detail to demonstrate the variety of reasons for the deduction and
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4.2. Fast absorber growth with strong vertical Ga segregation

the consistency of the proposed stacking sequence. Subsequent phases at higher Ty,
are deduced analogously in Secs. 4.2.2.2 and 4.2.2.3 and described in less detail.

4.2.2.1. Depth distribution of phases at T;=388 °C

For the deduction of the phase depth distribution (stacking sequence), as described in
Fig. 2.5, a linear equation system is used. Input parameters to this linear equation
system are the element quantities from an ex situ XRF measurement of the precursor
(see Sec. 2.2.2.4), number of phases and their composition determined by in situ
EDXRD at 388 °C. Using the linear equation system, the fraction of phase amounts
are determined. If necessary, additional free parameters will be introduced or fixed to
be able to solve the linear equation system (see Sec. 2.2.2.3). The thickness of each
phase is then determined by its atomic density (see sup. Tab. E.1 for densities). In
general, n phases exhibit n! possible stacking sequences. The fluorescence intensities
were calculated for the n! stacking sequences (see Sec. 2.2.2.2). Then, the calculated
fluorescence intensities of all stacking sequences are compared with the in situ obtained
fluorescence intensities at 388 °C.

Phases detected at 388°C are v-Cug(In,Ga)y, InsSes, CIS and Cuys(In,Ga)e (see
summary above). The intensity of Cug(In,Ga)g 110/102 is at 0.04 times the initial
value. Therefore this phase is neglected here to simplify the model. Thus, the linear
equation system to calculate the amounts of the three phases is explicitly solvable
based on the amounts of the three elements Cu, Ga and In.

The phase composition of the y-phase was determined to lie within a possible range
of 68+1at.% Cu, as described in Sec. 4.2.1. When changing the composition of -
Cug(In,Ga)y, the consequence is that the relative amounts of all phases change, solving
the linear equation system, see Tab. 4.2. A lower Cu content in y-Cug(In,Ga), leads
primarily to a higher share of CIS, since this is the only other Cu containing phase. A
higher phase amount of CIS requires more In and results in a smaller phase amount of
InySes.

Table 4.2.: Layer thicknesses of v-Cug(In,Ga)4, InySesz and CIS resulting from the
composition of 7-Cug(In,Ga), for representation with markers in Fig. 4.7.

Marker for at.% Cu composition of Thickness in nm of

in y-Cug(In,Ga), v-Cug(Iny_,Gay)ar, | 7-Cug(In,Ga)y InsSes CIS
X: 67 at.% Cu CUQ(IH0.253G30.747)4.43 258 481 221
+: 68 at% Cu CUQ(IHO.257G30.743)4‘24 270 504 153
O: 69 at% Cu CUQ(IDO‘264G30‘736)4.04 285 529 74
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4. Evolution of crystallographic phases and vertical elemental redistribution

The Cu concentration in CIS can not be evaluated during growth and was assumed
to be stoichiometric (CGI = 1). At T;=388°C, a decrease of the CGI in CIS to
0.9 (integral CGI of the film) would influence the depth distribution only slightly by
increasing the Se and In amount in CIS since the total Cu amount in CIS remains.
Only about 2% of the In amount in InsSes is then assigned to CIS. The influence
is small in comparison with the change of the observed influence of the Cu content
in 7-Cug(In,Ga), and it is very small in comparison with the impact of a changing
stacking order, as shown in the following.

Assuming that each of the three present phases exists as one layer, six permutations as
stacking sequence are possible, see A-F in Fig. 4.7a). Fig. 4.7b) shows the corresponding
fluorescence intensities calculated for all permutations (marker) with respect to the
observed intensities at T;=388 °C, marked as dashed lines.

a)
cis

y-Cug(In,Ga), J| v-Cuy(In,Ga),
y-Cuq(In,Ga),

v-Cu,(In,Ga),

v-Cug(In,Ga), as

y-Cu(In,Ga),
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Figure 4.7.: a) Stacking sequences of all possible permutations of the three phases
at T1=388°C and b) corresponding calculated fluorescence intensities. The colors
correspond to the element species as indicated at the left and right axis. The markers
(x, +, o) indicate the calculated values for different compositions of v-Cug(In,Ga)y, see
Tab. 4.2. The calculation method and general parameters are described in Sec. 2.2.2.
Further parameters for the calculation and their references are listed in Sec. E. Dashed
horizontal lines illustrate the experimental values. The colored background ranges
indicate the maximum uncertainty of the experimental values (£8 %). The black frame
encloses the best matching fluorescence intensities, as described in the text.
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4.2. Fast absorber growth with strong vertical Ga segregation

All phases comprise the element In. The maximum difference in Iy, _ g, for the different
stacking sequences is low in comparison with differences regarding the fluorescence
intensities of other elements. It can not be utilized as distinct indicator to deduce
the most likely stacking sequence. Changing the position of the only Ga containing
phase within the stack, results in a significant difference between the calculated
and the measured fluorescence intensities for stacks C, D and F. For this reason,
stacking sequences C, D and F are unlikely and disregarded in the following. Significant
differences of the measured and calculated I,k are observed for stacking sequences A,
C, D, E and F. The stacking sequence, that exhibits an I, fitting the experimental
value best (as well as accurate intensities for all other elements) is stacking sequence B.

However, the calculated Io,_ ko at T1=388°C is lower than measured and not within
the uncertainty, but Io,_ k. is assumed to be an important measure. To explain this
deviation, a higher Cu concentration needs to be present in the top layers. Due to the
deduction of the subsequent stacking sequence at Ty=447 °C with Cuy 725e on top of
the film, there are two possible reasons for this discrepancy: i) InySesz was Cu free in
the model for calculation of the fluorescence intensities. For the formation of Cuy 79Se
after 388 °C (see Fig. 4.9a, Sec.4.2.1 and following section), Cu diffusion to the surface
is necessary. The only Cu containing component here is 7-Cug(In,Ga)4, from where
Cu need to diffuse through the InsSes layer. ii) Another possibility is, that a CuSe
formation might have occurred prior to Cuy 795e formation, which was not observed by
EDXRD and is not considered in the model. CuSe was found to form during growth of
CIGS by others [Purwins, 2010] and to transform to Cus_,Se starting at 377 °C. The
temperature of formation of Cus_,Se found at 377 °C coincides with the Cu-Se phase
diagram (sup. Fig. E.5) showing the transformation of CuSe to CusSe at 377 °C and
the difference to the observed temperature of formation of Cu; 79Se here of 388 °C, is
within the error of the measurement.

The deduction by comparison of fluorescence intensities, is reviewed by the following
plausibility considerations:

i) Se can react exothermically with Cu, Ga and In to form different selenides at
temperatures below the temperature here of 388°C. There is no indication for an
energetic beneficially possibility for Se to move through a part of the metallic layer
and react preferably deeper in the film. A Se free layer above a Se containing layer is
unlikely. A similar growth of CIGS was observed in an ex situ study by Mainz et al..
They presented a decreasing Se concentration towards Mo for all investigated elemental
depth profiles during growth (Fig. 4d in [Mainz et al., 2015b]). Thus, Se was likely to
be incorporated into the film from top to bottom and no indication for a Se free phase
on top of a Se containing phase was found. Their depth profiles also showed a double
Cu gradient. This suggests that the Cu-free phase should be in between the two Cu
containing phases.
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4. FEvolution of crystallographic phases and vertical elemental redistribution

ii) With lift off a film, the y-phase was also found at the back contact by others
[Hanket et al., 2007].

iii) The position of y-Cug(In,Ga), at the back contact is also plausible with regard to
the presence of v, /,-CugGay at Ty=447°C, which is likely to be at the back contact
where the final Ga richer CIGS layer forms at T3=>505°C (in agreement with the final
elemental depth profile in Fig. 4.5b)).

These arguments support the deduction of stacking sequence B from comparison of

fluorescence intensities.

The intensities of the six possible permutations confirm that the different stacking
sequences lead to distinct differences in fluorescence intensities which are significant.
The selection of the most likely stacking order on the basis of the best agreement of
measured and calculated fluorescence intensities of all elements is in accordance with
plausibility. This justifies the application of the method.

4.2.2.2. Depth distribution of phases at T;=447 °C

Phases detected by EDXRD at T's,,=447°C are (Ingg4Gag.os)Se, 71/2-CugGay, CIS
and Cuy.7oSe. With four present phases, there are 4!=24 possible permutations for a
stacking sequence. The total number of phases (71 /2-CugGay, (In,Ga)Se, CIS, Cuy 72Se)
exceed the number of known element quantities (Cu, Ga, In). Hence, the system of
linear equations to calculate the phase amounts exhibits a set of solutions. The set
is limited as follows: CulnSes has the lowest standard formation enthalpy, thus the
amount of CIS is expected to increase over process time. The CIS amount must be
higher than calculated by the previous stacking sequence at T)=388°C, for which the
linear equation system could be solved explicitly. If a constant texture of the CIS layer
is assumed at states 388 °C and 447 °C, it can be approximated that the CIS amount
has doubled, since the diffraction intensity increased by a factor of two from 388 °C to
447°C, see Fig. 4.4g).

The position of 71 /2-CugGay is concluded to be at the back contact for the self-consistent
reasons as follows: i) The deduced stacking sequence at 388 °C exhibits the y-phase at
the back contact. ii) Later, at 491 °C, the only binary phase left is 7 /o-CugGay, which
decreased its amount while the Ga rich CIGS appeared and is located at the back
contact. iii) The phase exhibits 92 % of the total Ga amount. The main difference to all
other phases is the high share of Ga. As consequence of the 7; j5-CugGay phase not being
at the back contact would be an intermediate increased I5,_ k. during selenization,
until it decreases to the final value. Such an intermediate increase of Ig,_ g, Was not
observed. iv) The position is consistent with calculated fluorescence intensities for
exemplary stacking sequences (sup. Fig. D.7). v) This is also in agreement with the
elemental depth profiles, found for a selenization with Ga segregation in literature for
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4.2. Fast absorber growth with strong vertical Ga segregation

a similar growth and setup (Fig. 4c-e in [Mainz et al., 2015b]).
The position of 7;/9-CugGay at the back contact decreases the number of possible

permutations from generally 24 to 6.

Evaluation of stacking sequence with v,/,-CugGa, at the back contact

In the following, the fluorescence intensities are calculated as function of a free parameter.
The amount of CIS is chosen as free parameter. More CIS leads mainly to less Cuy 7oSe.
The lower limit of the CIS amount is assumed as the double amount from 388 °C. The
composition of v /2-CugGay is set to the average value of 64 at.% Cu, for the moment.
An increasing amount of CIS results in an evolution with decreasing amounts of Cuy 79Se
and (In,Ga)Se. This is similar to the experimental phase evolution at 447 °C onwards
in Fig. 4.4. Thus, the evolution of the calculated fluorescence intensities (Fig. 4.8a))
should also be similar to the experimental evolution. In particular, a decreasing amount
of Cuy795e can be correlated to a decreasing I, ko, as observed. That means a
decrease of Ioy_ ko, Iga—Kko (slightly), an increase of Ig._k, and a slightly increase of
I Ka, see Fig. 4.4d) with respect to Ty is expected.

(In,Ga)Se as the top layer is unlikely, since a Cu containing phase is necessary close to
the surface to explain the intermediate increased Ic,_ ko between 388 °C and 491 °C.

The measured evolution of I¢y,_kq from Ty=447°C onwards (maximum of /¢, k. at
Ty, see Fig. 4.4d)) until Cuy 75Se vanished (decreased Iy, ko) may be compared with
the calculated evolution of I, g, for an increasing amount of CIS (resulting in a
decreasing amount of Cuy 725e) as in Fig. 4.8a). At the rightmost value for each stack,
no Cuy 795e is left. The relative evolution of all fluorescence intensities fit better to
sequence A than to D.

The exemplary stacking sequences A and D are shown to deduce the position of
(In,Ga)Se and CIS within the stack, ignoring Cu; 72Se at the moment (Fig. 4.8a). Due
to the slight Ga amount in (In,Ga)Se, (In,Ga)Se above CIS as in stacking sequence D
would correspond to an intermediate increase of I, g«, contrary to the observation.
A formation of (In,Ga)Se fed by IngSes is most plausible. Assuming InsSe; as the
educt for (In,Ga)Se, it is likely that (In,Ga)Se is located close to the only other Ga
containing phase v;/2-CugGay, from where it must have incorporated its Ga content.
Therefore (In,Ga)Se is concluded to be below CIS and at the v, /2-CugGay phase.

In the following, the deduction of the position of Cuj 75Se is presented. The depth
position of Cuy 72Se directly above 7 /o-CugGay is presented as stacking sequence C. In
this case, Io,_ ko increases with a decreasing amount of Cuy 79Se. This is in contrast
to the evolution of the measured value between Ty and T3. I, _ k. is highest for a
vanished Cuy 705e phase. Especially the highest ¢,k is below a possible intensity to
match the experimental value. Stacking sequence C is therefore ruled out.
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Figure 4.8.: a) Stacking sequences with different positioning of the three phases above
71/2-CugGay and b) corresponding calculated fluorescence intensities for each stack as
function of an increasing CIS thickness. The colors correspond to the element species
as indicated at the left and right axis. Dashed lines indicate the experimental values
at T9=447°C. The colored background ranges indicate the maximum uncertainty of
the experimental values (48 %). The arrows indicate the reasonably matching Ic,_ ka-

The remaining stacking sequences A and B exhibit an overlap of the calculated
with the measured Iy, ko (red arrows in Fig. 4.8b)) and similar evolutions of the
fluorescence intensities with the CIS thickness. The fluorescence intensities do not allow
to distinguish between stacking sequences A and B. The studies in literature, in which
presence of Cusy_,Se was detected, a presence of Cuy_,Se at the surface is typically
concluded [Liu et al., 2014, Purwins, 2010, Lei et al., 2006]. Recent results also found
Cuy_,Se as platelets at grain boundaries and within grains [Sanli et al., 2017]. This
is in agreement with the results here. However, the degree of intermixing can not
be investigated here. The important result is, that the phase Cuy_,Se is most likely
to be found on top of the film, possibly also within the CIS layer and the modeled
fluorescence intensities are appropriate to describe the measured fluorescence evolutions,

especially of Ioy_ka-
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4.2. Fast absorber growth with strong vertical Ga segregation

As the last step, the effect of all possible phase compositions applied to stacking sequence
A is studied to test the plausibility. The influence of the Cu concentration in 7y /o-
CugGay and the evolution of the calculated and the observed fluorescence intensities are
presented in Fig. 4.9. A decreasing amount of Cu in 7; 9-CugGay results in an increasing
amount of Cuy 79Se. This mainly increases I, _ko. An evaluation of the exact amount
of Cu in 7 /2-CugGay is not possible by comparison of the fluorescence intensities
and is not necessary here. The important result remains, that the phase Cuy_,Se is
most likely to be found on top of the film and the range of the Cu concentration in
71/2-CugGay still leads to the same stacking sequence. Stacking sequence A is selected

as being representative.
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Figure 4.9.: a) Most probable stacking sequence at Ty=447°C and b) corresponding
calculated fluorescence intensities as function of an increasing CIS thickness (between
the limits as described in the text). The colors correspond to the element species as
indicated at the left and right axis. The dashed lines indicate the experimental values
observed at 447 °C. The colored background ranges indicate the maximum uncertainty
of the experimental values (£8 %). x, +, o indicate the resulting fluorescence intensities
for 60, 64, 68at.% Cu in 71 /9-CugGay. The black frame encloses the best matching
fluorescence intensities, as described in the text.

4.2.2.3. Depth distribution of phases at T3=505 °C

The diffraction and fluorescence peaks at T3 are nearly at the same final values as in
the end of the selenization. It is likely, that the precursor has completely transformed
during thermal treatment with supplied Se vapor to the two detected chalcopyrite
phases CIS and CIGS. The depth distribution of the two CIGS phases is determined
by the Ga segregation at the back contact, confirmed e.g. by the absorber elemental
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4. Evolution of crystallographic phases and vertical elemental redistribution

a) b) Figure 4.10.: a) Stacking se-
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depth profile measured by GDOES (see Fig. 4.5b)). The linear equation system is
overdetermined due to two phases and three element quantities. It can be solved, with
leaving the Cu concentration in the CIGS phases as a free parameter. The Cu depth
profile is approximated as constant over both phases. The calculated fluorescence
intensities are shown in Fig. 4.10 for the two stacking sequences with either CIS (A)
or CIGS (B) on top. The stacking order with CIGS on top shows significantly higher
deviations of the calculated with respect to the measured fluorescence intensities for
In, Ga and additionally for Cu. The depth profile of Cu is the same for both stacks
and the different values demonstrate the higher attenuation of I, g, by In than Ga.
The most probable stacking sequence A is in agreement with the observed elemental
depth profile by GDOES. The resulting layer thicknesses are shown in Tab. 4.3. The
result validates the method used for the evaluation of the elemental depth profile
by calculating fluorescence intensities for specific elemental depth profiles. However,
not all calculated fluorescence intensities are within the uncertainty of the measured
values. A more detailed depth profile comprising depth gradings within the phases
could improve the agreement of the Io,_ ko and Ig,_Ka-

Table 4.3.: Phases and their layer thicknesses, as deduced above for t;-ts.

Tow (Ti) | T,=388°C | T,=447°C | T3=505°C
Phase / nm CIS / 221 nm Cuy725e / 31lnm | CIS / 1202 nm
InsSe; / 481 nm CIS / 493nm | CIGS / 462 nm

7-Cug(In,Ga), / 258 nm (In,Ga)Se / 517nm
’71/2-CU9G&4 / 199 nm
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4.2. Fast absorber growth with strong vertical Ga segregation

4.2.2.4. Comparison between time dependence of measured and
calculated fluorescence intensities

Various stacking sequences were investigated above to deduce the most likely ones at
given times during selenization. Now, the concluded stacking sequences with their
corresponding fluorescence intensities are shown in context to the evolution of the
fluorescence intensities from in situ EDXRF (Fig. 4.11) for comparison and investigation
of the relative evolution throughout the whole process.
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Figure 4.11.: a) Proposed growth schematic and b) calculated fluorescence intensities
for the respective stacking sequences at Ty, of T1=388°C (t1), To=447°C (t3) and
T3=505°C (t3). The colors correspond to the element species as indicated at the
left and right axis. The Ga fluorescence intensity increased until the heating lamps
are turned off and the Ga rich CIGS 112 reflection shifts to lower d with lower Ga
concentration. The results regarding the second detector can be found in sup. Fig. D.8.

The relative evolution is basically similar to the measured one, which is the key
aspect for the proposed growth schematic. In case of individual calculated fluorescence
intensities, which are outside the uncertainty of the measurement, possible reasons
for this were given for each distinct deviation and discussed in the subsections above.
A general and small deviation of all fluorescence intensities of a distinct element can
result from a systematic error. A systematic error can result from the calibration of
the correcting factor. For the calculation of this factor, a stack comprising two layers
with a constant elemental composition were assumed. The top layer was approximated
by an average Cu content of 6at.%, although the elemental depth profile by GDOES
in Fig. 2.6a) shows a slight gradient, which could not be determined in more detail due
to the depth resolution of the GDOES setup.

Assuming this systematic error to be present, an additional factor for the fluorescence
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4. FEvolution of crystallographic phases and vertical elemental redistribution

intensities decreases this mismatch retrospectively®. With this, the matching evolution
is highlighted. In detail, the calculated Is._ ko and I, g, were slightly higher than
the measured intensities during each deduction of a stacking sequence. Furthermore,
Ica— ko was slightly lower. Using these factors does not change the deduced stacking
sequences and the good agreement of the relative change of calculated and measured
fluorescence intensities.

In case of I}, ka, a further explanation for the generally slightly higher calculated
than measured fluorescence intensities might be a slight In-loss during selenization. An
evaporation of an In-Se is likely [Greenberg et al., 1973, Chatillon, 1993].

A second detector was applied in a smaller angle to the substrate (see Sec. 2.2.1) and
the fluorescence intensities were also calculated for detector 2, based on the deduced
stacking sequences. Interestingly, the relative evolution is also similar in detector 2
(see sup. Fig. D.8), although the deduction was only based on the experimental results
from detector 1.

The general discussion of the applied EDXRD/EDXRF method for the deduction of a

growth schematic can be found in Sec. 4.4.

Overall, the presented resulting evolutions of the calculated fluorescence intensities of
all elements are in good agreement with the observed fluorescence intensities. This
strongly supports the proposed growth schematic. Such a detailed growth model in
regard to phase compositions has not been presented before.

This is the first time that the method of calculating fluorescence intensities is applied
to a whole Cu(In,Ga)Sey growth process. The results approve the applicability to such

a complex system.

In literature, there are two accepted schematic presentations for the growth of CIGS
with strong Ga segregation concerning the elemental depth distributions and phases
during growth from Mainz et al. and Purwins:

i) Mainz et al. proposed a simplified 1D growth model (Fig. 4 in [Mainz et al., 2015b]),
based on in situ EDXRD and ex situ elemental depth profiles. The final elemental
depth profile and the general evolution of phases from Mainz et al. (Fig. 1.10) is similar
to the observations presented in Fig. 4.4. Their schematic of the evolution starts
with melting of In and the presence of Cu,(In,Ga), phases (suggested as Cuyg(In,Ga)g
and Cug(In,Ga),), which vanished during Se incorporation. Selenides like InsSes and
afterwards InSe were forming as well as the growth of CISe/CIGSe and CGSe/CIGSe
(denoted here as CIS and CIGS, respectively) were observed. Here, the Cu,(In,Ga),
phases were differentiated as Cuyg(In,Ga)g, 7-Cug(In,Ga)s and 7, /2-CugGay, with the
latter two phases growing below the first one. Mainz et al. found indications for In-Se
beneath Cu-Se, which was identified here as Cuy72Se. They could not distinguish

6The factors were determined for Ga and Se (see Fig. 4.11b)) by use of the average proportionality
of all three calculated points to the measured values.
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4.2. Fast absorber growth with strong vertical Ga segregation

the phases InySes and InSe in their elemental depth profiles by EDX and denoted a
layer as In-Se. This assumption is confirmed with the results here, showing that InSe
formed at the same position as InsSes. It also agrees to be below Cu-Se and CulnSes,.
While they showed a replacement of Cu-Se by CulnSe; and In-Se present beneath these
phases, here, InSe vanished before Cu; 72Se vanished. Their stacking order of In-Se
below CulnSe, is in agreement with the stacking sequence deduced here.

ii) Purwins proposed a 2D model (Fig. 110 in [Purwins, 2010]) of the growth of
CIGS with excess chalcogen supply, based on calorimetric and in situ as well as ex
situ XRD investigations. This schematic of consecutive stacking sequences explains
the initial formation of some phases and further growth by use of partly lateral
distributed crystals instead of only closed layers. For example, the stacking sequences
b) Mo/CuyGay/IngSes/InSe/CulnSey /CuSe, ¢) Mo/CugGay/InSe/ CulnSes/CusSe and
g) of Mo/CuGaSe;/CulnSe; are in agreement with the deduced stacks at Ty, Ty and
Ts. A formation of CulnSe; is shown to be fed by InSe, in contrast to the formation
observed in the present work, where the formation of CulnSe, is starting already
with the appearance of InySes. He suggested the presence of CuSe on top of the film
before CuySe appears. This is also possible here, based on the too low Cu fluorescence
intensity calculated for T}.

The results here are in good agreement with the literature.

4.2.3. Summary

A selenization process with final Ga segregation was investigated. The present phases
were determined by in situ EDXRD. A 1D growth schematic with the position of the
phases within the film was deduced by comparing the evolution of the in situ EDXRF
results with calculated fluorescence intensities. The method of calculating the elemental
fluorescence intensities on the basis of a 1D layer stack of identified phases was applied.
This is the first time that the method of calculating fluorescence intensities has been
applied to a complete selenization process of a Cu-In-Ga precursor to CIGS. This
growth path with Ga segregation is well documented in literature. A good agreement
of the obtained results with the literature was achieved. The utilization of this method
to a system with such a high complexity and the good agreement of the deduced 1D
growth schematic with the measurement results demonstrate the applicability and
limits of the method. The growth schematic is more detailed in regard to phases, phase
composition and depth distribution as it was previously proposed using other methods.
It could be shown, that Cu movement towards the surface occurs, when it occurs and
that it is correlated to the formation of Cu,y_,Se.
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4. FEvolution of crystallographic phases and vertical elemental redistribution

4.3. Fast absorber growth without final vertical Ga

segregation

The following results reveal the phase evolution and phase depth distribution during
the selenization with a finally homogenized Ga depth profile which exhibits a minimum
GGI of 0.26. This is the first report of an in situ observation of such a process. The
following results are in contrast to the results presented before in Sec. 4.2, where nearly
no Ga was in the top part of the final CIGS film. Both processes were performed
with the same temperature profile and with precursors, which were prepared in the
same sputter run. Again, the results obtained during selenization with the in situ
EDXRD/EDXRF method are presented first (Sec. 4.3.1). Then, the stacking sequence
of the present phases is deduced by comparison of the obtained EDXRF intensities
to calculated fluorescence intensities. This is repeated for specific points in time ¢; to
propose an evolution of the phase depth distribution during selenization (Sec. 4.3.2).

4.3.1. Analysis of the in situ EDXRD/EDXRF measurement

The multilayer precursor was heated with 1°C/s in supplied Se vapor in the vacuum
selenization tool. Fig. 4.12 presents the applied temperature profile (T's,,) together with
the time-resolved EDXRD/EDXRF signal during the heat up. Significant reflection
intensity maxima or changes are marked with dashed lines at specific temperatures T;
(points in time t;, respectively) starting with T¢p=220°C and t,=0 min.

Evolution until the first appearance of a CIGS related reflection
T0:220 OC S Tsub S T1:388 OC (to S t S tl)

At the start of the fast heating step at Tg=220°C, the sample contains the 7- and -
phases. Their most dominant reflections are n-Cuys(In,Ga)g 110/102 and 7-Cug(In,Ga),
330. The corresponding intensities are denoted as I}, /102 and I3y. At Ty, I}, /102
exhibits only half the value compared with the beginning of the measurement (not
shown, compare Fig. D.9). The decline of I}, /102 correlates with the occurrence
and increase in intensity of 15, (Fig. 4.12e)). These trends become more significant
above Ty,,=310°C. The same general evolution was found by detector 2 (dashed
lines in Fig. 4.12¢)). The relative intensities of the alloys differ between the two
detectors. While I35, reaches nearly the same height as the I}, /102 reflection in de-
tector 1, in detector 2 Ijs, increases only to half the height of the I7,, /102 Teflection.
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Figure 4.12.: Evolution of temperature and intensities of phase reflections and fluorescence peaks over process time during
selenization of a Cu-In-Ga multilayer precursor. a) and c¢) substrate temperature profile with b) magnified area from time-resolved
EDXRD/EDXRF data of detector 1. The complete measurement data is appended as Fig. D.9. Element fluorescence peaks and
identified phases are marked. Corresponding ICDD numbers and references are listed in sup. Tab. E.2. Evolution of integral
intensities of d) fluorescence peaks and diffraction peaks of e) metallic alloys (dashed lines for the same reflections of detector 2), f)
binary selenides and g) chalcopyrites. Significant peak intensities are highlighted by dashed lines labeled with T; and ¢;, at which
the phase depth distribution will be deduced in Sec. 4.3.2.
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4. FEvolution of crystallographic phases and vertical elemental redistribution

Detector 2 is more surface sensitive. Thus, the lower relative intensity of v-Cug(In,Ga),
330 in detector 2 points to a growth of 7-Cug(In,Ga), below Cuyg(In,Ga)g. This is
in agreement with the results from the Se free treatment in Sec. 4.1, where the same
conclusion was drawn, based on the decreasing Io,_ ko and Ig._ ko together with the
increasing I, k. fluorescence intensities.
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Figure 4.13.: Evolution of temperature and chalcopyrite 112 reflection over process
time, extracted from the EDXRD/EDXRF data in Fig. 4.12. a) Ty, (black line), I3
and [ SIQQS (colored lines) of the occurring chalcopyrite 112 diffraction peaks and b)
corresponding lattice plane distances dy12. The dashed lines in b) represent the djqy
of the phases CulnSe,, CulnsSes and CuGaSe,, calculated as function of T, based
on their value at RT and thermal expansion coefficient, given in literature (see sup.
Tabs. E.2 and E.3). ¢) EDXRD spectra at different temperatures vs. lattice plane
distance.

The I339 of the v-phase reaches its maximum at 367 °C, where the decrease of I119/102
of the n-phase changes to a slower rate.

No increase of Cu fluorescence was observed here as an indicator for Cuy_,Se. Re-
flections of InsSez (001, 011, 330, 040) occur at 327°C and increase (see Fig. 4.12f)).
Together with InySes, also a chalcopyrite 112 reflection appears (see CIS in Fig. 4.12g)).
Its lattice plane distance (Fig. 4.13b)) at T1=388°C corresponds to Cu(Ingg5Gag.5)Ses
and it is therefore referred to CIS.
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4.3. Fast absorber growth without final vertical Ga segregation

Transformation of CIS and intermediate phases to CIGS
T,=388°C - T,=506°C (t; - t4)

The decrease of Ip;3°% after T,=388°C correlates to an appearance and increase of
(In,Ga)Se reflections (004, 100/101 and 0027). The composition is evaluated by use
of Vegard’s law and its dominant 004 reflection, which evolution is shown in the sup.
Fig. D.12. Its composition is (Ing g5Gag g5)Se at the maximum of I&Iﬁ’Ga)se at Ty=457°C
as well as afterwards at T3=>501°C.

At about 422 °C, an additional reflection occurs in the EDXRD signal, which is over-
lapped by the CIS 112 reflection (see spectra in Figs. 4.13 and 4.14). Between T5=457°C
and T3=501°C, both 112 reflections are shifting towards each other. The signal evolves
to a single 112 reflection at T4=506°C, referred to as CIGS 112 (see Figs. 4.13b)
and 4.14). Its d?l%gs is smaller than the simulated values of CulnSe; and CulnsSes.
Hence, it needs to be correlated to a Ga containing phase like Cu(Ing 7oGag g)Ses or
Cu(Ing 70Gag 30)35es. No unique reflection of an C(IG)3S5 (like 002 or 102) was found,
but could be hidden by the background signal due to typically low reflection intensities.
Therefore, CIGS instead of C(IG)3S5 was assumed at this point.

Characteristic changes occur between T3=501°C and T4=506 °C in all present phases
and the Cu-Ka and Ga-Ka fluorescence intensities. This period lasts 22s.
For example, 7-Cug(In,Ga), 330 vanishes (blue line in Fig. 4.12¢) and sup. Fig. D.11)
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Figure 4.14.: EDXRD spectra at 501 °C (¢3), 506 °C (t,) and description of the signal
with Gaussian curves.

and another 330 reflection of a 7-phase (green line) with a higher lattice plane dis-
tance occurs. The difference in ds3p can be either due to i) a phase transition, ii) a
decreasing Cu concentration and/or iii) a decreasing Ga concentration. The Cu-Ga

"The (In,Ga)Se 002 reflection is overlapping with the escape peak (ESC) of In-K, fluorescence.
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4. FEvolution of crystallographic phases and vertical elemental redistribution

phase diagram in sup. Fig. E.2b) shows a transition from ~;-CugGay to vp-CugGay at
67.87at.% Cu and the corresponding lattice constant diy,. Their difference is about
Ads30=0.00054 nm® between both phases. This Adssg is only a forth of the observed
difference Ads30=0.00198 nm at 503 °C. Hence, another or an additional effect by a
change of the composition must be present. A necessity of a lower Cu concentration
according to ii) will be evaluated in Sec. 4.3.2.5, while regarding iii), the GGI will
remain constant.

Remarkably, the reflections of (In,Ga)Se show a strongly enhanced decrease from 501 °C
until they disappear at 506 °C? (see Fig. 4.12f)). They disappear either due to melting
and/or due to a reaction to e.g. chalcopyrite. This will be discussed in Sec. 4.3.2.

This Ga depth homogenization is in accordance with the results by use of the atmo-
spheric selenization tool (as reported in [Schmidt et al., 2017]), where the homogeniza-
tion occurred above 520 °C, whereas it is observed here until 506 °C. However, the

actual T's,, in the atmospheric selenization tool is estimated rather than measured.

Evolution after T,=506 °C and final film composition after cool down

From T4=506°C on, the 330 reflection intensities of the y-Cug(In,Ga), phases (green
and black lines in Fig. 4.12¢)) decrease while [ﬁIQ*GS and Ig._ . increase slightly.
Furthermore, at 537 °C a Cuy_,Se phase occurs, possibly correlated to an increase of
Icu—Kka- It is supposed, that the y-phase releases the same quantity of Cu and (In+Ga)
to react with Se to chalcopyrite. In this way, the Cu concentration in -Cug(In,Ga),
increases, shifting the ds3p. When the v-phase reaches its upper limit of Cu content,
Cuy_,Se starts to form.

During cool down, Cuy_,Se disappeared and CuSe (102 and 006 reflections) occurred
around 260 °C (not shown). The presence of Cuy_,Se and CuSe in the finalizing process
are typically observed in Cu rich films. This is in agreement with the composition
analysis by XRF measurement of the final film which shows an increased CGI to 1.1
and increased GGI to 0.32 (see Tab. 4.4). Hence, the initial composition for Cu-poor
absorbers (CGI<1) has changed to a Cu-rich (CGI>1) composition, which can be
explained by In-loss.

A selenization in the atmospheric tool with T's.=390 °C led also to an increased Ga
concentration towards the surface (Fig. 4.26b)). Its final film composition exhibited a
Cu-poor ratio (“Absorber (at.)” in Tab. 4.4). It is concluded, that the In-loss is not
the cause for the smoothed Ga grading profile. Some literature suggests, that Cu-Se

8Respectively Aa=0.0023 nm with dzzo=a/(3% + 3% + 0?)
In the experiment with the lower heating rate of 0.5°C/s, (In,Ga)Se 004 vanished also until 506 °C
(see Fig. D.10).
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4.3. Fast absorber growth without final vertical Ga segregation

Table 4.4.: Elemental compositions of the precursor and absorber films, analyzed by
WDXRF. The absorber processed in the vacuum tool (vac.) was analyzed with the
measurement position aligned to be on the same position as the in situ EDXRD/EDXRF
measurement. The absorber from Fig. 4.26¢c was processed in the atmospheric tool,
denoted with (at.).

Element / % Cu In Ga  Se CGI GGI Thickness

Precursor 45.86 39.72 1442 O 0.87 0.27 610 nm
Absorber (vac.) 25.06 15.16 7.25 5253 1.12 0.32 1462 nm
Precursor 47.04 38.04 1493 0 0.89 0.28 597 nm

Absorber (at.) 20.11 16.52 6.01 57.36 0.89 0.27 1852 nm
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Figure 4.15.: a) SEM image of the cross section of the final CIGS film. b) Quantified
elemental depth profile measured by GDOES on the final layer. The in-depth uncer-
tainty is in the order of 100 nm. CGI and GGI are on the left axis. The back contact is
assumed to start at a molar fraction of Mo at 0.1, indicated by the vertical dashed line.

binary compounds like Cus_,Se are related to an increased interdiffusion of In and
Ga [Tuttle et al., 1994, Walter and Schock, 1993]. This correlation is not found here,
since the formation of CIGS occurred before the observation of Cu-Se compounds.

A SEM image of the final CIGS layer is shown in cross sectional view in Fig. 4.15a). The
SEM image presents grains larger than 1 pum. This is in contrast to [Kaelin et al., 2003,
Wang et al., 2012], who found smaller CIGS crystals for a low Psge.

The film was also analyzed by GDOES (see Fig. 4.15b)) and WDXRF (see “Absorber
(vac.)” in Tab. 4.4). The elemental depth distribution shows an increased Se concen-
tration in the top 100 nm. This is likely to be the CuSe, which was found via EDXRD.
Beneath, the Cu concentration steps up while In increases continuously and Ga stays
nearly constant. The Cu concentration falls rapidly to a stoichiometric composition at
the rear side. The Se concentration is at a stoichiometric level.
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4. FEvolution of crystallographic phases and vertical elemental redistribution

The EDXRD spectrum at the end of the measurement (at Ty, =149 °C) shows a d\j5"

of 0.3309 nm corresponding to Cu(InggsGag.z2)Ses. This is in accordance to the GGI
of 0.32 from XRF. Fig. 4.15b) shows a minimum GGI of 0.26 at 0.1 pm. According to
Eq. 1.2, this corresponds to an F, of 1.15¢eV.

Summary of the in situ analysis and the deduced phase evolution

A summary of the most important results is listed in the following. A time corresponding
presence of observed phases is provided by Fig. 4.16. The observed phases and the
listed relevant values for characteristic points in time are the basis for proposing a
growth schematic of stacking sequences.

e 7-Cug(In,Ga), (Cu and Ga richer) grows while Cuy4(In,Ga)g reduces
e InySes appears at Ts,,=327 °C and subsequently CIS appears

o CIGS/C(IG)3S5 appears at T;=388°C

e Icu_Keo reaches minimum at 388 °C

o (Ingo5Gag.os5)Se appears at 388°C and is fed by In,Ses

o Cuyg(In,Ga)g vanishes until Ty=457 °C

« Significant transformations occur within a small temperature interval between
T3=501°C and T4=506 °C lasting only 225

— Transformation to a single chalcopyrite phase CIGS until 506 °C

(In,Ga)Se vanishes
— Iou—ko and Ig,_k, increase

— v-Cug(In,Ga), transforms to a similar phase with higher lattice plane dis-
tance

o A second transformation of y-Cug(In,Ga), occurs, again to a higher lattice plane
distance and evolves to a lower d33g again

o 7-Cug(In,Ga), 330 vanishes until T5=549°C
o Cuy_,Se forms at 549 °C and transforms to CuSe during cool down
e Final film properties:

— Increased CGI from 0.87 to 1.12 and increased GGI from 0.27 to 0.32 by
XRF
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4.3. Fast absorber growth without final vertical Ga segregation

— CIGS composition from EDXRD is Cu(InggsGag.32)Ses

— SEM shows a homogeneous and closed film with grains in size of film
thickness
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Figure 4.16.: Simplified overview of phases present over process time and as function
of temperature. Characteristic points in time for deducing a growth schematic with
specific stacking sequences are at Ty, of T1=388°C (t1), To=457°C (t3), T3=501°C
(t3), T4=506°C (t4) and T5=549°C (¢;5) in the next section.

4.3.2. Deduced 1D growth schematic

The aim of this section is to investigate the vertical phase distribution and its evo-
lution in time during the selenization described in Sec. 4.3.1. Stacking sequences for
characteristic points in time during the investigated selenization are deduced and are
combined to a simplified one-dimensional growth schematic. The evaluation of stacking
sequences is based on the phases identified in the previous section in combination
with numerically calculated fluorescence intensities as well as the time evolution of the
measured fluorescence intensities. This procedure is described in general in Sec. 2.2.2
and is similar to the previous application in Sec. 4.2.2. The approximation of the actual
elemental depth profile by a 1D model with phases defined as parallel layers without
intermixing results in deviations of the calculated to the experimental fluorescence
intensities. First, the deduction is performed for specific points in time. Second, it is
very important, that stringing together the single findings result in an evolution, that
reproduces the experimental evolution. The focus here is on the change in fluorescence
intensities indicating a change in the elemental depth profile. It will be shown, that
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4. FEvolution of crystallographic phases and vertical elemental redistribution

the observed changes can be reproduced using the suggested model. Therefore, the
evolution in time of the individually calculated fluorescence intensities are compared
with the evolution of the experimental values, resulting in a proposed model of stack-
ing sequences. The detailed deduction of each stacking sequence is presented in the
following.

4.3.2.1. Depth distribution of phases at T;=388 °C

Phases detected at T1=388°C are 7-Cug(In,Ga)s, Cuye(In,Ga)g, InsSe; and CIS
(Cu(Ingg5Gagos)Sez). Besides, liquid In was concluded to be present at To=220°C
and may still be present in the sample at 388 °C. Since a liquid cannot be detected
by EDXRD, the point in time, at which the liquid In vanishes due to a complete
reaction to other phases is unknown. As a first assumption, the In is assumed to be
completely transformed to other phases like InsSes (as it was the case in Sec. 4.2.2 at
Tsu,=388°C). The composition of y-Cug(In,Ga), is deduced to exhibit a Cu concen-
tration of 67.5+1.5at.% Cu, regarding the Cu-In-Ga phase diagram (Fig. 1.5a). The
exact composition of the y-phase is calculated in regard to its ds3g and possible Cu
concentration range, as described in sup. Sec. D.1. The calculated composition range
can be found in sup. Tab. D.1. The table contains the possible compositions of the

~v-phase for all investigated points in time.

Due to the presence of four phases, the linear equation system is under-determined
(see Eq. 2.1). A set of solutions must therefore be considered. The CIS thickness is
chosen to be the free parameter. There is an interdependence of the CIS thickness and
the Cu concentration in the y-phase. The upper limit of the CIS thickness, for which
the linear equation system is solvable, depends on the allowed Cu concentration in the
~v-phase.

In general, four phases allow 4! stacking sequences. The number of possible stacking
sequences can be reduced, since CIS and IngSez are the only Se containing components.
They are assumed to lie closest to the supplied Se vapor. Hence, the two metallic
phases are assumed to be located at the back contact. In the previous ez situ study to
the similar growth, an incorporation of Se from the film surface continuously towards
the back contact was found [Schmidt et al., 2017].

Cuy6(In,Ga)g is only a thin layer (58 nm will be deduced below). Furthermore, the 7-
and ~-phases exhibit the same elements and a similar composition. As a consequence,
flipping these two layers results in no significant change in the calculated fluorescence
intensities (not shown). Hence, their stacking order cannot be determined from
calculated fluorescence intensities. From the precursor annealing experiment in Sec. 4.1,
it was concluded, that «-Cug(In,Ga), forms below Cuyg(In,Ga)g. This is also assumed
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4.3. Fast absorber growth without final vertical Ga segregation

to be the case here. In consequence of this assumption, two different stacking sequences
with either InysSes or CIS on top are likely, see Figs. 4.17a) and d).
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Figure 4.17.: Possible stacking sequences in a) and d) and corresponding calculated
fluorescence intensities with the CIS thickness as parameter in b) and e). The colors
correspond to the element species as indicated at the left and right axis. Dashed
horizontal lines illustrate the experimental values at T;=388 °C. The colored background
ranges indicate the maximum uncertainty of the experimental values (+8 %). x, +,
o indicate the results for 66, 67.5, 69at.% Cu in 7-Cug(In,Ga),. The values in the
rectangles in b) and d) present matching values, achieved with the modified stacking
sequences in ¢) and f) with liquid In present. These could only be achieved for the
lower limit of the Cu concentration in y-Cug(In,Ga),. Further explanations can be
found in the text. All I}, g, values are reduced by 22 for a better visibility of the
deviations.

For the two stacking sequences in Figs. 4.17a) and d), the fluorescence intensities are
calculated as a function of the CIS thickness, see Figs. 4.17b) and e). Independent of
the CIS thickness, the values of Is._ g, are too high and the I,;,_ k. values are too low
for both stacking sequences. The Ig._ g, is concluded to be too high, because the linear
equation system results in too much Se. This amount of Se attenuates I/, k«, S0 that
the calculated I,;,_ g« is below the experimental value. Better matching fluorescence
intensities can be achieved by assuming liquid In to be present. As a consequence of
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4. FEvolution of crystallographic phases and vertical elemental redistribution

an additional phase, the linear equation system is under-determined. Therefore, the
thickness of the InySes is selected as the additional free parameter to exhibit a set of
solutions. Reducing its thickness results in an increase of the thickness of the liquid In
layer. This can compensate the divergence of the Is. i, and Iy, k. The precursor
exhibited most In in the top part of the film and liquid In is assumed to be present as
a layer between the other Se free and the Se containing phases. The In,Ses thickness
is adjusted to achieve a matching Ig. g, and the CIS thickness is adjusted to achieve
a matching Ic,_g«. For a Cu concentration > 67.5at.% Cu in the v-phase, there is no
matching I, ko for the whole range of CIS thickness. For 66 at.% Cu (lower limit)
in the y-phase, matching fluorescences were found for both stacking sequences, see
Figs. 4.17¢) and f), and highlighted with a black frame in Figs. 4.17b) and e). In case of
IngSez on top, the CIS thickness needs to be higher than for the inverse sequence. For
both sequences, the fluorescence intensities are matching similarly well. To distinguish
between these two stacking sequences, a result from below is taken into account. At
the following points in time with Ty=457°C and T3=501 °C, InSe is deduced to be on
top of the film. A transformation of InsSe; to InSe is likely (and was similarly observed
in Sec. 4.2). Thus, the stacking sequence with InsSes on top (Fig. 4.17¢)) is assumed
at 388 °C. The corresponding layer thicknesses are listed in Tab. 4.5 on page 101.

4.3.2.2. Depth distribution of phases at Ty,=457 °C

Phases detected at T, =457 °C are 7-Cug(In,Ga)4, (In,Ga)Se ((Ingo5Gaggs)Se), CIS
(Cu(IngosGagos)Se2) and a second tetragonal phase (see Fig. 4.14). The latter was
labeled as CIGS in Sec. 4.3.1. It is noted in advance, that the calculation of fluorescence
intensities with a CIGS phase as the second tetragonal phase at 457°C and 501 °C
resulted in no matching fluorescence intensities (compare sup. Sec. D.4.1). Instead, the
presence of a C(IG)3S5 phase is proposed here. C(IG)3S5 exhibits the same reflections
as CIGS with additional reflections. None of such an additional reflection could be
uniquely attributed to a C(IG)3S5 phase. However, a unique reflection could be small
and hidden within the background. Assuming the presence of a C(IG)3Ss phase, the
position of the 112 reflection corresponds to a composition of Cu(IngssGag.a2)3Ses,
compare Fig. 4.13. The composition of the ~-phase is limited to a Cu concentration of
68+2at.% Cu by the Cu-In-Ga phase diagram (Fig. 1.5b)), see sup. Tab. D.1 for the

detailed composition.

Again, the linear equation system is under-determined. The CIS amount is selected
as the free parameter of the set of solutions. With an increasing amount of CIS, the
amount of the C(IG)3S5 increases while the amounts of (In,Ga)Se and y-Cug(In,Ga),
decrease. The respective Cu concentration in y-Cug(In,Ga), defines the lower and
upper limit of the CIS amount in the set of solutions of the linear equation system,
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4.3. Fast absorber growth without final vertical Ga segregation

as marked with arrows in Fig. 4.18b). The lower limits are reached when either the
C(IG)3S5 or the CIS thickness reaches 0 nm. All upper limits of the CIS thickness are
determined by a disappearance of the (In,Ga)Se phase. Hence, matching fluorescence
intensities must be found between these limits.
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Figure 4.18.: a) Proposed stacking sequence at T's,,=457 °C (t5) and b) corresponding
calculated fluorescence intensities. The colors correspond to the element species as
indicated at the left and right axis. x, 4+, o indicate the results for different Cu
concentrations in y-Cug(In,Ga)y. Dashed lines illustrate the observed intensities from
experiment at T,;,=457 °C. The colored background ranges indicate the maximum
uncertainty of the experimental values (£8 %). Arrows indicate the lower limits of
the set of solutions. The limits of the CIS amount are 216 nm and 851 nm for 66 at.%
Cu, 68 nm and 836 nm for 68 at.% Cu and between O nm and 822 nm for 70 at.% Cu
in 7-Cug(In,Ga)y. All I, g, values are reduced by 26 for a better visibility of the
deviations.

The -Cug(In,Ga), phase is the only Se free phase and supposed to be located below
all Se containing phases at the back contact. Then, there are six possible permutations
for the stacking sequence of the other layers.

All stacking sequences, except for sequence D, are unlikely due to very large differences
between the calculated and the observed intensities of e.g. either Io,_ ko OF Iga_Ka
or both (compare sup. Fig. D.13). For Cu concentrations of 68 and 70at.% Cu in
the y-phase, there are similarly well matching fluorescence intensities at a similar CIS
amount (see the area around the black frame in Fig. 4.18b)). However, the values for
66 at.% Cu are selected (see black frame in Fig. 4.18b)) due to the best matching I7,— xa
and highest y-phase thickness. The I35, at 457 °C is similar to the value at 388 °C and
decreases to 501 °C. The corresponding layer thicknesses are listed in Tab. 4.5 on page
101.

As a result of the stacking sequences for increasing the Ty, from 388 °C to 457 °C, the
CIS phase was growing, the C(IG)3S5 phase appeared, Cug(In,Ga)g vanished and the
thickness of 7-Cug(In,Ga), decreased. This is in agreement with the observed evolution
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4. FEvolution of crystallographic phases and vertical elemental redistribution

of corresponding reflection intensities, except for the y-phase, which was observed to
be similar.

4.3.2.3. Depth distribution of phases at T3=501 °C

Phases detected at T, =501 °C are the same as at 457 °C: 7-Cug(In,Ga)4, (In,Ga)Se
((Ing.95Gag.05)Se), CIS (Cu(IngoGag1)Sez) and C(IG)3Ss (Cu(Ing76Gag24)sSes). In
comparison with T's,,=457 °C, the Ga concentration in CIS doubled and in C(IG)3S;
halved. The composition of the y-phase is limited to a Cu concentration of 6842 at.%
Cu by the Cu-In-Ga phase diagram (Fig. 1.5b)) again, see sup. Tab. D.1 for the
detailed composition.

A loss of In by evaporation of a volatile In compound during this selenization process
was concluded in Sec. 4.3.1 based on the different initial and final film compositions
measured by ex situ XRF. A decreasing amount of In during selenization is expected
to result in a decreasing experimental value of I}, k., and a correlated increase of
Ino-ka. Both changes occurred between 457 °C (t3) and 515°C (Fig. 4.12d)). The
decrease of Iy, k. towards 515°C is bigger than it could result from attenuation
caused alone by Se incorporation into the film after a complete transformation to
CIGS (compare Fig. 4.4d)), nor by another stacking sequence. Hence, a loss of In
between 457 °C and 515 °C is likely. Regarding the linear equation system, a decrease
of the In quantity mainly decreases the thickness of (In,Ga)Se. The result is less Se
effecting a lower Is._ g, and a higher Io, g, (due to a decreased attenuation). The
In loss is assumed to be mainly responsible for the decrease of Ij,,_ k.. Regarding the
I ko at 501 °C, this is about 1/4 of the total difference in the evolution of I, k.
The total In loss is estimated by the initial and final In quantities from ex situ XRF
(13515 atoms/nm?-9440 atoms/nm?) as a maximum loss. One forth of the total In loss
is an absolute loss of about 7.5 % less In. The reference In quantity of 13515 atoms/nm?
is reduced to 12496 atoms/nm? and used for the following calculation of fluorescence
intensities.

The linear equation system is under-determined and the CIS thickness is selected as
the free parameter of the set of solutions. The Cu concentration in the y-phase again
defines the range of CIS thicknesses for which the linear equation system is solvable
(see arrows in Fig. 4.19b)). All lower limits are determined by a disappearance of either
the C(IG)3S5 or the CIS phase. All upper limits of the CIS thickness are determined
by a disappearance of the (In,Ga)Se phase. Hence, a matching fluorescence intensity
must be within these limits.

Again, assuming the position of the only Se free phase, v-Cug(In,Ga)y, to be furthest
from Se supply, i.e. at the back contact, there are six possible permutations regarding
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Figure 4.19.: a) Proposed stacking sequence and b) corresponding calculated fluores-
cence intensities. The colors correspond to the element species as indicated at the left
and right axis. Dashed lines illustrate the experimental intensities at T, =501°C (t3).
The colored background ranges indicate the maximum uncertainty of the experimental
values (£8 %). x, +, o indicate the results for 66, 68, 70 at.% Cu in the -phase. Arrows
pointing upwards (downwards) indicate the lower (upper) limits of the CIS thickness
for each set of solutions. All I}, _ k. values are reduced by 20 for a better visibility of
the deviations. The black frame encloses the best matching fluorescence intensities
(312nm CIS and 66 at.% Cu).

the stacking sequence (Fig. D.13b)). The calculated fluorescence intensities of the
whole set of solutions for all six stacking sequences can be found in Fig. D.13d). The
calculated fluorescence intensities, that are matching best to the experiment are found
for the stacking sequence D while A, B, C, E and F are unlikely again (Fig. 4.19a)).
This is consistent with the stacking order proposed at T'g,=457°C (t2).

The best matching fluorescence intensities were identified for 66 at.% Cu in the ~-phase.
For a Cu concentration of 68 at.% Cu, there are similar fluorescence intensities at about
250nm CIS (extrapolated). Comparing the CIS 112 reflection at 457 °C and 501 °C,
its intensity is similar. Whereas all CIS thicknesses here are below the one deduced
at 457°C. Thus, the one with the highest CIS thickness and slightly better matching
I1— ko was selected. The best matching values are found for 321 nm CIS (66 at.% Cu),
see values in the rectangle in Fig. 4.19b). The corresponding layer thicknesses are listed
in Tab. 4.5 on page 101.

As a result when evaluating the stacking sequences at 457°C and 501 °C, it can
be seen, that the thickness of (In,Ga)Se decreased and that of C(IG)3S5 increased.
Unfortunately, the thickness of CIS decreased, but is still higher than at 388 °C. The
thickness of 7-Cug(In,Ga), increased, which seems to be in contrast to the decreased
reflection intensity from 457 °C to 501 °C.
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However, there is still a noticeable difference between the calculated and the measured
Ise—ko (dashed rectangle in Fig. 4.19b)). This deviation will be discussed after

presenting the complete evolution of the fluorescence intensities.

4.3.2.4. Depth distribution of phases at T,=506 °C

This point in time is after a short period of remarkable changes, occurring within
only 20s and a change in Ty, of only 5°C. The most important change is, that the
112 reflections of CIS and C(IG)3S; merge to a single reflection assigned to the CIGS
phase.

Phases detected at T's,, =506 °C are CIGS, 7-Cug(In,Ga), and possibly liquid (In,Ga)Se.
The composition of CIGS is determined to be Cu(Ing 77Gag23)Ses. At this temperature,
the Ga containing part (7;-CugGay) of the solid solution can be 7y or 1. For 7q, there
is no information regarding the relation between the Cu concentration and the lattice
constant. In consequence, the composition of the y-phase cannot be deduced as before.
An increase in the Cu concentration towards the surface is concluded from the phase
transformation of C(IG)3S5 to CIGS. The only phase that can be the source of Cu
for this transformation is the y-phase. Since the 330 reflection intensity is similar at
501 °C and 506 °C, the crystal amount of the phase is concluded to be similar with one
difference: For this case, the Cu concentration in the v-phase is concluded to decrease.
The Cu concentration in the y-phase is estimated at the lower limit of 61 at.% Cu'°.
Its position in the stacking sequence is again assumed to be at the back contact. It is
unlikely to change the position with the phases on top.

The composition of CIGS is assumed to exhibit a nearly stoichiometric Cu concentration
of 0.9, since the film is in the transition to a CGI > 1 until 549 °C (t5).

The In loss has continued and increased to 14.9 % regarding the relative decrease
of I, ko as calculated at 501 °C. The reference In quantity of 13515 atoms/nm? is
reduced to 11500 atoms/nm? and used for the following calculation of fluorescence
intensities.

The reflections of (In,Ga)Se disappeared from 501 °C to 506 °C either due to melting
and/or due to a reaction to e.g. chalcopyrite. In the ex situ study, InSe was found
after reaching 580 °C and cool down (see Fig. 7(a) in [Schmidt et al., 2017]). Another

aspect is, that I, was much too high (1.5 times) in a calculation of fluorescence

10An increase with a following decrease of the lattice plane distance of 4-Cug(In,Ga), 330 was also
found during the evolution of a slower selenization with a similar final Ga distribution (without
Ga segregation), shown in sup. Fig. D.10. There, this time-wise increase was correlated to a
decrease of the Cu concentration in y-Cug(In,Ga)y, due to the formation of Cus_,Se on top. At the
temperature of 506 °C, the information in the literature about y-Cug(In,Ga), is little. Furthermore,
the linear equation system exhibits no solution when assuming the Cu concentration of 66 at.% Cu
from the previous state, which was the lower limit there.
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4.3. Fast absorber growth without final vertical Ga segregation

intensities for a stack without (In,Ga)Se (not shown). The presence of (In,Ga)Se is

proposed.

Since the Ga concentration x in y-Cug(In;_,Ga,)s.75 is unknown, this is set as the free
parameter in the linear equation system. The set of solutions exhibits a decreasing
phase thickness of the y-phase for an increasing Ga concentration. Since the 330
reflection intensity of the v-phase is similar at 501 °C and 506 °C, the thickness is
expected to be the same or smaller now. Therefore, the determined thickness at 501 °C
of 212nm is expected as a limit. This value defines the lower limit of x to be 0.52. The
upper limit is an In free phase (x=1). The calculated fluorescence intensities are shown
in Fig. 4.20.
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Figure 4.20.: a) Suggested stacking sequence at T's,,=506 °C (t4) and b) corresponding
calculated fluorescence intensities. The colors correspond to the element species as
indicated at the left and right axis. Dashed horizontal lines illustrate the observed
intensities from experiment at the according temperature. The colored background
ranges indicate the maximum uncertainty of the experimental values (£8%). All
11, _ ko values are reduced by 20 for a better visibility of the deviations.

Since the experimental values of ¢, ko and Ig,_ ko significantly increased to 506 °C,
they are an important measure. The best matching fluorescences are found for x = 0.58.
The corresponding layer thicknesses are listed in Tab. 4.5 on page 101. At 501 °C, x was
deduced from ds3g to be 0.57. This is a similar value and indicates, that assuming the
lower limit of the Cu concentration in the «-phase is reasonable. In conclusion, the shift
of the 330 reflection corresponds to the lower Cu concentration in y-Cug(In,Ga)y.

4.3.2.5. Depth distribution of phases at T;=549 °C

Phases detected at T's,,=549 °C are CIGS and the high temperature phase 5-Cuy_,Se.
There is not enough information available in the literature to determine the composition
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4. FEvolution of crystallographic phases and vertical elemental redistribution

of 5-Cusy_,Se.

The Cusy_,Se 111 reflection intensity and Ic,_ g« increased from T'g,, =543 °C to 549 °C.
Simultaneously, the y-phase reflection disappeared. In consequence, the y-phase
transformed to CIGS and Cus_,Se.

For the calculation of fluorescence intensities, the In quantity is set as a free parameter
and so the linear equation system with two phases and the Cu and Ga quantity can
determine the CIGS thickness and the excess Cu for the Cus_,Se layer. It can not
determine x in Cus_,Se.

A stoichiometric Cu concentration of 1 was assumed in CIGS. The Ga concentration
y in CIGS (Culn;_,Ga,Se;) was estimated based on dT5° to be y=0.25+0.1. The
uncertainty results from the maximum uncertainty in d?l%GS of £0.4 %, as estimated
for the maximum error in the height alignment. However, the linear equation system
exhibits no solution for y<0.315. A higher Ga to Cu ratio in CIGS results in a
thinner layer. Since the total Cu quantity is fixed, a thinner CIGS layer results in
a thicker Cuy_,Se layer. Only a value of y>0.315 leads to a present Cuy_,Se layer.
Assuming the observed final composition of y=0.32 for the CIGS layer, which is within
the uncertainty, a solution for the linear equation system is found. The calculated
fluorescence intensities are shown in Fig. 4.21b). The total amount of Cu in in Cuy_,Se
is defined by the Cu reference quantity and the linear equation system. Varying x
from 0.27 to 0 changes only the calculated quantity of Se from 155 to 134 projected
number of Se atoms per nm?. In case of stacking sequence A, this change decreases
the calculated Ig._ g, unremarkably from 4.722a.u. to 4.716 a.u.. CusSe is assumed in
the following. The resuming layer thicknesses are 7nm CusSe and 1437 nm CIGS (see
Tab. 4.5). This film thickness is in accordance to the XRF and GDOES measurement
(see Tab. 4.4 and Fig. 4.15b)).

In comparison with the previous values at 506 °C, the increase of Io, k. and the
decrease of Iy, g, are reproduced by the calculated values. Furthermore, the In
qunatity (as free parameter) in the solution of the linear equation system exhibits a
decrease of about 23 % compared with the initial quantity. This is in agreement with
the observed In loss by XRF.

An inverse stacking sequence results in no significant differences of the fluorescence
intensities (see Fig. 4.21). The two stacking sequences can not be distinguished from
the calculated fluorescence intensities.

A film composition with a CGI>1 contains more Cu than it can be bound in CIGS
and in consequence a Cu-Se compound forms. The formation of Cuy_,Se on top of the
film is typically observed in a film with a CGI > 1 and it is typically observed on top
of a film (see Sec. 1.4). Therefore, the stacking sequence A in Fig. 4.21 is proposed.
This is in agreement to the increase of I, _ ko, which can indicate an increase of the
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4.3. Fast absorber growth without final vertical Ga segregation

Figure 4.21: a) Possible stacking se-
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CIGS.

The calculated I, ko is higher, than the experimental value. This indicates, that
the model could lead to better matching fluorescence intensities, if a Ga gradient
was assumed in the absorber, with a lower concentration in the top part instead of a
constant composition over depth.

4.3.2.6. Comparison of the temporal evolution of measured and
calculated fluorescence intensities

The calculated fluorescence intensities based on the respective proposed stacking
sequences for T'5,, =388 °C, 457 °C, 501 °C, 506 °C and 549 °C (t(-t5) are shown together
with the measured fluorescence intensities in Fig. 4.22 to compare their evolutions
throughout the whole selenization. The deduced layer thicknesses are presented in
Tab. 4.5.

Overall, the relative evolution of the measured fluorescence intensities could be repro-
duced well enough to find out new details of the evolution leading to the proposed
stacking sequences. However, some deviations need to be mentioned as follows.

From T,,=501°C onwards, the calculated Ig._ g, is significantly below the experimen-
tal values. One reason can be an inaccurate Se correcting factor (for detector 1). The
Se correcting factor had to be determined without a reference for calibration. In the
case of a higher correcting factor, the values at 220 °C and at 388 °C can be deduced
with a smaller Se quantity without changing the stacking sequence. Nonetheless, the
value at 457 °C would be too high. The thickness of the y-phase at 457 °C is below that
at 501 °C, which indicates an inaccuracy. The highest uncertainty is assumed to result
from the only estimated Cu concentration in CIS and the uncertainty in y-Cug(In,Ga)y,
which were both present at 457 °C.
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Figure 4.22.: a) Proposed growth schematic with b) calculated fluorescence intensi-
ties for the respective stacking sequences at Tgy, of T1=388°C (t;), Ty=457°C (t2),
T3=501°C (t3), T4=506°C (t4) and T5=549 °C (t5) are shown together with the mea-
sured fluorescence intensities. The colors correspond to the element species as indicated
at the left and right axis. The results regarding the second detector can be found in
sup. Fig. D.14.

At 549°C, also Cu and Ga deviate by a too high calculated value. The I,k results
from a constant Ga concentration in CIGS over the depth and should be smaller, since
the measured elemental depth profile shows a slight Ga gradient, decreasing towards
the surface. No explanation for the deviation of Io,_ k. was found.

The in situ measurement setup included a second detector. The data detected by this
more surface sensitive detector shows a similarly matching evolution of the fluorescence
intensity with deviations for the same values mentioned above (Fig. D.14). The
evolution of Ig._ g, matches slightly better than presented above. Ig,_ k. must be
decreased by 0.5, possibly due to the higher sensitivity of the correcting factor by the
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4.3. Fast absorber growth without final vertical Ga segregation

Ga concentration in the top layer of the precursor, which exhibited a slight gradient in
the depth profile from GDOES, but was approximated as a constant.

Table 4.5.: Phases and their layer thicknesses, as deduced above for the different
points in time.

Tow (T;) | Ty=388°C | Ty=457°C | T3=501°C | T4=506°C | T5=549°C

Phase IngSes (In,Ga)Se | (In,Ga)Se | (In,Ga)Se | CusSe
(nm) (264 nm) (215nm) (174nm) (132nm) (7nm)
CIS CIS CIS CIGS CIGS
(192nm) (597 nm) (321 nm) (901 nm) (1437 nm)
In(1) C(IG)3Ss | C(IG)3Ss | ~-phase
(143 nm) (317nm) (412nm) (155 nm)
7-phase ~v-phase ~v-phase
(58 nm) (162nm) | (212nm)
~v-phase
(227nm)

A very similar evolution of phases and fluorescence intensities was observed when
applying a lower heating rate as well as in another selenization chamber with external
Se source, the PVD tool (Sec. 2.1.2). All these experiments had in common, that an
independent operated Se evaporation source was used to supply Se vapor, instead of
placing Se pellets next to the sample and heating these together with the sample. Thus,
it is a reproducible selenization process.

In case of the independently operated Se source, the Se supply can be reduced below
a critical value, that changes the growth evolution and the resulting final film from
exhibiting strong Ga segregation to a prevention of Ga segregation. The external Se
supply also maintains sufficient Se for a complete selenization of the precursor film. A
further explanation is depicted in Sec. 4.5 and the following sections.

An increasing Ga incorporation into CIGS with an increasing heating rate from 0.33°C/s
to 4°C/s was reported in [Koo et al., 2013]. This is contrary to the observation here,
because a high incorporation of Ga was also observed with a lower heating rate of 1
and 0.5°C/s. This might result from the different experimental setups.

A closed film with grains reaching from surface to the back contact were observed.
This might be correlated to the melting of (In,Ga)Se and the formation of single phase
CIGS. A liquid might act as an effective fluxing agent leading to a densification and
bigger grain sizes. A significant increase of grain size was observed during fast growth
of CulnSe; assisted by liquid Se [Uhl et al., 2015].

Another point is the composition of the last v-phase during selenization without Ga
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4. FEvolution of crystallographic phases and vertical elemental redistribution

segregation, which is much closer to the composition of the chalcopyrite above (CIGS),
to which it got slowly incorporated. In contrast, the composition of the v, /o-CugGay
phase during selenization with Ga segregation leads to a different growth of CIGS with
more differently lattice constants. Hence, the closer composition lead to a more similar
chalcopyrite crystal constant of the growing CIGS at the rear side and thus preventing
the formation of voids.

In the already published ex situ study on the growth of single phase CIGS with the
atmospheric selenization tool [Schmidt et al., 2017], different Raman peaks were found
for the phases InSe and CIGS. An additional peak was found at around 151 cm™! at
250°C and 520 °C, before Ga distributed towards the surface. This peak was suggested
to correspond to a C(IG)3Ss phase. This is in agreement with the results obtained here.
Furthermore, a CIGS phase in the CuAu order was suggested to possibly be present
during growth of CulnSe,, due to a Raman peak (184cm™!) at the same position as
it could be observed for CuGaSe,, but no CuGaSe, should be present at this state of
growth. In the present thesis, it is put in more concrete terms, that at least a C(IG)3S5
is definitely present. The stacking sequence here with the C(IG)3Ss within the film, is
partly in agreement with the earlier observed Cu minimum (double gradient in GDOES
profile, Fig. 5 in [Schmidt et al., 2017]) within the film, which showed a stacking of
CIS (stoichiometric)/C(IG)3S5 (Cu-poorer)/y-Cug(In,Ga), (Cu-richer). In contrast,
the (In,Ga)Se was assumed to be below the C(IG)3Ss5, while here it is found to be on
top, although there was only an observations of a Cu decrease and In increase at the
surface at the sample after 580 °C in the earlier elemental depth profiles from GDOES
measurements.

Regarding the observed ez situ evolution of the elemental depth profile, there was a
segregation of Cu and Ga at the back contact until it distributed towards the surface.
It was concluded, that both originate from the y-phase at the back contact. The in situ
results showed an increase of the Cu and Ga fluorescence intensities and thus the same
distribution of Cu and Ga towards the surface. In comparison of the ez situ results
to the stacking sequences here, the change can be distinguished in more detail: The
~v-phase exhibits a decreased Cu concentration and the same Ga to In ratio after the
homogenization. This means, that the Ga atoms, which distribute towards the surface
originate especially from the C(IG)3S5 phase and only the Cu atoms, that distribute

towards the surface, originate from the ~v-phase.

A more profound understanding of the growth is still needed. In the following, the
complex and detailed results are reduced to obtain the key facts by comparing both
selenizations (Sec. 4.5). On this basis, a model of growth is suggested.
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4.3.3. Summary

A CIGS film with an increased GGI towards the surface has been achieved within a few
minutes. Furthermore, a first in situ measurement of such a growth could be performed.
The results from the in situ measurement show a phase evolution as well as a phase
depth distribution during selenization, which are generally different to a process with
Ga segregation. In detail, a long presence of the intermediate phases -Cug(In,Ga),
and (In,Ga)Se as well as the presence of a C(IG)3S5 phase were observed. The Cu
motion towards the surface was initially impeded and both In-Se phases were concluded
to be on top of the film. Due to the assumed low Pg, the reaction rates were decreased
and (In,Ga)Se was still present at a temperature of 501 °C and for the same reason, it
melted at this temperature. This is the moment, when Cu from 7-Cug(In,Ga), and Ga
from C(IG)3S5 suddenly moved towards the surface, forming a single phase CIGS.

The knowledge about reaching the important T, of 501 °C is assumed to be important
for a more precise production in the future. The needed minimum temperature is
known and too high temperatures, like 550 °C with formation of MoSe; can be avoided

or applied afterwards for a particular thickness of MoSes.

4.4. Discussion of the applied EDXRD/EDXRF

method and assumptions

On the one hand, the aim of this thesis was to deduce a simplified 1D model of the
growth of CIGS for a fundamental understanding of the different growth paths. On
the other hand, the deduced model was tested by taking possible uncertainties of the
assumptions made into consideration.

The calculated fluorescence intensities of the deduced growth schematics (Figs. 4.11
and 4.22) were not always within the uncertainty of the measured fluorescence intensi-
ties. Therefore, the limits of the applied EDXRD/EDXRF method and the applied
assumptions are discussed in the following.

Possible reasons for the deviation between the calculated and the measured fluorescence
intensities are i) the uncertainty of the measured fluorescence intensities is higher than
expected, ii) an uncertainty of exact phase compositions, iii) phases that can not be
detected or distinguished from other phases by EDXRD and iv) an oversimplification
of the model.

i) Uncertainties in the measured fluorescence intensities were estimated to be £8 %.
This estimation is based on the maximum estimated height misalignment of the applied
measurement program routine when compensating the thermal expansion of the setup.
The uncertainty of the measured fluorescence intensities is not higher than expected.
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Calculated fluorescence intensities of deduced the stacking sequences outside of the
uncertainty are not a consequence of the uncertainty of the measured fluorescence
intensities.

ii) It was not possible to determine the exact phase composition for all observed phases.
Therefore, the largest possible range of composition (according to phase diagrams)
was considered to test the deduced stacking sequences by means of the corresponding
calculated range of fluorescence intensities. A range of composition was considered for
the ~-phases (7;-Cug(Iny_;Gay)a1y), €.g. with the largest range for v; ,CugGay-phase
with 64+4at.% Cu. This composition range was found to influence the calculated
lou—Kko at T1 and Ty in Sec. 4.2.2. However, the differences in calculated fluorescence
intensities were small. The uncertainty with respect to the CGI of the y-phases did
still enable a deduction of the stacking sequence by calculated fluorescence intensities.
The stacking sequence deduced in Sec. 4.2 was in agreement with literature.

In case of CIGS and C(IG)3S;5, the Cu concentration cannot be determined based on
the EDXRD/EDXRF measurement. The phase diagram of InySes-CusSe shows a range
of Cu composition in CIGS of 23+2at.% Cu (Fig. 1.6b without Na). In case of Ty in
Sec. 4.2.2; the integral film composition (23 at.% Cu) and the maximum Cu content
possible in CIGS (25at.% Cu) were assumed (CGI of 0.9 and 1 in CIGS, respectively)
and resulted in a difference of the fluorescence intensities much smaller compared with
the difference with respect to the Cu concentration in the y-phase. Therefore, a range
of possible Cu compositions in the tetragonal compounds was disregarded.

The uncertainty of the lattice plane distance d was estimated to be Ad= 0.4%. The
GGI identified for the y-phase, (In,Ga)Se, CIGS and C(IG)3S; was estimated based
on d and Vegard’s law. In case of Cu(In;_,Ga,)Ses, Ad= 0.4% corresponds to an
uncertainty in the GGI of Ax=0.1, which is the highest for the compounds. This error
is likely to be an overestimation as explained in the following based on the example
of the growth of CIGS with Ga segregation in Sec. 4.2: The final position of the CIS
112 reflection — and CIS was determined to be at the film surface by GDOES — is in
accordance with the literature value of CulnSes. The maximum difference between
the CIS 112 reflection and the literature value for CulnSe; was observed at 327 °C,
corresponding to Ax=0.01. This is much smaller than the uncertainty above. It is
concluded, that the maximum uncertainty of the GGI of 0.1 is likely an overestimation
when determining the composition of CIGS and C(IG)3Ss.

In summary, the uncertainty of the phase compositions did not justify the deduction
of a different stacking sequence.

iii) The limit of the phase identification by EDXRD is reached, if a set of reflections
match several crystal structures possibly present that cannot be distinguished e.g. by
additional reflections, or if the intensity of reflections is too small or not present, e.g.
due to a liquid phase. Here, the information of EDXRF was supporting the EDXRD
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analysis, e.g. the identification of the Cuy_,Se phase or additional phases which did
not lead to signals in the EDXRD spectrum. Cusy_,Se was one of the phases whose
presence has been reported regarding the growth of CIGS with Ga segregation. It
exhibits a wide range of possible peak positions (e.g. a range of 2.1keV between the
reflections of CuySe 220 and Cuy 79Se 220 at 474 °C, see Fig. D.6) for each reflection
due to the composition range of x=0-0.28 and the corresponding lattice constant. The
reflections can also overlap with reflections of (In,Ga)Se and CIGS. Furthermore,
the relevant publications are inconsistent. For instance, considerable differences were
reported for the lattice constant of CuygSe (cubic) at RT, ranging from a=5.564 A to
5.781 A in [Yamamoto and Kashida, 1991, Heyding and Murray, 1976, Tonejc, 1980,
Tonejc et al., 1975, Murray and Heyding, 1975]. Additionally, the composition can
change during the measurement.

By combining EDXRD with the EDXRF analysis, the presence of Cusy_,Se was sup-
ported by the similar evolution of the Cu- Ko fluorescence intensity and a small reflection
intensity of Cuy_,Se 220 in Sec. 4.2. The only explanation found for the evolution of
I o was the presence of Cuy_,Se at Ty in the top part of the film.

Large deviations between the measured fluorescence intensities and all calculated
fluorescence intensities of the initially possible stacking sequences were observed at T,
in Sec. 4.3.2. The deviation was eliminated by combining the EDXRD and EDXRF
signals. The combination led to the assumption of the presence of an additional
and reasonable phase, which can not be observed by EDXRD due to low reflection
intensities or due to being a liquid phase. The latter was the case for T;.

iv) In the model, a distinct number of phases is assumed and each phase is approximated
as a layer with a constant composition. However, due to the kinetics, concentration
gradients (between and in the layers) and diffusion, composition gradients can be
expected to exist within the allowed composition ranges*!.

The case of a higher number of layers than number of observable quantities led to
an under-determined linear equation system. If an under-determination occurred at
a specific t;, an additional boundary parameter had to be chosen. By choosing an
additional free parameter, e.g. the CIS thickness, a set of fluorescence intensities with
a solution matching to the experimental values was calculated.

The applied method might be further improved with a more accurate determination of
the phase composition other depth. However, considering additional gradients for the
calculation of fluorescence intensities, would increase the number of free parameters
with possibly giving solutions indistinguishable with respect to the deduction of the
stacking sequence.

HThe gradient in CIGS can be estimated from XRD only in certain cases [Neisser et al., 2003,
Neisser, 2002).
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v) The amount of material may change during the process (e.g. In evaporates), as it
was the case in Sec. 4.3. However, the identification of the period of evaporation was
possible by a simultaneously decrease of Iy, k. and increase of Iy, .. The loss of
In did not lead to indistinguishable solutions and the estimation of the amount of In
lost at the specific points in time was possible.

Deduction of the growth schematic

In general, an objective and quantitative evaluation of each stacking sequence, based
on the overall deviation between calculated and measured fluorescence intensities for
all elements (e.g. by a method of least squares) was not strictly possible.

The limitations of the method and necessary assumptions were discussed in i) - v) above.
In addition some stacking sequences may have very similar calculated fluorescence
intensities and/or a similar overall deviation to the measured values. Therefore, the
proposed stacking sequences were deduced not only on the basis of the minimum
deviation at the distinct points in time t;, whereby the Cu and Ga fluorescence
intensities were weighted higher. They were also deduced by judging the plausibility
with respect to the overall evolution of the fluorescence and reflection intensities as
well as corresponding (calculated) phase thicknesses and data available in literature.
This led to a series of stacking sequences whose evolution of calculated fluorescence
intensities are consistently in accordance with the measured fluorescence intensities
throughout the process for both cases with and without Ga segregation (Secs. 4.2
and 4.3). They are consistent in terms of the stacking order, which does not change
arbitrarily, e.g. by permutations of two phases with respect to the stacking sequences
before and afterwards. They are also consistent in terms of the position of each phase
at time ¢;, which is plausible with respect to possible reactions and stacking sequences
deduced for t;_; and t;,4.

In these terms, two consistent and reasonable series of stacking sequences (growth
schematics) were deduced with the applied simplified model. In case that two or more
stacking sequences, could not be distinguished by their calculated fluorescence intensi-
ties, the use of an additional parameter or plausibility reasons allowed a deduction.

106



4.5. Comparison of the two distinct growth paths from in situ investigation

4.5. Comparison of the two distinct growth paths

from in situ investigation

First, the main identified differences of the two growth paths with and without Ga
segregation from in situ experiments are presented in the following. Afterwards, the
influence of T's, on the growth path is discussed on the basis of a series of ex situ
experiments carried out in the atmospheric selenization tool (Sec. 4.6). Finally, a

growth model is presented (Sec. 4.7).

The comparison of the two in situ investigations from Secs. 4.2 and 4.3 is shown
in regard to the evolution of the deduced stacking sequences (Fig. 4.23) as well as
the fluorescence and reflection peak intensities (Fig. 4.24). It should be noted, that
the fluorescence intensities (Fig. 4.24b)-f)) during the selenization without final Ga
segregation were higher than for the measurement with strong Ga segregation. This
results from different processing days leading to slightly different initial signal intensities.
The fluorescence intensities of both measurements are normalized to the initial value
at the beginning of each measurement, for which the elemental depth profiles of the
precursors are assumed to be identical. The normalization is not possible in case of
Se, since there was no Se in the precursor and thus no reference Is._ .. The value of
Ise_ ko was higher during growth without Ga segregation than during growth with Ga
segregation, but should be smaller instead due to the following two reasons: In the
period before In loss occurs (0-5min), the evolution of the normalized I,k of the
process with Ga segregation exhibits a lower value due to the attenuation by a higher
rate of Se incorporation. This is also in agreement with the deduced difference in the
stacking sequences at 388 °C in Fig. 4.23.

a) b)
T,=388°C T,=447 °C T,=505 °C T,=388 °C T,=457 °C T;=501°C T,=506 °C T;=549 °C
Cu,_Se
Cu, ;,5e n-Cuy¢(In,Ga), P——

Cis

Cls
CIGS
.

v-Cuy(In,Ga), v-Cug(In,Ga), | v-Cug(In,Ga), y-Cuy(In,Ga),

y-Cuy(In,Ga),

+—=15um —

Figure 4.23.: Proposed growth schematics for growth of CIGS a) with Ga segregation
and b) with Ga homogenization from Secs. 4.2 and 4.3 for a direct comparison.
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4.5. Comparison of the two distinct growth paths from in situ investigation

The comparison of the growth paths with Ga segregation (S) and Ga homogenization
(H) is summarized to the following list of identified key points. These either have been
similarly observed earlier in literature and references are added, or, in case they are
observed in this work for the first time, they are highlighted with bold text.

1. S: CulnSe, forms before Ga participation in reactions with Se [Mainz et al., 2015b,
Moon et al., 2012]
CulnSe; forms above In-Se
H: CulnSe; forms also as first tetragonal phase, but below In-Se

2. S: Cuy_,Se is present during growth [Hergert et al., 2005]
H: Cu,_,Se formation as an intermediate phase can be prevented

3. S: Cu moves towards the surface and Cu,_,Se forms on top of the film
H: The initial motion of Cu upwards is reduced, see stacking sequence
at 457 °C

4. S: Se moves downwards more quickly than Ga moves upwards, throughout the
whole selenization. Finally, Se moves through CulnSe; to react with Ga at the
rear side [Mainz et al., 2015b, Purwins, 2010]

H: In moves to the surface. Se still moves downwards through the already
formed phases, but Se motion is slower and Ga motion is enhanced. Dg,

in CulnSe; is smaller due to a smaller Pg,, according to [von Bardeleben, 1984].

5. S: InSe acts as diffusion barrier for Ga [Huang et al., 2017, Mainz et al., 2015b]
H: Due to its location on top of the stack, InSe cannot locally separate the
Ga containing v-phase from the growing C(IG)3S; phase.

6. S: After the formation of CulnSe; and CuGaSe; as separate phases, there

is not sufficient inter-diffusion to increase the minimum Ga concentration at
the surface within the applied processing time of minutes [Mainz et al., 2015b,
Marudachalam et al., 1997]
H: InSe present at a lower melting temperature of 501 °C for low Pge.
The melt of InSe possibly enhances the observed strong inter-diffusion.
Further simultaneous changes are: single CIGS phase formation, ~-
phase composition changes, increase of Io,_r, and Ig, kq-

These key points may be characteristic for the respective growth paths. They are

assumed to be interesting possibilities for an application as process control in the
future.
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4. FEvolution of crystallographic phases and vertical elemental redistribution

4.6. Comparison of the two distinct growth paths

from ex situ investigation

From the experiments described in Secs. 4.2 and 4.3, there are clear indications, that
Se supply determines which of the two growth paths occur in the system. It is difficult
to unambiguously confirm this with the vacuum selenization tool alone. Despite the
external Se source introduced for this work, the control-ability of the Se partial pressure
was not precise enough for that purpose. The experience gathered, indicated that the
results are influenced by the preceding process, due to different amounts of residual Se
in the selenization tool.

The atmospheric selenization tool (Fig. 2.2), however, is equipped with external Se
sources, that are controlled well via their Se source temperatures and the results are
reproducible. Furthermore, Se is transported via a Ny flux, which can be defined with
a specific profile during processing.

Therefore, the atmospheric tool was used to test the hypothesis concerning Se supply and
growth paths. For this, it was mandatory to confirm that the back ground pressure is
not by itself a significant parameter. Indeed, only slight differences were observed when
in situ EDXRD/EDXRF experiments were carried out at low (vacuum of ~ 107° mbar)
and at atmospheric background pressure, respectively (see sup. Sec. D.5).

The correlation between Se supply, growth path and Ga depth profile was then studied
using the atmospheric tool. Two approaches were investigated:

i.) Investigation of the influence of T's. on the incorporation of Se by a variation of Ts,
and a process which consisted of a heating step only to a Ts,,=580 °C with subsequent
cool down.

ii.) Investigation of the final film morphology, Ga depth distribution and electrical
properties after a complete processing with heating and annealing using low and high
Se supply.

i.) Influence of T's. on the incorporation of Se

A series of films were prepared by a selenization of the multilayer precursor within
only a heating step and subsequent cool down'?. The T's, was varied between 300 °C
and 420 °C while the processing time was kept the same to reach a T,;,=580 °C. The
influences of T's, on the formation of CIGS were analyzed by ex situ XRD regarding

12 A heating rate of about 6 °C/s was applied by keeping the samples in the 710 °C hot wall chamber
for 103s, during which the substrate temperature (Tsy,) reached 580°C, see Fig. 2.2. Se was
transported in a Ny flow from an external Se source with controlled temperature T's.. Se supply
was varied by different T's, while the Ny flux was held constant at 1slm (standard litre per minute).
All Mo layers were 800 nm thick (compare Experimental).
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4.6. Comparison of the two distinct growth paths from ex situ investigation

the 112 reflections (see Fig. 4.25a)). The amount of Se incorporation was analyzed
with ex situ XRF (see Fig. 4.25b)).
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Figure 4.25.: Influence of T's, on the CIGS 112 reflections and amount of Se incorpo-
ration. a) The diffractograms show the intensity of the chalcopyrite 112 reflections,
measured at RT. Dashed vertical lines indicate the position of the 112 reflections from
reference pattern for CulnSe, and CuGaSe, (see sup. Tab. E.2). Reflections in between
exhibit a solid solution of both. The position of Culng;Gag3Se; 112 is exemplarily
calculated with Vegard’s law from the references. The precursor and the sample for
T'se=300 °C exhibit no chalcopyrite related reflection intensity and are therefore not
shown. b) Se source temperature vs. Se amount from XRF analysis with an aperture
of 30 mm, measured on the samples from a). x indicates the first experiment series and
+ indicates experiments repeated later.

The position of a CIGS 112 reflection can be correlated to the composition by a linear
interpolation between the reference positions of CulnSe; and CuGaSe; using Vegard’s
law (see Sec. 1.1.1). No diffraction of a chalcopyrite was found for T's, = 300 °C with
formation of only binary selenides (not shown). Remarkably, for T's, between 330 °C
and 390 °C only one CIGS 112 reflection appeared which indicates Cu(Ing;Gag3)Ses is
formed, which is similar to the integral GGI of the film. A T's. of 420 °C leads to two
CIGS 112 reflections with one close to CulnSe, and the other one close to CuGaSes.
This finding corresponds to Ga segregation, as it was also found via in situ investigation
in the vacuum selenization tool, presented in Sec. 4.2. It is concluded, that there is a
critical value of the Se partial pressure (between T's, of 390 °C and 420 °C), at which
the growth path switches. Above the critical Ps. Ga segregation occurs and below it
a formation of a single phase CIGS with Cu(Ing7Gag3)Se, is enabled throughout the
absorber depth.

The Se amount in the film increases with increasing T's, and reaches the stoichiometric
value of 50 % at 420°C. The rate of Se incorporation during the fast heating seems
shows a linear dependence of T's, between T's,=300-420 °C. Therefore, Se incorporation
into the precursor film is limited by the Se supply rather than the reaction kinetics at
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4. FEvolution of crystallographic phases and vertical elemental redistribution

the surface or in the bulk (at least below a T's, of 420°C). That confirms a control of
the film formation by Se supply.

ii.) Final film morphology, Ga depth distribution and correlation with
electrical properties after a complete processing at low and high Se supply

In contrast to the previous experiment, the selenization here was extended by an
annealing period (with unchanged T's.) at constant T'5,;,=580 °C. Experiments were
performed with T's, of 390 °C and 420 °C. The temperatures of the two Se sources were
the same for the heating and the annealing process steps (see T'se1 and T'seo in Fig. 2.2).
Two samples were selenized with 1slm of Ny flux for Se transport during heating
up to 580 °C and a subsequent annealing at constant temperature. The subsequent
annealing was performed in Se atmosphere for 3 min with 0.5slm Ny flux and 3 min
with 0.2 slm of Ny flux. The comparison of the CIGS 112 reflections between Fig. 4.25a)
and Fig. 4.26a) shows, that the Ga distribution in the CIGS phases remains unchanged
during the subsequent annealing. Only the case of the lower T's,=390°C led to an
additional intensity of the reflection signal towards a smaller angle, a CIGS phase with
smaller GGI respectively. The different Ga distribution in the CIGS phases is shown
by the Ga depth profiles in Fig. 4.26b, which shows an increased Ga concentration
towards the surface for a lower Se supply. SEM images of the two samples in Fig. 4.26¢)
and Fig. 4.26d) show different morphologies. The latter film (7's,=420°C) exhibits
two parts, with a fine-grained layer at the Mo back contact and a closed layer with
big grains on top. This is known to form in CIGS layers or complete films with high
Ga concentration [Probst et al., 2001, Abou-Ras et al., 2008, Eisenbarth et al., 2009].
The lower T'se=390 °C resulted in a homogeneous and closed layer with big grains,
nearly without voids. This is in contrast to [Kaelin et al., 2003, Wang et al., 2012,
who found smaller CIGS crystals for a low Pge.

An increasing Ga concentration and a corresponding increase of the minimum E, should
increase the V,. (as described in Sec. 1.1.2 and by [DIAGNE et al., 2016]). In case of
the lower T'se, the Ga concentration was increased towards the surface (Fig. 4.26b)) and
thus should be reflected by a higher £, and higher V,.. Indeed, the V. of the absorber
without Ga segregation was 479.6 mV and hence higher as the one with Ga segregation
and a V. of 445.8mV, shown in Fig. 4.26e). The same is observed for the E, by EQE
measurement with an E; of 1.03eV compared with 1.01eV, respectively, shown in
Fig. 4.26f). A further investigation of the selenization parameters is necessary to adjust
the minimum GGI closer to the predicted optimum at 0.25 for an F,=1.15¢€V.

Best solar cell with low Se supply

The best solar cell produced in this work has a conversion efficiency of n = 15.5%
(Fig. 4.27) (active area of 1.35 cm?, without anti reflective coating), while the median of
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Figure 4.26.: Properties of final CIGS films, selenized with low and high Se supply.
The temperatures indicate T'se of 390 °C and 420 °C. a) The diffractograms show the
intensity of the CIGS 112 reflections, measured at RT. Dashed vertical lines indicate
the position of the 112 reflections from reference pattern for CulnSe, and CuGaSes,.
Peaks in between exhibit a solid solution of both. The position of Culng;Gag3Ses 112
is exemplarily calculated with Vegard’s law from the references. b) Ga depth profiles
from GDOES of the same films. The GDOES measurement is assumed to reach the
Mo layer at 10at.% of Mo and the curves are cut there. SEM images of with 20k
magnification for a T's. of ¢) 390 °C and of d) 420 °C. In-house measurement of e) the
current-voltage characteristics measured in the dark and under AM1.5 illumination and
f) corresponding EQE. In-house measurements of e) the current-voltage characteristics
measured under AM1.5 illumination (line) and in the dark (dashed line) and f) EQE
measurement of the same solar cells. The estimated FE, corresponds to the inflection
point of the EQE between 1000 nm and 1300 nm.
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49 solar cells on the 10x10 cm? sample was 14.9%. Its F, is around 1.03 eV, which is
calculated from the inflection point between 1000 nm and 1300 nm shown in Fig. 4.27b.
This is similar to the value of 1.02¢eV regarding Eq. 1.2 and using the minimum GGI of
0.04 in the GDOES depth profile at 0.04 pm. The selenization was performed without
sulfur and at atmospheric pressure in the order of a few minutes. A multilayer precursor
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Figure 4.27.: Best solar cell with its a) current-voltage, b) EQE-wavelength character-
istics and ¢) elemental depth profile. In-house measurements of a) the current-voltage
characteristics measured under AM1.5 illumination (line) and in the dark (dashed)
and b) EQE measurement of the best solar cell whose elemental depth distribution
exhibited a Ga gradient in c¢). The estimated E, corresponds to the inflection point
of the EQE between 1000 nm and 1300 nm. c¢) Elemental depth profile from GDOES
measurement on the final absorber with highest efficiency presented in this section.
The back contact is assumed to be at 10at.% Mo. The electrical characteristics were
already published in [Schmidt et al., 2017].

is selenized with the baseline sequence (see Experimental and [Schmidt et al., 2017))
and a Zn(0,S) buffer layer was used. The elemental depth distribution in Fig. 4.27c¢
shows an absorber with increased Ga concentration towards the surface. This is more
similar to the elemental depth profile with Ga homogenization in Fig. 4.15b) than with
Ga segregation in Fig. 4.5b).

In summary, the ex situ investigation by use of the atmospheric selenization tool
confirmed, that the growth of CIGS can be controlled by the Se supply. The growth
path with resulting Ga segregation or Ga homogenization depend on choosing a high or
a low Se supply, respectively. The two different growth paths with final films, similar
according to morphology, CIGS phases and elemental depth profiles, are observed
independently of the background pressure.

By utilizing the respective CIGS formation with a higher GGI close to the absorber
surface and optimizing the precursor architecture towards a multilayer precursor
consisting of 22 In/CuGa/In layers, solar cells with a conversion efficiency of up
to 15.5 % were achieved (active area, in-house measured, no anti reflective coating).
According to a recent review paper, this is the highest reported efficiency for sulfur
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4.7. CIGS growth model and correlation with the Se supply

free CIGS -based solar cells utilizing fast (few minutes) atmospheric processes and
elemental Se [Song et al., 2018].

4.7. CIGS growth model and correlation with the
Se supply

First, the key points from Sec. 4.5 for the cases of high and low Se supply are now
correlated to the effects of the Se supply. In this matter, the key points can be
combined/condensed to two topics, the stacking sequence and the intermediate phases.
The focused results of this work are illustrated by a proposed schematic of a model of
growth in Fig. 4.28. The phases InsSez and (In,Ga)Se are referred to as In-Se, while

the metallic phases are summarized as Cu-In-Ga.

1. Stacking sequences:
A high/low Se supply is correlated to a high/low Psg., which in turn influences
the elemental diffusion, especially of Se (high/low Dg, known for CulnSes). The
consequences for this are:

In case of a high Ps. and Dg., Se moves quickly deep into the film and reacts
faster with the preferred element In'3. This leads to a reaction of all initial excess
In to In-Se and afterwards In leaves the y-Cug(In,Ga), phase to react with Se.
This leads to excess Cu in the v;/,-CugGay phase that is also released. Due
to the generally high mobility of Cu, Cu reaches the surface to react with Se.
The presence of Cuy_,Se promotes the growth of CIS, because Cu,_,Se is very
mobile to get to the growth front and can be the base lattice for a topotaxial
[Wada et al., 1997] growth of CIS.

Hence, the Se supply determines the growth position of In-Se within the film. In
consequence, the educts present at the growth front exchange between InSe (high
Se supply) and the Ga containing y-phase (low Se supply).

In case of a low Ps. and Dsge, liquid In is longer present and exhibits a higher
mobility in CIS than Se. At first, liquid In reaches the surface, where it reacts
with Se starting at 327 °C. Without liquid In present anymore, which maybe the
case when C(IG)3S; starts to grow at 390 °C (3min), Se needs to diffuse deeper
into the film to react with the y-Cug(In,Ga), phase (Fig. 4.23b)). There is no
phase (like InSe during Ga segregation) that locally separates the reaction front
of CISfrom the metallic phase. The presence of the v-phase at the reaction front
(between 4-6 min) leads to further selenization reactions with Ga. Nevertheless,

13Se reacts first with In, due to the smallest enthalpy of formation of -383kJ/mol for InsSes
[Purwins, 2010] than Cus_,Se with -59kJ/mol [Anderson et al., 2003].
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4. Evolution of crystallographic phases and vertical elemental redistribution

the C(IG)3S5 phase exhibits a higher In than Ga content. Therefore, In is still
slightly preferred in the selenization reactions.

2. Intermediate phases:

A high Se supply leads to the additional intermediate phases Cu-Se, besides In-Se.
Cu-Se and In-Se provide already most Se as well as Cu and In atoms needed to
quickly form a chalcopyrite.

A low Se supply slows down the reactions. InSe is longer present. A low Se
supply also effects a lower melting point of InSe (from 611°C to 501 °C). The
liquid phase presumably distributes along the grain boundaries where it enhances
the motion of all elements, especially of Ga.

a) High Se supply b) Low Se supply g
(@]
P
Se Growth ISe &
fronts ™ g
in red ' ®

Cu-Ga-In

TIG),53Y T InSe(])
Cu-Ga-In

'

Figure 4.28.: Proposed schematic representation of growth models for CIGS with
different Se supply and a) strong Ga segregation or b) without final Ga segregation.
The vertical arrows at side of the stacks denote the distinct movement of elements.
Pink colored lines indicate the growth front of the tetragonal phases. The phases InsSes
and (In,Ga)Se are summarized as In-Se, while the metallic phases are summarized as

Cu-In-Ga.
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In conclusion, the Se supply during selenization of Cu-In-Ga precursors is important
with regard to lateral and vertical phase separation, which are unwanted effects for
CIGS production.

i) Lateral phase separation and even dewetting can become significant, if the Se supply
during selenization is adjusted such that the precursor is in part or fully heated up
without Se. The necessity of a prevention of lateral phase separation during thermal
processing of Cu-In-Ga precursors to CIGS absorbers was demonstrated by selenizing
a precursor that exhibited distinct phase separation prior to selenization. After this
selenization, an inhomogeneous lateral Ga/In distribution in the chalcopyrite phase
was found.

The impact on lateral phase separation and dewetting were investigated regarding the
heating rate and the maximum temperature during annealing of metal precursors in
Se free environment. A suitable starting point was a smoother and more homogeneous
multilayer precursor in comparison with a double and triple layer architecture. Slowest
heating rate of 0.01°C/s led to the highest dewetted area and most significant phase
separation. Both effects were observed to be impeded with increasing heating rate,
such as 1°C/s. However, dewetted Mo ares were still found. An additional NaF layer
on top of the precursor led to a reduced dewetting of the annealed precursor along with
a different phase separation after annealing of the sample. This beneficial effect from
NaF only occurred when NaF was deposited on top and was not significantly dependent
on the NaF amount (between 10 and 30 nm thick layers). Even for the slowest heating
rate of 0.01°C/s, an effective prevention of the dewetting effect is found.

Overall, the results show how to enable and widen the parameter space for seleniza-
tion with a prior annealing step of up to 580°C, even with slow heating rates of
0.01°C/s. Fast heating rates and NaF addition on top enable a delayed Se-addition
during selenization and possibly enable process designs leading to optimized Ga depth
profiles.

ii) Vertical phase separation, in particular Ga segregation at the back contact, is
typically observed during the fast selenization of precursors with elemental Se. For
a better understanding, the evolution of phases and their depth distribution were
investigated by an in situ EDXRD/EDXRF method. This method was shown to be
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appropriate to obtain the phase depth distribution for characteristic points in time
during selenization.

A good agreement of the results with Ga segregation to the literature demonstrates the
possibilities of applying the in situ EDXRD/EDXRF method to the highly complex
system of selenization of a Cu-In-Ga precursor. However, the method is limited by
solving the linear equation system with a finite number of degrees of freedom. Every
additional degree of freedom increases the number of solutions. In general, adding a
parameter can lead to an indistinguishable set of solutions. A further limit is reached, if
two phases exhibit a too similar composition and thus a set of solutions with fluorescence
intensities within the uncertainty of the measurement. This can also be the case for a
layer, that is too thin for sufficient variation of the fluorescence intensities for different
stacking sequences of the present phases. However, in the case of growth of CIGS
layers investigated in this thesis, a deduction of stacking sequences was possible and a
model of growth is proposed.

The observed Ga segregation inhibits the adjustment of the effective band gap energy
to achieve more efficient solar cells. It is shown, that controlling the supply of elemental
Se during selenization opens up new possibilities to adjust the Ga grading within
sequentially fabricated CIGS absorber layers.

A lower Se source temperature corresponds to a lower Se supply for the CIGS formation
and was the key for a prevention of Ga segregation in the absorber. For the process
with a smoothed Ga in-depth profile, the results showed a new and different phase
evolution in contrast to the growth with Ga segregation. The new phase evolution is
referred to as Ga homogenization (to indicate the contrast to the case described by the
common term segregation). The new results of this work are as follows:

i) In case of Ga segregation, the investigation showed the presence of Cuy_,Se during
selenization, which was only supposed by ex situ investigations in previous works.
Furthermore, this phase was shown here to be on top of the stacking sequence. The
formation of CulnSe, was found to be on top of the In-Se phases.

ii) In case of Ga homogenization, this selenization process was observed in situ for the
first time. In-Se phases were deduced to form on top of the film and thus without the
possibility to act as a diffusion barrier for Ga. In contrast, in the earlier published
ex situ study, In-Se was assumed to be between CulnSe; and the metallic phases
[Schmidt et al., 2017]. The growth of a C(IG)3S5 phase and that Ga was involved in
an earlier stage of growth were concluded. A consequence of the low Se supply was a
longer presence of the intermediate phases InSe and 7-Cug(In,Ga),. The low Se partial
pressure led to a melting of InSe at 501 °C. Simultaneously to the melting InSe, Cu
and Ga were found to move quickly towards the surface. A CIGS film with an increase
Ga concentration at the surface was achieved.
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By utilizing the respective CIGS formation with a higher GGI close to the absorber sur-
face and optimizing the precursor architecture towards a multilayer precursor consisting
of 22 In/CuGa/In layers, solar cells with a conversion efficiency of up to 15.5 % were
achieved (active area, in-house measured, no anti reflective coating). This is the highest
reported efficiency for sulfur free CIGS-based solar cells utilizing fast (few minutes)
atmospheric processes and elemental Se [Schmidt et al., 2017, Song et al., 2018].

Outlook

In the next step, the homogenization of the Ga depth distribution can be investigated
to find out, if one can control the reactions in a way to achieve a specific £, in the top
part of the film and an increase towards the back contact. Such an increase can then be
optimized for an electron collection in the bulk and prevention of recombination at the
back contact. A second gradient with an E, in the top part, which increases towards
the surface might further enhance the efficiency, as discussed in [Witte et al., 2015].
This is possible by adding a subsequent sulfurization.

The multilayer precursor was optimized within the scope of an absorber with Ga
segregation. With the new processing and the Ga homogenization, the precursor can
again be optimized, especially regarding the number of layers (a lower number may

industrially be more attractive).

Void formation in CIGS at the back contact has been investigated intensively and has
been suggested to result from the formation of the v-Cug(Ga,In),; compound at the
rear interface [Kim et al., 2012a]. The shown CIGS growth with Ga homogenization
seems to exhibit grains over the whole film thickness and less void formation. This
might be another great advantage and should be investigated in the future.
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Kurzfassung

Cu(In,Ga)Ses (CIGS) wird als Absorberschicht fiir die Herstellung von Diinnschicht-Solarzellen
eingesetzt. Ein industriell relevanter Ansatz zur kostengiinstigen und schnellen Herstellung
von CIGS ist der sequentielle Prozess. Der in dieser Arbeit angewandte sequentielle Prozess
basiert auf dem Sputtern einer Cu-In-Ga-Vorlauferschicht, der dann in Se-Dampf aufgeheizt
wird um innerhalb von Minuten zu einer CIGS-Schicht zu reagieren (Selenisierung). Der
sequentielle Prozess fithrt jedoch typischerweise zu einer Ga-Segregation am Riickkontakt.
Die beobachtete Ga-Segregation verhindert das Einstellen der effektiven Bandliicke, um So-
larzellen mit hoherer Effizienz zu erreichen. Eine ausreichende Anpassung des Ga-Tiefenprofils
bei der schnellen Selenisierung in Se-Dampf wurde bisher nicht erreicht. Das Ziel dieser
Arbeit ist es, die physikalischen Ursachen von Ga-Segregation zu identifizieren und die starke
Ga-Segregation innerhalb eines schnellen sequentiellen Prozesses zu verhindern.

Der Einfluss eines i) verzogerten Se-Angebots sowie ii) des Se-Partialdruckes auf die Kinetik
wurden untersucht.

Die Untersuchung ergab, dass i) ein verzogertes Se-Angebot zu lateraler Phasensegregation
und Entnetzung fithren kann. Die Ergebnisse zeigen die Moglichkeit und das Erweitern des
Parameterraums fiir die verzogerte Selenisierung mit einem vorherigen Aufheizen von bis zu
580 °C durch schnelle Aufheizraten oder einer zusétzlichen NaF-Schicht auf dem Vorldufer.
ii) Die Steuerung des Se-Angebots wurde durch Verdampfen von Se aus einer externen Quelle
erreicht. Zum besseren Verstindnis des Wachstums von CIGS wurde die Entwicklung von
Phasen und deren Tiefenverteilung mit einer simultanen in situ EDXRD/EDXRF-Methode
untersucht. Durch den Vergleich der gemessenen mit numerisch berechneten Fluoreszenzin-
tensitdten wurde ein schematisches Modell fiir die Entwicklung der Phasentiefenverteilung
wahrend der Selenisierung ermittelt. Zwei verschiedene Wachstumspfade wurden analysiert,
einer mit starker Ga-Segregation und einer mit Ga-Homogenisierung. Fiir Ersteren war
es moglich, die Bildung und die Dauer der Anwesenheit von Cus_,Se und die Position im
oberflichennahen Teil des Films zum ersten Mal mit dieser Methode nachzuweisen.

Die Absenkung der Temperatur der Se-Quelle entspricht einem geringeren Se-Angebot und
war der Schliissel zur Verhinderung der Ga-Segregation im Absorber. Dieses Wachstum mit
Ga-Homogenisierung wurde erstmals mit einer in situ-Methode beobachtet. In diesem Fall
wurde eine andere Entwicklung der Phasenbildung und des Tiefenprofils beobachtet. Eine
Folge des geringen Se-Angebots war eine langere Anwesenheit der Zwischenphasen InSe und
~v-Cug(In,Ga)4. Bei 500 °C bewegen sich Ga und Cu schnell in Richtung der Oberfliche und
die minimale Bandliicke des resultierenden Absorbers wird vergréflert. Ein schematisches
Wachstumsmodell wird vorgeschlagen. Dieser Herstellung wird eine wichtige Rolle fiir eine
zukiinftige industriell relevante Technologie zugeschrieben.

Die Nutzung der CIGS-Herstellung mit einer hoheren Ga-Konzentration nahe der Absorber-
oberfliche und der Optimierung der Vorlauferherstellung hin zu einem vielschichtigen Vor-
lauferfilm wurden Solarzellen mit einem Wirkungsgrad von bis zu 15,5 % erreicht (aktive
Flache, intern gemessen, keine Antireflexionsbeschichtung). Dies ist der héchste berichtete
Wirkungsgrad fiir schwefelfreie CIGS-basierte Solarzellen, die mit einem schnellen und atmo-
sphérischen Prozess sowie elementarem Selen hergestellt wurden.
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Abstract

Cu(In,Ga)Sey (CIGS) is applied as absorber layer for thin film solar cells. An industrially
relevant approach for low cost and fast preparation of CIGS is the sequential processing. The
sequential process applied in this work is based on sputtering a Cu-In-Ga precursor, which
is then heated in Se vapor to form a CIGS layer (selenization) within minutes. However,
sequential processing typically leads to Ga segregation at the back contact. The observed
Ga segregation inhibits the adjustment of the effective band gap energy to achieve more
efficient solar cells. Up to now, a sufficient adjustment of the Ga in-depth profile during fast
selenization in Se vapor has not been achieved. Identifying pathways to prevent strong Ga
segregation within a fast sequential process is the aim of this thesis.

A possible parameter for an additional control of kinetics during growth of CIGS is the Se
supply, whose influences are investigated here. This can mean a control of i) the time of
starting the Se supply and ii) the Se partial pressure.

It is found, that i) a delayed Se supply can lead to lateral phase segregation and dewetting.
The results show how to enable and widen the parameter space for a delayed selenization
with a prior annealing step at a temperature of up to 580 °C by fast heating rates or NaF
addition on top of the precursor.

ii) The control of the Se supply was achieved by evaporation of Se from an external source.
For a better understanding of the growth of CIGS, the evolution of phases and their depth
distributions were investigated by a simultaneous in situ EDXRD/EDXRF method. By
comparing the measured with numerically calculated fluorescence intensities, a schematic
model of the evolution of the phase depth distribution during selenization was obtained.
With this approach, two different growth paths, one with strong Ga segregation and one with
Ga homogenization were analyzed. For the former, it was possible to experimentally observe
the formation and period of presence of Cus_,Se with this method for the first time and to
confirm the position to be near the surface of the film.

Decreasing the Se source temperature corresponds to a lower Se supply for the CIGS formation
and was the key for preventing Ga segregation in the absorber. The growth without Ga
segregation was observed via an in situ method the first time. A different evolution of the
phase formation and depth profile was observed. A consequence of the low Se supply was a
longer presence of the intermediate phases InSe and 7-Cug(In,Ga)4. At 500°C, Ga and Cu
quickly move towards the surface and the minimum band gap of the resulting absorber film
is widened. A schematic model of growth is presented. This processing is considered to play
an important role for a forthcoming industrially relevant technology.

By utilizing the CIGS formation with a higher Ga concentration close to the absorber surface
and optimizing the precursor architecture towards a multilayer precursor consisting of 22
In/CuGa/In layers, solar cells with a conversion efficiency of up to 15.5% were achieved
(active area, in-house measured, no anti reflective coating). This is the highest reported
efficiency for sulfur free CIGS-based solar cells utilizing fast atmospheric processes and
elemental Se.
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A. Supplementary for Ch. 1
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Figure A.1.: Dependence of Diffusion coefficient (Ds.) on Se vapor pressure (Pg.) and
dependence of Pg, on Tgyp,. a) Pse, calculated with the formula logl0(P)=A-(B/(T+C))
and constants A, B, and C from [Stull, 1947]. b) Ds, in CulnSe; as a function of the
Seq partial pressure (Ps.) at 700 °C from von Bardeleben [von Bardeleben, 1984].
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Figure A.2.: Elemental diffusion coefficients in CIGS. a) Dg, in CIGS for
various CGI film compositions at 500°C, 570°C and 725°C. The CGI for 725°C
is the initial Cu/In ratio before Ga addition. b) Diffusion coefficients for Cu, In,
Ga and Se in CIGS, reported in [Mueller et al., 2016, Gartsman et al., 1997,
Soltz et al., 1988, Kleinfeld and Wiemhofer, 1988, Lyubomirsky et al., 1997,
Tell and Bridenbaugh, 1977, Lei et al., 2006, von Bardeleben, 1984,
Wang et al., 2013, Kumar and Reddy, 1997, Marudachalam et al., 1996,
Schroeder et al., 1996, Rodriguez-Alvarez et al., 2014]
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Table A.1.: SCAPS simulation parameters used for the calculation of the band diagram in Fig. 1.4. The Cu(In;_,Ga,)Se, layer
consists of 0.6 pm CulnSe; and below 0.9 pm with a linearly increasing GGI from 0 to 0.6 at the back contact. CB: conduction
band, VB: valence band.

Zn0O CdS Cu(In;_,Ga,)Ses
Thickness / pm 0.5 0.05 1.5
CulnSe, CuGaSes
Bandgap energy / eV 3.3 2.4 1.0 1.6
Electron affinity / eV 4.45 4.2 4.5 3.9
Dielectric permittivity 9.0 10 13.6 13.6

Effective density of states in CB / 1/em?®  2.2-10"® 2.2.10® 2.2.10® 22.10'®
Effective density of states in VB / 1/cm®  1.8-10" 1.8-10* 1.8-10° 1.8.10%

Thermal velocity of electrons / cm/s 1-107 1-107 1-107 1-107
Thermal velocity of holes / cm/s 1-107 1-107 1-107 1-107
Electron mobility / cm?/Vs 1-10? 1-10? 1-10? 1-10?
Hole mobility / cm?/Vs 25 25 25 25
Shallow uniform donor density / 1/cm? 1-10"%  1-10% 0 0
Shallow uniform acceptor density / 1/cm?® 0 0 1-10%  1-10%
Defects:

Capture cross section for electrons / ecm? 1-1072 1.107% 2.10714 2.107
Capture cross section for holes / cm? 1-107*2 1-107%® 1.107% 1.10713
Energy level with respect to VB / eV 1.65 1.2 0.5 0.8
Defect density / 1/cm? 1.8-10% 1.8-10'7 5-.10" 5.10"
Absorption constant A / eVY/2/cm 1-10° 1-10°
Metallic contacts: back front

Surface recombination velocity e / cm/s 1-107 1-107

Surface recombination velocity h / em/s  1-107 1-107







B. Supplementary for Ch. 2

Analysis of diffraction signals and error estimation

The heating induces a thermal expansion of the setup. This expansion in the vertical
Z-direction lifts the sample and hence shifts the active volume. If not corrected, the
position of the diffraction peaks would change and their intensity would decrease, while
the background from glass would increase [Denks and Genzel, 2007]. This setup is
build for a measurement with a fixed angle. To compensate this thermal drift the
measurement program includes a routine for a compensation. The Mo fluorescence
intensity is the regulation parameter to ensure a constant position of the active volume
by adjusting the z position.

An important size is the dead time, which is defined as DT(%) = 1 — tme

timereal

collection

That means a dead time of 40 % corresponds to a collection time of 40 % of the real
measurement time. A normalization after measuring is implemented in the analysis
part of the program, defined within the calculation of corrected areas.

For observation of such fast processes as performed here, the integration time of the
detection is set as short as possible (3s in the original measurement) for a maximum
possible time resolution. Longer integration times improve the signal to noise ratio
and enable a higher accuracy of the measured peak properties. Instead of increasing
the integration time for a higher accuracy, the spetrac can by summed up afterwards
and by using the average with a definable number of previous and following spectra
in the fitting procedure. The main cause of a background is the underlying glass
substrate. A linear background is removed by selecting energy ranges before and
after the signal. Fits of the signals are performed to extract the information about
intensity and energetic position. To select an appropriate fit of the diffraction signals,
knowledge about the characteristic influences on the signal profile is useful. The
standard approach in regression analysis to approximate the solution with the method of
least squares for X? (see below) is performed with the Levenberg-Marquardt algorithm
[Levenberg, 1944, Marquardt, 1963]. Selecting a function is guided by the specific
influences on the signal profile by the sample and the measurement. A perfect crystal
structure with infinite dimension would exhibit a profile of a diffraction signal like a
delta function. However, defects, impurities, strain and limited grains sizes lead to

145



B. Supplementary for Ch. 2

both, a Gaussian and a Lorentzian broadening. A convolution of both results in a Voigt
function which can be approximated by the pseudo-Voigt function. The measurement
characteristics such as the resolution capability of the detector influences the signal
profile with an additional Gaussian broadening. The reflections from gold powder for
the calibrations are fitted with the pseudo-Voigt function. The measurement signals
during selenization are fitted with a Gaussian function, since the fit could not be
improved by a pseudo-Voigt function.

Hence, to calculate the intensity of a signal, it is approximated by a function F;gnq(E)

and the integral area is calculated as intensity: Isigna = /"o Fsignat(E) dE. The fitting

(M)
n Wn,

the calculated value (Y, cac) and signal value (y, sign). The data points are weighted

minimizes the sum of the error square: X2 = 2 with a difference of
with the standard deviation w, of the signal values. Recording photons is a counting
of events and subject to the Poisson statistic. Therefore the standard deviation can be
written as w,, = /Y, [Bronstein et al., 1997].

Energy and angle calibration

The detected photons of every EDXRD/EDXRF measurement were assigned to the 2048
channels in an analog-to-digital converter and summed over the specified measurement
time. To assign the channels to the energy of the photons, element fluorescence signals
were measured. The channel with the maximum intensity of each fluorescence signal
was assigned to the fluorescence energy from literature [Deslattes et al., 2003]. By use
of linear regression and the assignments (energy-channel), the parameters Ey and m
were determined (Eq. B.1). The standard deviations sg, and s,, result from the linear
regression. A Taylor expansion with the first term results in the relative deviation of
the energy (Eq. B.2).

Ehoton(channel) = Ey +m X channel (B.1)

Sm
SEZSEO—FE(E()—E) (BQ)

For the angle calibration, gold powder was used as reference (with 99.99 % purity).
The fluorescence peaks Aurr, Aurg, Augqe and Aug,i were utilized for calibrating
the energy axis. Then, the diffraction angle 6 was calibrated with the known energetic
positions from lattice plane distances for the diffraction peaks using Au 111, Au 200
and Au 220. The energy calibration can slightly differ between each measurement,
compare Tab. B.1. Therefore, the energy axis of each measurement is calibrated
with the fluorescence signals Cugg,, Sexs,, Mokp, and Inkg,. For example, the
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values regarding detector 1 in Sec. 4.1 are: Ey=-0.00260, m=0.0328, sg,=0.0333,
$m=0.0000500, resulting in 0.0333 - 0.00152x E.

Table B.1.: Standard deviations of the energy in the obtained spectra after calibration
with fluorescence signals.

Sec. SE
Detector 1 ‘ Detector 2

4.1 | 0.0333 - 0.00152xE | 0.0896 - 0.00401x E
4.2 1 0.0273 - 0.00125x E | 0.0243 - 0.00098x E
4.3 | 0.0265 - 0.00121xE | 0.0298 - 0.00137x E

Estimation of the standard deviation of the lattice

plane distance

The lattice plane distance is calculated with the energy of the Bragg photon that got
reflected and the fixed measurement angle. Its energy is determined by the energetic
position of the Gaussian fitted peak. It is calculated by d(FE,0) = ﬁ;w)' The angle
resume from a calibration with standard deviation, as described before and the energetic
position is estimated by use of a Gaussian function. The uncertainty o4 of the lattice

plane distance can be calculated by the Gauf’ error propagation and the uncertainties

R )
OFE 00
_ he <UE)2+<MOSQ>2
= 5 EZsin(6) E (sin )
i o Y (oecost Y’
I e s

The values, used for calculating this uncertainty, originate from EDXRD / EDXRF
measurement data which were observed at a constant temperature (RT). However,

of o and oy:

there is another source of error, which results from the height alignment (see lift table
in Fig. 2.3) routine due to thermal expansion and the Se incorporation. A difference
in the height results in a different diffraction angle, because the synchrotron beam
and the detector are at fixed positions. The sample volume from where photons are
detected is defined as active volume. Its volume is formed by the intersection of the
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incoming X-ray beam and the region of space seen by the detector form the active
volume. The beam is shaped by slits and has a divergence. The window of the detector
is also limited by slits. The maximum possible detected intensity results from an
optimal position of the sample in the active volume. Therefore, the adjustment routine
is initialized with a search for the z position of maximum intensity of the fluorescence
signal of Mo. At this position, the measurement is started. It is known from previous
experiments that the thermal expansion of the setup lifts the Mo film position in z
direction. Therefore the z-position should be corrected. Hence, the software routine
is continuously trying to keep the sample at a height z by adjusting the maximum
intensity by comparing the actual intensity I at position zy with the intensity I; at a
10 pm higher position z; = 2y + 10 pm. The gradient of % is either negative and
the position zj is corrected to a lower position, or it is positive and the position z; is
corrected to a higher z value.

Mo yields a relative high fluorescence intensity and is used for the adjustment of the z
position throughout the measurement. Its fluorescence intensity is mainly attenuated
by the material on top. In the beginning of a process, this is the precursor consisting
of Cu, Ga and In. As long as their amount is constant, a changing depth distribution
has no strong influence on the Mo fluorescence. During processing, Se incorporation
can occur which results in a lower Mo fluorescence intensity. Se has the highest
absorption cross section below the emission energy of Mo-Ka (compare Fig. 1 in
[Mainz and Klenk, 2011]). In the case of fast Se incorporation and fast heating, I,
might be smaller although the sample is at the position z; at a new/actual but lower
maximum fluorescence intensity than before. Then, the correction to a lower position is
executed though not correct. This is correlated to a decrease of the Bragg reflection Mo
110. To estimate the error limit of the lattice plane distance, the maximum difference
in Mo 110 intensity during fast heating and Se incorporation is used. This difference is
proportional to the difference of the height position. The maximum intensity of Mo
110 results from an optimal height position or optimal position of Mo in the active
area. If the sample position increases or decreases, the diffraction intensity decreases
proportionally. In this setup, the diffraction intensity reaches 0 after a height difference
(higher or lower z-position) of about 60 pm to the optimal position. That means, that

a decrease of the intensity of 10 % results from a wrong z-position of 10 % of 60 pm.

The maximum possible error is estimated by the percentage difference between the maxi-
mum Mo 110 reflection intensity before and after a fast Se increase, exemplarily shown in
Fig. B.1 for the measurement from Sec. 4.2. The percentage of the difference to the opti-
mum position is about 8.3 % of 60 pm resulting in a Az = 8.3/100 x 60 um = 4.98 um.
This results in an error limit of the angle, which is estimated by small angle approxi-
Az

mation and the distance Ay between detector and sample of 2.657m: oy = atan(A—y),

compare Tab. B.2.

148



[ —Moti0 %
YL L —— Mo-Ka 1}
) ! —— Se-Ka 480
E 82f 3 o Figure B.1: Evolution of the integral
2 gof 180 5 Ka fluorescence intensities of Mo and Se
g | : g\, and integral diffraction intensity of Mo
E 78; _______ LT FR 110 of the measurement in Sec. 4.2. The
= 76} 20 maximum difference of the intensity of
- E Mo 110 is indicated with the arrow and
5 T T dashed lines to be Al=7a.u., which is a

decrease of 8.3 %

Process time t/ min

Table B.2.: Uncertainties calculated for lattice plane distance of Mo 110 for the
experiment from Sec. 4.2, first by subsequent fault calculation and the energetic
position Ejs,110 and second by estimation from the maximum deviation of the intensity
of the Mo 110 signal during heating.

‘ Sec. 4.2 Detector 1

Uncertainty of d from uncertainties from calibrations of E and 6
0+ o0y 2.98751640°+ 0.000227°

E+og,,.,, | 93.279 keV £ 0.001 keV

d+ 04y, | 02233 nm £ 0.0010 nm (£ 0.4 %)

Uncertainty of d from misalignment Az

0+ o 2.98751640°+ 0.000107°
E+0p,..., | 53.279 keV £ 0.001 keV

d=£ 04y, | 02233 nm £ 0.0005 nm (£ 0.2 %)

To compare both uncertainties and to obtain the bigger one for estimating the error
limit, the uncertainties are calculated for Mo. o, (from calibrations) is exemplary
calculated for the Mo 110 peak in the measurement (shown in Sec. 4.2) to compare it
with the estimated maximum height misalignment, see Tab. B.2. For the calculation
of the standard deviation of the energetic position of Mo 110, the results from the fit
at the end of the measurement in Fig. B.1 are used, since here the intensity is the
lowest after Se incorporation with possibly the highest standard deviation. The highest
standard deviation of the fitted energetic position (Ejys110) after 0 min is at 35.4 min
with 53.279keV + 0.001keV and d = 0.22325 nm.

Reasons for an asymmetric signal profile

In this work, solid solutions like Cu(In,Ga)Se; are present. Such a solid solution
can exhibit an inhomogeneous composition which leads to a variation of the lattice
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constants in the measured active volume. The reflection energy depends on the ratio,
which is linear between both phases after Vegard’s law [Vegard, 1921], as described in
Sec. 1.1.1. The active volume can exhibit different lattice constants, which are closer
to each other than the energy resolution of the detector allows to differentiate. The
resulting signal is superimposed, typically leading to an asymmetric profile. Therefore,
superimposition of several Gaussian profiles can be used as description.

Escape peaks (Esc)

A photon with energy Eg, which is reaching the detector can be absorbed by Ge and
lead to Ge specific fluorescence (e.g. Ge-Ka=9.9keV). Consequently, two events are
detected: the fluorescence photon of Ge and the initially photon energy, which is
reduced by the energy of the Ge fluorescence photon. The energy of such an escape
peak is then Egs.=FE¢-Eqeka-

Inaccurate spectra

Some spectra in the data from detector 1 are incorrect, as indicated by a short and
distinct deviation of the dead time and the height positioning. This occurred for some
spectra in both in situ measurements for Sec. 4.2 and Sec. 4.2.1. In Fig. 4.3, the
spectra between -6.75 min and -6.72min (1169 - 1170) as well as between -5.40 min and
-5.30min (1197-1199) were deleted. In Fig. D.9, the spectra between -33.97 min and
-33.92min (637-639) were deleted.

Uncertainty of fluorescence intensities

The maximum uncertainty of the fluorescence intensities from EDXRF is estimated
as follows. The automatic height alignment routine (as described above) corrects
the height position for each measurement period by comparing the intensity of Mo-
Ka; with the value from the previous measurement period. The maximum height
variation to find the maximum fluorescence intensity is 10 pm. It is known from the
experimental setup, that the decrease of the fluorescence intensity can be approximated
by a linear dependence to the height position. The intensity decreases to Oa.u. for
a misalignment of £60 pm from the optimal height position. In consequence, the
maximum error that can occur during the routine is 10/60. By averaging every two

150



spectra of the measurement afterwards, this is decreased to its half. In conclusion, the
height misalignment can be £5/60, which corresponds to a maximum uncertainty for

each fluorescence intensity of 8.3 %.

Total atomic cross-sections
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Figure B.2.: Total atomic cross-section o (hv) for the elements Cu, Ga, In, Mo and
Se from [McMaster et al., 1969]. The elemental K« lines are depicted as vertical lines.
The total absorption cross-section is a measure for the probability of an absorption
process and thus important for the calculation of the elemental fluorescence intensities.
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C. Supplementary for Ch. 3

The following figures have been published before in [Béacker et al., 2017].

a) Triple layer

b) Multilayer

Figure C.1.: SEM and elemental distribution images (net counts) of Mo (measured
with EDX at room temperature) and binary images on a) triple layer precursor and b)
multilayer precursor after heating with 0.1°C/s up to 580 °C. Binary images show a
relative dewetting of 14.3% (triple layer) and 0.8% (multilayer).
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170°C |

1°C/s 0.1°C/s 0.01°C/s
Figure C.2.: Cu intensity distribution images (EDX) of the multilayer precursors

after annealing with 1, 0.1 and 0.01°C/s up to Tpax = 170, 350 and 580 °C. All images
have the same scale.

o - - -
o - - -
580°C

Binary 25 um

1°C/s 0.1°C/s 0.01°C/s

Figure C.3.: Binary images of the Cu Intensity elemental images from Fig. C.2. From
left to right with 1, 0.1 and 0.01°C/s heating rate and from top to bottom with the
annealing temperatures of Ty, = 170, 350 and 580 °C. All images have the same scale.

154



a) 1°C/s, 580°C b) 0.1°C/s, S80°C ¢) 0.01°C/s, S80°C

25 pm § Binary 25 pm § Binary 25 um

Figure C.4.: Elemental distribution images (net counts) of Mo (measured with EDX
at room temperature) and after heating with a) 1°C/s, b) 0.1°C/s and c) 0.01°C/s up to
580 °C of a multilayer precursor. Tyax (°C) and the heating rates (°C/s) are indicated
on the SEM images. Binary images d-f (belong to a-c) show a relative dewetting of 1%
(d), 2% (e) and 12% (f).

a) w/o NaF b) NaF underneath c¢) NaF on top

25 pm | Binary 25 pm | Binary

Figure C.5.: Binary images after heating with 0.01°C/s up to 580°C of a multilayer
precursor a) without NaF, b) with 30 nm NaF under precursor and c) with 30 nm
NaF on top of precursor, processed from Mo intensity distribution images (elemental
images Fig. 3.5) by method of N. Otsu (1979). Dewetting determined from the binary
images is a) 30%, b) 65% and c) 4% (Tab. 3.3).
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D. Supplementary for Ch. 4

D.1. Evaluation of the composition of the
v-Cug(In; xGay)41y for Sec. 4.2 and Sec. 4.3

The accurate composition of each phase may be important for the fluorescence cal-
culations conducted in Sec. 4.2.2 and Sec. 4.3.2, to deduce the stacking order of the
present phases at a given time. It may further be important for the comprehensive
understanding of the general phase evolution of the film. This chapter describes the
applied procedure to evaluation the composition of the Cug(In;_,Ga, )4+, phases as

accurate as possible.

The lattice plane distance ds3g is correlated to the phase composition. Both, the CGI
as well as the GGI determine d339. The possible minimum and maximum of the Cu
concentration are estimated at the substrate temperature by means of the Cu-Ga phase
diagram in Fig. E.1. The corresponding lattice plane distance of allowed phases is
calculated by use of the phase diagram showing the lattice constant (which is equal
dszo by a proportionality factor) as function of the Cu concentration in 7;-CugGay
(Fig. E.2a) and by use of the thermal expansion coefficient!. In the case, that a
calculated value of ds3g of v;-CugGay (without In) is with error significantly lower than
the measured d339, a solid solution y-Cug(In,Ga), of v;-CugGay (i=1,2,3) and y-Cuglny
must be assumed?. In this case, the composition limits of y-Cug(In,Ga)4 are the limits
from the phase existence ranges of v-Cug(In,Ga), in the Cu-In-Ga phase diagrams in
Figs. 1.5a, E.4 and 1.5b. Then, the Ga to In ratio is determined by use of Vegard’s law
and the difference to the observed ds39. Thus, the upper and lower limit of the GGI
in 7-Cug(In,Ga), are calculated as a function of the upper and lower limit of the Cu
concentration.

1Only for 49 and 7, a thermal expansion coefficient can be found in the literature, but not for v,
nor 3. Therefore the coefficient of +; is applied to 72 3., compare Tabs. E.2 and E.3

2Muzzillo et al. suggested 7-Cug(In,Ga)s to be a solid solution of 7;-CugGay and -Cuglng
[Muzzillo et al., 2015], possibly for a simpler calculability. The phases 72 and 73 are not ex-
cluded here, since no distinct reason for that was found.
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D.2. Supplementary for Sec. 4.1

a) 600 pr—r—r—s : :
© 400 \
200 :
0 log(Int.)
b) 60 a.u.

. Cu,4(In,Ga)g 110/102 / Cug(In,Ga), 330

_In002 ~Mo110
© o inapy

Photon energy / keV

—] log(Int.)
/a.u.

Process time t/ min

Figure D.1.: a) Substrate temperature (Ts,) and in situ EDXRD/EDXRF data by
b) detector 1 and by c¢) detector 2, observed during thermal treatment of a multilayer
precursor. The EDXRD/EDXRF intensity is color coded (as indicated on the right
side). The horizontal dashed line at 30keV indicates, that the peaks above correspond
to diffracted photons and the peaks below originate mainly from elemental fluorescence.
Assigned EDXRD peaks are indicated with white arrows and the belonging phase and
Miller indices. Escape peaks are indicated with black arrows. Further details and
identification of peaks can be found in the text. A magnification of the main reflections
of d) of the n- and 7-phases can be found in Fig. 4.2.
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Figure D.2.: Magnified evolution of Cuy6(In,Ga)e 110/102 and y-Cug(In,Ga), 330 from
Fig. D.1b). a) T, (left axis) and reflection intensities (right axis) of v-Cug(In,Ga),
330 (and Cuyg(In,Ga)g 110/102) b) corresponding lattice plane distances calculated
from the energetic peak position, together with simulated (dashed) dssp of Cuglny, min.
and max. of ;- and vp-CugGay as a function of T,. With increasing temperature
from 490 °C up to 645 °C, the v,-CugGay phase can transform to vo-CugGay, as it is
shown in the Cu-Ga phase diagram (Fig. E.1).
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D.3. Supplementary for Sec. 4.2

Composition of y-Cug(In;_,Ga,)4,

The ds3o of the v-Cug(In;_,Ga, )44, phases (sup. Fig. D.3) corresponds to the phase
composition. The accurate composition of each phase is important for the fluorescence
calculations conducted in Secs. 4.2.2 and 4.3.2, to deduce the stacking order of the
present phases at a given time. It is further important for the understanding of the
general phase evolution of the film. The applied procedure to evaluate the composition
of the y-Cug(In;_,Ga, )44, phases as accurate as possible is explained in sup. Sec. D.1.
At 388°C (1), dszp of 7-Cug(In,Ga), (blue line) is 0.2098+0.001 nm. The composition
is estimated within the possible Cu composition range of 68+1at.% Cu of v;-CugGay.
This results in a GGI in y-Cug(In,Ga)4 of 0.766+£0.007 for +1at.% Cu. This GGI is
slightly above the maximum of 0.75 as shown in the Cu-In-Ga phase diagram (sup.
Fig. E.4). Assuming the upper limit of the uncertainty of dssg, the GGI is about
0.750+£0.007, and thus a reasonable composition regarding the ternary phase diagram.
At 447°C (ty), the 71/,-CugGay phase (yellow line in Fig. D.3) exhibits a dszp of
0.2079+£0.001 nm and shifts to smaller ds3y getting closer to the reference of 71 ;aq-
CuyGay with d=0.2076+0.001 nm (see Fig. D.3b)). The slightly higher dssg of 71/2-
CugGay, compared with the v;-CugGay reference could theoretically correspond to a
very small amount of In in v;/,-CugGa,. However, the ternary phase diagram (sup.
Fig. E.4) shows a miscibility gap in this region. Furthermore, the difference of the
measured value to the reference is below the uncertainty. It is concluded, that the
71/2-CugGay phase is In free. Without In, ds3p may determine the Cu to Ga ratio.
However, it cannot be distinguished here between 7;- and ~»-phases (compare sup.
Fig. E.2a)). Only the 73-phase is excluded, since it is not present anymore in the
Cu-Ga phase diagram within the respective temperature regime (sup. Fig. E.1), before
the 330 reflection vanishes at 505+14 °C. Within the uncertainty of the measurement,
the possible composition of 71 o-CugGay is 36+4at.% Ga.

The decreasing Ga fluorescence intensity and the transformation of y-Cug(In,Ga), to
71/2-CugGay (between 388 °C and 447 °C) with a lower reflection intensity are concluded
to indicate a release of In (and corresponding Cu) from y-Cug(In,Ga),.

Identification and composition of Cu,_,Se

In the following, indications for the presence of a Cus_,Se phase will be evaluated, since
this phase is difficult to identify and has been found by others with ez situ analysis
only.

At T5,=388°C (1), a shoulder occurs at the right side of the CIS 112 peak. This
shoulder is best visible at 474 °C (Fig. D.6a)).
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Figure D.3.: Evolution of the reflections
of the metallic alloys over processing time,
extracted from the EDXRD/EDXRF data
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A reasonable fit of this shoulder was possible at 474 °C but not throughout the respective
process time. Therefore the area of the shoulder is not included when fitting the CIS
112 diffraction peak. Another diffraction peak could be observed during the same
time, defined as Peak-A in Fig. D.5d). Peak-A is at the right side of the CIS 220/204
reflection. Thus, both reflections (shoulder and Peak-A) are likely to be related to the
same phase. The shoulder vanishes until 481 °C, where d$j5 is in accordance with the
Ga free reference (Fig. D.5c)). If the shoulder would have been a solid solution of CIGS,
its vanishing would imply, that it diffuses into the CIS phase. In that case, the CIS
phase would get Ga richer and its d;12 must shift towards a lower value corresponding
to CIGS. In contrast, it does shift to the CIS reference. Therefore, the reflections
of the shoulder and Peak-A do not correlate to a Ga containing Cu(In,Ga)Se; phase.
However, both shoulders can be explained by reflections of other phases, i.e. CulngSes
and Cuy 72Se. This is demonstrated for the region close to the CIS 112 and 220/204
reflections at the instance of the spectrum acquired at 474 °C in Fig. D.6. The acquired
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Figure D.5.: Evolution of reflections over process time, extracted from the
EDXRD/EDXRF data in Fig. 4.3. Plotted are a) Tg,,, b) integral intensities of
CIS 112 and CIGS 112 with c) corresponding lattice plane distances dq12. The dashed
lines in c) represent the djq2 of the phases CulnSey, CulnzSes and CuGaSe; calculated
as function of T'g,p, based on their value at RT and thermal expansion coefficient, given
in literature (see sup. Tabs. E.2 and E.3). d) Integral intensities of Cu-Ka fluorescence
and Peak-A. e) EDXRD spectra at different temperatures vs. lattice plane distance.
The vertical dashed lines indicate the djq5 from reference pattern of CulnSe; (green)
and CuGaSe, (yellow) at 580 °C. The black arrow indicate the shift of the 112 reflection
of CIGS. The shoulder at 474 °C is magnified in Fig. D.6a).

spectrum can be described by a set of reflections with a Gaussian profile. Possible
corresponding reflections of CulngSes 112 and Cuy 755e 111 are overlapping (as well
as CulngSes 204 and Cuy 72Se 220 overlap at Peak-A). The reflections of Cus_,Se
were found to shift linearly with the composition (x = 0 - 0.28) [Tonejc et al., 1975,
Tonejc, 1980, Ohtani et al., 1998, Murray and Heyding, 1975] and can be overlapping
with other reflections, e.g. Cuy_,Se 111 with (In,Ga)Se 101, Culn;_,Ga,Ses 112 or
Cu(In;_,Ga,)3Se; 112. This made the assignment of Peak-A and the shoulder to a
specific phase difficult.

Earlier studies with a similar in situ EDXRD setup could not identify a Cu-Se binary,
but their ex situ Raman measurements on quenched samples showed a vibrational
mode possibly explained by Cuy_,Se [Mainz et al., 2015b]. Cuy_,Se can transform
to CuSe below 377 °C. CuSe crystals were found on top of a film by SEM and EDX
[Vieweg, 2007]. Cu-Se binaries were also found by others during selenization of metal/Se
films [Hergert et al., 2005] or in HoSe [Hanket et al., 2007]. Therefore it is concluded,
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Figure D.6.: EDXRD spectrum at 474 °C for different energy ranges in a) and b). The
signals can be described by a) four and b) three reflections with a Gaussian profile. A
linear background is subtracted for the fit. Some reference peak positions are indicated
with numbers.

that Peak-A and the shoulder correspond to Cus_,Se. The composition is deduced
to be Cuy 72Se by use of Vegard’s law and literature values from [Tonejc et al., 1975,
Tonejc, 1980]. Fig. D.6 shows, that this assumption is sufficient to completely describe
the signal and the evolution of I, k.

Evaluation of depth position of v;/,-CugGa, at T,

The effect of the position of the 7 /2-CugGay phase in the stack is studied at the
instance of a few selected stacks. This will lead to the likeliest depth position of
71/2-CugGay and decrease the number of plausible permutations from generally 24 to 6.
For simplicity, the possible Cu concentration range of 64+ at.% Cu in 7 /,-CugGay is
set to the average value of 64 at.% Cu, for the moment. The v, /o-CugGa, phase consists
of Cu and Ga. It exhibits 92% of the total Ga amount. The main difference to all
other phases is the high share of Ga. Hence, the I5,_ k. is a measure for the evaluation
of calculated fluorescence intensities with varying depth position. Fig. D.7) shows,
that the calculated Ig,—k. significantly increases with ~y; o-CugGay phase positioned
closer to the surface. Only the position of v;/o-CugGay at the back contact exhibits an
lga— ko matching the experimental value. The stacking order above is irrelevant for
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Figure D.7.: a) Stacking sequences with different positioning of v; /o-CugGay (64 at.%
Cu) and b) corresponding calculated fluorescence intensities of Ga and Cu for each
stack in contrast to the measured values at 447 °C (dashed lines). The colors correspond
to the element species as indicated at the left and right axis. The colored background
ranges indicate the maximum uncertainty of the experimental values (+8 %).

Iga—Kka and also the other fluorescence intensities. The position of 7, /5-CugGay at the
back contact is consistent with the presented reasons in Sec. 4.2.2.2.

Evolution of calculated fluorescence intensities in the more surface sensitive
detector:
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Figure D.8.: Experimental evolution and calculated fluorescence intensities for the
respective stacking sequences (Fig. 4.11a) at Ty, of T1=388°C (1), To=447°C (t5)
and T3=505°C (t3). The colors correspond to the element species as indicated at the
left and right axis. The corresponding results regarding detector 1 can be found in
Fig. 4.11b.
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D.4. Supplementary for Sec. 4.3
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Figure D.9.: Evolution of intensities of phase reflection and fluorescence peaks over
process time during selenization of a Cu-In-Ga multilayer precursor. a) Substrate tem-
perature T, and b) time-resolved EDXRD/EDXRF signals over time. The intensity
os color coded (as indicated on the right side). Points in time with characteristic signal
intensities or changes are marked with dashed lines defined as ¢; and ¢, defines the
start of the selenization process. The negative time indicates the process preparation
before ty. The measurements taken between 0 and 12min (gray rectangle) are plotted
in an extended scale in Fig. 4.12.
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Table D.1.: Detailed composition of the y-Cug(In,Ga), phase for the different amounts
of Cu assumed and calculated regarding the lattice plane distance of the 330 reflection
at certain substrate temperatures (Ts), as described on page 157.

Tew t;i Cu concentration composition of

/ °C / at.% Cu ~v-Cug(In,Ga) 4
66 Cug(Ing.27Gag.73) .64
388 t; 67.5 Cug(Ing.2sGag.72)a.33
69 Cuy(Ing 20Gag.71)4.04
66 Cug(Ing 36Gag.e4)1.64
457 t, 68 Cug(Ing.37Gag.e3)4.24
70 Cug(Ing.35Gag.e2)s.56
66 Cug(Ing.43Gag.s7)a.64
501 t3 68 Cuy(Ing 44Gag.56)4.24
70 Cuy(Ing 45Gag.55)3.56
506 t, 61 Cuy(Ing 42Gag 58)5.75
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Figure D.13.: Possible permutations of the stacking sequence with a C(IG)3S5 phase at a) T, =457 °C (t2) and at b) T,,=501°C

(t3). c-d) Corresponding calculated fluorescence intensities (each with six values from lower to upper limit of the CIS thickness).

The colors correspond to the element species as indicated at the left and right axis. x, 4+, o indicate the results for 66, 68 and
70 at.% Cu in y-Cug(In,Ga),. Dashed lines illustrate the observed intensities from experiment at c¢) to and at d) t3. The colored
background ranges indicate the maximum uncertainty of the experimental values (£8%). x, +, o indicate the results for different
Cu concentrations in y-Cug(In,Ga)y. All I7,_ k. values in d) are reduced by 18 for a better visibility of the deviations.
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Figure D.14.: Calculated fluorescence intensities for the second detector of the
respective stacking sequences (Fig. 4.22a) for the points in time at T'5,,=388°C (t1),
Tsup=457°C (t3), Tsup=501°C (t3), Tsupb=006°C (t4) and T',,=549°C (t5) are shown
together with the measured fluorescence intensities. The corresponding for detector 1
are shown in Fig. 4.22.

The Ga homogenization occurs at a temperature of 501 °C, which is close to the
temperature roughly approximated from the ez situ experiments to be above 520 °C
in the atmospheric selenization tool [Schmidt et al., 2017]. It is likely to be the same

mechanisms and not correlated to the loss of In.

D.4.1. Presence of a Cu(In,Ga)s;Se; phase instead of a
Cu(In,Ga)Se; phase

Here, the phase mixture at T, =457 °C (t2) consists of 7-Cug(In,Ga)y, (In,Ga)Se, CIS
and CIGS. The linear equation system can be solved for 66 at.% Cu and 68 at.% Cu
in 7-Cug(In,Ga),, but there is no solution for 70at.% Cu. The mathematical set of
solutions can be narrowed down, because there are solutions with no amount of a
phase that was observed by in situ EDXRD. The reflection intensity of y-Cug(In,Ga),
330 was similar to before at T,;,=388°C (¢1). The dimension of crystal amount could
be similar too before. This limits the phase amount to the approximated range of
fraction, with the CIS fraction as parameter, between 0.05 and 0.055 CIS for 66 at.%
Cu. And the range of fraction for 68 at.% Cu is narrowed down between 0.009 and
0.017. The relative phase amount of CIS at T',;,=388 °C was concluded to be 0.06.
This can not be used to reduce the range here, because CIS might have incorporated
Ga and changed to the CIGS phase. But the total sum of both CIGS phases should
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Figure D.15.: Possible permutations of the stacking sequence with a CIGS phase at a) T',,=457°C (t3) and at b) T,,=501°C

(t3). c-d) Corresponding calculated fluorescence intensities (each with six values from lower to upper limit of the CIS thickness).

The colors correspond to the element species as indicated at the left and right axis. ¢) x and + indicate the results for 66 and
68at.% Cu in y-Cug(In,Ga)s. d) x indicates the results for 66 at.% Cu in y-Cug(In,Ga),. Dashed lines illustrate the observed
intensities from experiment at t,. The colored background ranges indicate the maximum uncertainty of the experimental values
(£8%). All Iy,,— ko values are reduced in ¢) by 22 and in d) by 20 for a better visibility of the deviations.
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be bigger than the 0.06 before. This reduced the upper limit from 0.017 to 0.011 for
68 at.% Cu. The small amount of CIS results in very similar fluorescence intensities
for the stacking sequences A, C and and, as well as for B, D and F, respectively (right
side in Fig. D.15¢).

The stacking sequence with the best matching I¢,_ k. is E in Fig. D.15c¢ but its
difference for Ig,_ ko is much higher than for B, which is outweighing. Stacking
sequence E is unlikely.

At T, =501°C (t3), the linear equation system can only be solved for 66 at.% Cu
in 7-Cug(In,Ga), (and not for 68 at.% Cu and 70at.% Cu). This is also the case for
assuming a lower CGI of 0.9 instead of 1 in the chalcopyrite phases. The same loss of
In as in Sec. 4.3.2 is assumed.

At T4,=457°C, the only stacking sequence with CIGS slightly matching the measure-
ment was sequence B. It would be reasonable, if at Ts,;,=501°C it is the same here
as before. But the stacking sequence B shows no good accordance. The calculated
Iyio- ke is always above the measured one, in contrast to the calculations for all other
T With a Ipjo— ko smaller the measured one.

The set of solutions is between 0 bis 0.02586 CIS, with a phase fraction of CIGS
decreasing to 0 for the upper limit of 0.02586 CIS. The fluorescence intensities closest
to the measured values with maximum CIS amount is stacking sequence A, but it
exhibits no CIGS amount and is therefore also unlikely, Fig. D.15d.

Overall, the maximum phase amount of CIS is only half the size it was found at
Tsuw=388°C (t1). The reflection intensity of CIS 112 increased by more than 3 times
from T, =388°C (5.2) until T,,=501°C (15.9) and should be related somehow to
the phase amount. Thus, the whole set of solutions of the linear equation system is
unlikely, if the fit of the CIS + CIGS signal is accurate.

The decreasing I, k«, as measured, might indicate the time frame for the observed
loss of In, thus, assuming a decreasing In amount, decreases Ig._ k. and increases
Ivio— ko, which is increasing the differences of the results even more. Only I, ko is
getting closer to the measured value, but can not outweigh the other differences of the
fluorescence intensities.

No stack could be found with CIGS to reproduce the evolution of the measured
elemental fluorescence intensities at T'q;,=457 °C and T's,,=501°C.
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D.5. Supplementary for Sec. 4.5

D.5.1. Influence of total pressure on the film evolution

during selenization

The influence of the total pressure on the selenization is evaluated by applying vacuum
and atmospheric (Ny) background conditions in the closed vacuum selenization tool.
Two in situ EDXRD/EDXRF measurements were performed.

Fig. D.16 shows the evolution of integral peak intensities from reflection and fluorescence
signals during selenization processes with a starting pressure of a) 100 mbar (N3) and
b) in vacuum at ~ 1075 mbar. The process with initial pressure of 100 mbar is raising
its pressure during heating to nearly atmospheric pressure. Both processes result in
similar final fluorescence and reflection intensities. The final spectra of both processes
exhibit a CIS 112 reflection and a CIGS 112 reflection. No fundamental difference was
observed. In case of the vacuum-based process, the CIGS reflection is getting slightly
closer to the CIS 112 reflection. In summary, both processes resulted in Ga segregation.
The kinetics are not fundamentally different by a different background pressure.
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Figure D.16.: Evolution of reflection and fluorescence intensities over process time
during selenization at different initial atmospheric (line) and low (dashed) pressure,
extracted from the EDXRD/EDXRF measurement data shown in Fig. D.17. a) T
and pressure. Integral intensities of b) fluorescence as well as ¢) and d) reflection peaks.
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Figure D.17.: Evolution of reflection and fluorescence intensities over process time
during selenization at different starting pressures. a) atmospheric and b) vacuum

background pressure. T, and pressure on top of the EDXRD/EDXRF signal (color
coded intensity).
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E. Data from literature

Phase diagrams

The following phase diagrams are shown here:

Phase diagrams in Ch. 1:

o Cu-Ga (Fig. E.1)

0 v1/2/3-CugGay a vs. Ga at.% (Fig. E.2a)
o 71/0-CugGay a vs. T (Fig. E.2b)

o Cu-In (Fig. E.3)

o Cu-In-Ga (Fig. E.4)

o Cu-Se (Fig. E.5)

o In-Se (Fig. E.6)

o InSe-GaSe (Fig. E.7)

o Cu-In-Ga at 150°C (Fig. 1.5a)
o Cu-In-Ga at 550°C (Fig. 1.5b)
o Cu-In-Se at 300°C (Fig. 1.6a)
o InySez-CusSe (Fig. 1.6b)

Atomic Percenil Gallium

Temperalure °C

20 an 40 50 &0 70 B 0 100
'."'—"'— 1.4.__ NP — .‘-.-.I.-.-\.-. 1-.-.l-.-n Tt 4 I' -
r 2RTTHC
20 0 40 =0 &0 0 B0 9 100
Weight Percent Gallium Ga

Figure E.1.: Phase diagram of Cu-Ga, various v;-CugGa, phases. 7 is denoted as 7y
during this work, [Subramanian and Laughlin, 1992].
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Figure E.2.: a) Lattice parameter for cubic 7,72 and 73 with the varying Ga con-
centration at 18°C [Predel, 1994]. An overview of experimental data can be found on
page 22 in [Holzing, 2013]. b) lattice parameter for the cubic solid solution containing
32.13at.% Ga vs. temperature [Predel, 1994]. The corresponding phase diagram of
Cu-Ga is shown in Fig. E.1.
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Figure E.3.: Phase diagram of Cu-In [Bahari et al., 2003]. The ¢ phase transforms
to v-Cuglny, which is not marked. n: Cuyglng, a: Cu, 5: (Cu,In);.
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Figure E.4.: Calculated isothermal ternary phase diagram of Cu-In-Ga from Muzzillo
et al. (2015) at 350 °C (623 K). The greek letters correspond to the following compounds:
a: Cu, 7;: different CugGay (see text and Fig. E.1) with v which is denoted as vy in
this work, a low (LT) and high (HT) temperature phase of 1: Cujglng, ¢: Cuy;lng,
(: CurrsGagae. The area of the ternary phase mixture of In+CujgIng+Cug(In,Ga), is
colored in gray.
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Figure E.5.: Phase diagram of Cu-Se [Chakrabarti and Laughlin, 1981].
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Figure E.6.: Phase diagram of In-Se [Godecke et al., 1998] with monotectic reation
at 520 °C and peritectic phases: InySes (p6) at 550 °C and InSe (p5) at 611 °C.
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Figure E.7.: Phase diagram of the pseudobinary GaSe-InSe system with temperature
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v are mixed crystals. [ is the unstable component GasInSes. Lattice constants for
different x in Ga(x)In(1-x)Se are listed in [Madelung et al., 1998].
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Data needed for the program EDXRDfit

For use of the program EDXRFfit, the amounts of atoms per area (element quantities)
are needed. They are measured by ez situ XRF (at.%) and transformed to wt.% by

Qa;T4
4

w; = , with standard atomic weight a; for the elements i [Cu (63.54 u), In

(> aizy)
(114.821111), Ga (69.72 u), Se (78.96 u)|, weight percentage w;, atomic percentage x;,
avogadro constant N,=6.02214-103 mol~!, density of absorber pupsorper and thickness
of absorber D psorper- The quantity of Mo is calculated from the measured thickness D
in nm, standard atomic weight for element i of a,;,=95.94 u: Np;o = D - N4 - apo.

Area density: NZ = Pabsorber Dabsorber . wi/ai . NA (El)

Table E.1.: Atomic densities of observed phases for use in the EDXRFfit program.
Densities are calculated from the crystallographic data, taken from the references.
Both references for CuySe and Cu; gSe use the same space group Fm3m. For a -
Cug(In;_,Ga, )4 phase, the atomic density is weighted with the Ga to In ratio and the
values of v;-CugGay and v-Cuglnyg. It is not distinguished between different ~;-CugGay
(i=0,1,2,3) due to the lack of information. For CujsGag, the p ratio of CugGay/Cuglng
is assumed as an approximation.

Phase Vit cel  NO. of Atomic ICDD & Reference
/nm?®  atoms per density
unit cell  p / nm™3

Cuyglng 0.096 6 62.5 [Laves et al., 1941], [Mainz, 2008]
~v-Cuglny ~ 0.753 52 69.1 [Che and Ellner, 1992]
~i-CugGay  0.669 52 7.7 [Stokhuyzen et al., 1974]
CuGaSe,  0.347 16 46.1 [Mandel et al., 1977]

CulnSe;  0.389 16 A1.1 [Knight, 1992]

CulnsSes  0.382 15.3 40.1 [Marin et al., 1998]

CuGagSes 0.331 15.3 46.2 [Marin et al., 1998]

Cu; gSe 0.2023 11.2 55.4 at 360 °C, [Oliveria et al., 1988]
CusSe 0.2023 12 59.3 at 360 °C, [Oliveria et al., 1988]
In 0.052 2 38.5 [Smith and Schneider, 1964]

In (1) 36.1 [Williams and Miller, 1950]
InsSes 0.768 28 36.5 [Hogg et al., 1973]

InSe 0.231 8 34.6 [Popovié et al., 1979]

Mo 0.031 2 64.5 [Swanson and Tatge, 1953]
MoSe, 0.121 6 49.6 [Cech et al., 1973]

Se (crys.) 0.0818 3 36.7 [Swanson and et al., 1955]
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Table E.2.: Spacegroup and lattice parameter for the observed phases in the EDXRD

measurements.
Compound Spacegroup Lattice const. / A ICDD & Reference
Cuyglng/Cupln 194 a=b=4.2943 03-065-0704
¢=h.2328 [Che and Ellner, 1992]
71-CugGay 215 a=b=c=8.7470 [Stokhuyzen et al., 1974]
CugIn, (RT) 215 a=b=c=9.0970 [Che and Ellner, 1992]
Cuglny (650°C) 215 a=b=c=9.2503 [Hume-Rothery et al., 1951]
Cug(In;_,Ga,)s 215 a=b=c=8.95 [Mainz, 2008]
CuGaSes 122 a=5.614 01-076-1735
c=11.022 Mandel et al., 1977]
CulnSe, 122 a=>5.7810 01-081-1936
c=11.6422 [Knight, 1992]
CulnzSes 112 a=b=5.7541 00-051-1221
c=11.538 [Marin et al., 1998]
CuGasSes 112 a=b=>5.4996 [Marin et al., 1998]
c¢=10.946
Cuy gSe a=>H.765 [Heyding and Murray, 1976]
CusSe (210 °C) a=>5.854 01-071-4323
[Oliveria et al., 1988]
CusSe (360 °C) a=b.871 03-065-6556
[Oliveria et al., 1988]
In (I4/mmm) a = 3.2512 00-005-0642
c = 4.9467 [Smith and Schneider, 1964]
InySes 58 a=15.297 00-051-0808
b=12.308 [Hogg et al., 1973]
c=4.081
InSe (RT) (P63/mmc) a=b=4.0050 034-1431
194 c¢=16.6400 [Popovié¢ et al., 1979]
GaSe (RT) a=b=3.755 [Jellinek and Hahn, 1961]
c=15.94
Mo 229 a=b=c=3.1472 00-042-1120
c=12.9250 [Swanson and Tatge, 1953]
Se 152 a=b=4.3662 00-006-0362
c=4.9536 [Swanson, 1954]
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E. Data from literature

Table E.3.: Thermal expansion coefficients «, *1: expected value from correlation with
empirical pseudopotential determined from atomic spectra. a(Cuglny) is calculated
by the lattice difference between RT from [Che and Ellner, 1992] and 650°C from
[Hume-Rothery et al., 1951]. The values for v,-CugGay and v-CugGay are calculated
from Fig. 3 in [Predel, 1994], which are originally from [Pearson, 2013].

Compound  Temperature Thermal expansion Reference
range (K) coefficient «

Cu161n9 - - -
1 CugGay 300 to 780 K 16.0-107K~! s. caption
vCugGay 780 to 980 K 26.7-107K~! s. caption
Cuglny RT to 923 K 27.05-107K~! 5. caption
Cug(In,Ga), 460 to 820 K 30.2-107 K1 [Mainz, 2008]
CuGaSe, 300 to 958 K ,=1.28 - 107K ! [Kistaiah and Murthy, 1985]
CuGaSe, 300 to 958 K ,=4.18 - 107 °K~! [Kistaiah and Murthy, 1985]
CulnSe, 300 to 573 K «,=11.0- 107K~ [Briihl et al., 1981]
CulnSe; 300 to 573 K «a,=8.4-10"5K~! [Briihl et al., 1981]
CuGagSes RT q=7.7-107"°K~1 [Orlova et al., 2002]
CuGasSes RT a.=5.6-10"K~1 [Orlova et al., 2002]
CulnszSes RT ,=10.4-107°K~1 [Orlova et al., 2002]
CulnzSe; RT a.=6.0-107°K~1 [Orlova et al., 2002]
Cuy 79-1.865€ 2.24-107°K~1 [Tonejc et al., 1975]
Cuy g6Se 2.20-10°K~' [Ogorelec and Celustka, 1966]
GaSe at 400+ K ,=9.5-10"CK~1 [Aliev et al., 1972]
GaSe at 400+ K a.=11.3-107°K~1 [Aliev et al., 1972]
In 32-107°K~! *1 from Fig. 5 in

[Gambino and Seiden, 1970]
InySe; 300 K 2.1-107°K~' [Logvinenko et al., 1975
InSe at 400+ K a,=16.5-10"K~! [Aliev et al., 1973]
InSe at 400+ K @.=12.9-107°K~1 [Aliev et al., 1973]
Mo at 853 K 5.6-107°K~! from Fig. 2 in

[White and Andrikidis, 1996]
Se - 36-107°K~1 *1 from Fig. 5 in

[Gambino and Seiden, 1970]
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List of Symbols and Abbreviations

Symbols

a; standard atomic weight for element i
Planck constant
v Photon frequency
Ny Avogadro constant
OA total atomic cross-section
Abbreviations
ALD atomic layer deposition
AFM atomic force microscope
BESSY Berlin Electron Storage Ring Society for Synchrotron Radiation
CBD chemical bath deposition
CGI or Culll is the Cu to element III ratio: [Cu]/([In]+[Gal)
CIGS Cu(In;_,Gay)Ses
C(IG)gSg, Cu(Inl,xGax);gS%
CIGS CIGS phase with a GGI above 0.35
CIGS CIGS phase with a GGI between 0.25 and 0.35
CIGS CIGS phase with a GGI between 0.1 and 0.25
CIS CIGS phase with a GGI below 0.1
D absorber thickness of absorber
DTA differential thermal analysis
EDDI experimental station at BESSY II for Energy Dispersive DIffraction
EDX energy dispersive X-ray analysis
EDXRD energy dispersive X-ray diffraction analysis
EDXRF energy dispersive X-ray fluorescence analysis
E, band gap energy
EQE external quantum efficiency
Esc escape peak
FF fill factor

GGI or Galll is the Ga to In ratio: [Ga]/([Ga]+[In])



List of Symbols and Abbreviations

GDOES glow-discharge optical emission spectroscopy
HZB Helmholtz Zentrum Berlin

ICDD International Centre for Diffraction Data
N; general-area-density

ODC ordered defect compound

ovce ordered vacancy compound

PV photovoltaics

PVD physical vapor deposition

RMS root mean square

Pabsorber density of absorber

RT room temperature

RTA rapid thermal annealing

RTP rapid thermal processing

SEM scanning electron microscopy

SRH Shockley Read Hall recombination

TEM transmission electron microscopy

Tinax maximum temperature during annealing
Tge Se source temperature

Tsub substrate temperature

Voe open circuit voltage

W; weight percentage

z; atomic percentage

XRD X-ray diffraction analysis

XRF X-ray fluorescence analysis

WDXRF wavelength dispersive X-ray fluorescence analysis

IT



Publications

Peer-reviewed publications

In the framework of this thesis

Bécker, J.-P., Schmidt, S. S., Rodriguez-Alvarez, H., Wolf, C., Kaufmann, C. A., Hartig, M.,
Mainz, R., and Schlatmann, R. (2017). Lateral phase separation in Cu-In-Ga precursor and
Cu(In,Ga)Ses absorber thin films. SOL ENERG MAT SOL C , 162:120-126.

Schmidt, S. S., Wolf, C., Rodriguez-Alvarez, H., Backer, J.-P., Kaufmann, C. A., Merdes,
S., Ziem, F., Hartig, M., Cinque, S., Dorbandt, 1., Kéble, C., Abou-Ras, D., Mainz, R.,
and Schlatmann, R. (2017). Adjusting the Ga grading duringfast atmospheric processing of

Cu(In,Ga)Sey solar cell absorber layers using elemental selenium vapor. Prog. Photovolt.:
Res. Appl. , 25(5):341-357.

Not in the framework of this thesis

Stange, H., Brunken, S., Greiner, D., Marc Daniel Heinemann and, D. A. B. Y., Wégele, L.
A., Schmidt, S. S., Bécker, J.-P., Kaufmann, C. A., Klaus, M., Scheer, R., Genzel, C., and
Mainz, R. (2018). Stacking fault energy as driving force for grain growth in CulnSes. Phys.
Rev. Applied.

Stange, H., Brunken, S., Greiner, D., Heinemann, M.-D., Kaufmann, C. A., Schmidt, S. S.,
Bécker, J.-P., Klaus, M., Genzel, C., and Mainz, R. (2016). Diffusion-induced grain boundary
migration as mechanism for grain growth and defect annihilation in chalcopyrite thin films.
Acta Materialia , 111:377 - 384.

Morherr, A., Witt, S., Chernenkaya, A., Bécker, J.-P., Schénhense, G., Bolte, M., and

Krellner, C. (2016). Crystal growth of new charge-transfer salts based on 7-conjugated donor
molecules . Physica B: Condensed Matter , 496:98 - 105.

I11



List of Symbols and Abbreviations

Conference contributions as first author

Backer, J.-P., Schmidt, S.S., Rodriguez-Alvarez, H., Hartig, M., Kaufmann, C.A., Mainz, R.,
Wolf, C., Schlatmann, R. (2016). Phase separation in Cu-In-Ga prrecursor and Cu(In,Ga)Ses
absorber thin films: Influences and reversibility. 7" International Workshop on CIGS Solar
Cell Technology, Munich, conference poster.

Bécker, J.-P., Rodriguez-Alvarez, H., Hartig, M., Kaufmann, C.A., Kavalakkatt, J., Lips,
K., Mainz, R., Merdes, S., Schmidt, S.S., Wolf, C., Schlatmann, R. (2015). Kinetics of
phase separation & coarsening in Cu-In-Ga precursor thin films for sequentially processed
Cu(In,Ga)Seq solar cells. PVSEC-25, Busan, conference talk, honored with Paper Award.

Bécker, J.-P., Rodriguez-Alvarez, H., Hartig, M., Kaufmann, C.A., Mainz, R., Merdes, S.,
Schmidt, S.S., Wolf, C., Ziem, F. and Schlatmann, R. (2015). Phase separation and the
role of sodium during annealing and selenization of Cu-In-Ga precursors for sequentially
processed Cu(In,Ga)Sey thin film solar cells. Solar Future Symposium, KAUST, Saudi-Arabia,

conference poster.

Bécker, J.-P., Rodriguez-Alvarez, H., Hartig, M., Kaufmann, C. A., Lips, K., Mainz, R.,
Merdes, S., Schmidt, S.S., Wolf, C., Ziem, F., Schlatmann, R. (2015). Kinetics of phase separa-
tion and coarsening in Cu-In-Ga precursor thin films for sequentially processed Cu(In,Ga)Ses
solar cells, 6" International Workshop on CIGS Solar Cell Technology, Berlin, conference

poster.

Bécker, J.-P., Rodriguez-Alvarez, H., Wolf, C., Hartig, M., Merdes, S., Ziem, F., Kavalakkatt,
J., Kaufmann, C.A., Schmidt, S.S., Mainz, R., Schlatmann, R. (2015). Kinetics of phase sepa-
ration and coarsening in Cu-In-Ga precursor thin films for sequentially processed Cu(In,Ga)Sey
solar cells, DPG Friihjahrstagung, Berlin, conference talk.

vV



Danksagung

An dieser Stelle moéchte ich mich ganz herzlich bei allen bedanken, die mich bei meiner
Promotionsarbeit unterstiitzt haben. Wahrend meiner Zeit am HZB habe ich so viele tolle

Leute kennengelernt, von denen ich zumindest einige erwéhnen mdochte.

Ich bedanke mich bei Prof. Klaus Lips und Prof. Rutger Schlatmann fiir die Méglichkeit
und die Betreuung dieser Arbeit am HZB. Vielen Dank an Prof. Klaus Lips fiir die super
QUANTSOL. Auflerdem danke ich Prof. Schlatmann fiir die Finanzierung der Konferenzbe-
suche. Vielen Dank auch fiir die weitere Betreuung durch Dr. Sebastian Schmidt, Dr.
Christian Kaufmann, Dr. Reiner Klenk und Dr. Roland Mainz.

Vielen dann fiir die finanzielle Unterstiitzung dieser Arbeit durch das Bundesministerium
fiir Bildung und Forschung (BMBF) im Rahmen des ACCESS-CIGS Projektes (grant no.
0325903A) sowie des NeuMaS Projektes (Grant no. 13N11768) und der Landesregierung
Berlin (SENBWF) im Rahmen des Programms fiir Spitzenforschung und Innovation in den
Neuen Léndern (grant no. 031S2151).

Sebastian und Reiner danke ich auflerdem fir die geduldige Hilfe, mich schriftlich besser
auszudriicken.

Christian Kaufmann und Marc Heinemann danke ich fiir die super Zeit in Siid Korea.

Der Aufbau und Betrieb des RTP3 ging schon zu Beginn flott voran dank der technischen
Hilfe von Anja Scheu und Sonja Cinque.

Auch Humberto Rodriguez-Alvarez danke ich fiir die anfingliche Einarbeitung und Hilfe beim
Aufbau des Ofens.

Ich danke der ganzen CIGS Arbeitsgruppe sowie iiberhaupt allen am PVcomB, sei es fiir sehr
gutes Arbeitsklima und Zusammenarbeit, Substratreinigung, Schichtabscheidungen, Kabel,
Kuchen und vieles mehr.

Christoph Genzel und seiner Arbeitsgruppe danke ich fiir die tolle Unterstiitzung an EDDI. Die
Auswertung der vielen Strahlzeitdaten und XRF-Berechnungen war nur dank der Programme
von Roland Mainz so schnell moglich.

Frau Klimm danke ich fiir die Unterstiitzung mit REM Aufnahmen und Daniel Abou-Ras
fiir Aufrechterhaltung eines funktionstiichtigen REMs an dem ich viele Messungen machen
konnte.



List of Symbols and Abbreviations

Danke Manuel Hartig fiir die super Tipps und Hilfe bei Fahrradreparaturen.

Fiir die gemeinsame Zeit und vielen Diskussionen danke ich auch dem ganzen Doktoranden-
team (u.a. Darja Erfurt, Stefan Korner, Tim Kodalle, Natalie Preissler, ...).

Paul, ich freue mich riesig, dass wir beim PhD-Retreat 2014 aneinander geraten sind und
so eine tolle Freundschaft entstanden ist. Dank dir habe ich mich gleich viel wohler gefiihlt
in Berlin und schnell Anschluss gefunden. Die Zeit mit dir und mit Martin Liebhaber war

fantastisch.

Von ganzem Herzen danke ich den beiden wichtigsten Frauen in meinem Leben, meiner
Mutter Christine und meinem gréfiten Schatz Jule. Auf zu neuen Abenteuern mein Schatz!
Ebenso danke ich auch Jules ganzer Verwandtschaft, die mir sehr ans Herz gewachsen ist.

VI



Curriculum Vitae

The curriculum vitae is not included in the online version for data protection reasons.

VII






Selbstandigkeitserklarung

Ich versichere hiermit, dass ich diese Arbeit selbststandig verfasst, alle benutzten Hilfsmittel
angegeben, alle Stellen sowie alle Elemente, die zitiert oder dem Sinn nach aus anderen
Werken entnommen sind mit Quellenangaben kenntlich gemacht habe. Auflerdem versichere
ich, dass diese Arbeit nicht schon einmal in einem fritheren Promotionsverfahren angenommen

oder als ungeniigend beurteilt worden ist.
Berlin, den

(JAN-PETER BACKER)

IX



	Contents
	Introduction
	1 Basics of Cu(In,Ga)Se2 absorber material and preparation
	1.1 The role of Ga in Cu(In,Ga)Se2 with respect to material and electrical properties
	1.1.1 Crystal structure of Cu(In,Ga)Se2
	1.1.2 Cu(In,Ga)Se2-based solar cells and the role of Ga therein

	1.2 Binary and ternary phase diagrams of the Cu-In-Ga-Se system
	1.2.1 Phase diagrams of the Cu-In-Ga system without Se
	1.2.2 Phase diagrams of the Cu-In-Se system

	1.3 Types of Se supply and known effects on CIGS growth
	1.4 Sequential growth of Cu(In,Ga)Se2
	1.4.1 Growth of CuInSe2
	1.4.2 Growth of CIGS with strong vertical Ga segregation
	1.4.3 Growth of CIGS with less distinct vertical Ga segregation


	2 Experimental and analytical methods
	2.1 Cu(In,Ga)Se2 absorber preparation
	2.1.1 Cu-In-Ga metal precursor deposition
	2.1.2 Selenization of metallic precursor layers
	2.1.3 Preparation of solar cells

	2.2 Main characterization methods
	2.2.1 Energy dispersive X-ray diffraction (EDXRD)
	2.2.2 Energy dispersive X-ray fluorescence (EDXRF)

	2.3 Standard characterization methods

	3 Lateral element redistribution during annealing of metal precursors
	3.1 Influence of precursor stacking sequence on film roughness and homogeneity
	3.2 Effect of heating rate and temperature on lateral element redistribution
	3.3 Impact of evaporated NaF on dewetting
	3.4 Non-reversibility of lateral phase separation with selenization
	3.5 Discussion
	3.6 Conclusion

	4 Evolution of crystallographic phases and vertical elemental redistribution during selenization
	4.1 Thermal treatment of the Cu-In-Ga multilayer precursor without Se
	4.1.1 Analysis of the in situ EDXRD/EDXRF measurement
	4.1.2 Summary

	4.2 Fast absorber growth with strong vertical Ga segregation
	4.2.1 Analysis of the in situ EDXRD/EDXRF measurement
	4.2.2 Deduced 1D growth schematic
	4.2.3 Summary

	4.3 Fast absorber growth without final vertical Ga segregation
	4.3.1 Analysis of the in situ EDXRD/EDXRF measurement
	4.3.2 Deduced 1D growth schematic
	4.3.3 Summary

	4.4 Discussion of the applied EDXRD/EDXRF method and assumptions
	4.5 Comparison of the two distinct growth paths from in situ investigation
	4.6 Comparison of the two distinct growth paths from ex situ investigation
	4.7 CIGS growth model and correlation with the Se supply

	5 Conclusion and outlook
	Kurzfassung
	Abstract
	Bibliography
	A Supplementary for Ch. 1
	B Supplementary for Ch. 2
	C Supplementary for Ch. 3
	D Supplementary for Ch. 4
	D.1 Evaluation of the composition of the g-phase
	D.2 Supplementary for Sec. 4.1
	D.3 Supplementary for Sec. 4.2
	D.4 Supplementary for Sec. 4.3
	D.4.1 Presence of a Cu(In,Ga)3Se5 phase instead of a Cu(In,Ga)Se2 phase

	D.5 Supplementary for Sec. 4.5
	D.5.1 Influence of total pressure on the film evolution during selenization


	E Data from literature
	List of Symbols and Abbreviations
	List of Publications
	Acknowledgment
	Curriculum Vitae
	Selbständigkeitserklärung

