/\ HZB
. . o, ooy | 7 .
Freie Universitat | Berlin Helmholtz

Zentrum Berlin

In situ Investigation of the rapid
thermal reaction of Cu-In-Ga

precursors to Cu(In,Ga)Se -
thin- Im solar cell absorbers

im Fachbereich Physik der
Freien Universitat Berlin eingereichte

Dissertation

zur Erlangung des akademischen Grades
Doktor der Naturwissenschaften
- Dr. rer. nat. -
von

Jan-Peter Backer






Erstgutachter.  Prof. Dr. Klaus Lips (Betreuer)
Zweitgutachter: Prof. Dr. Rutger Schlatmann
Disputation: 9. Juli 2018






Contents

Introduction 1
1. Basics of Cu(In,Ga)Se , absorber material and preparation 5
1.1. The role of Ga in Cu(In,Ga)Se with respect to material and electrical
Properties . . . . . . . 5
1.1.1. Crystal structure of Cu(In,Ga)Se . . . . . .. ... ... .... 6
1.1.2. Cu(In,Ga)Se-based solar cells and the role of Ga therein . . . . 7
1.2. Binary and ternary phase diagrams of the Cu-In-Ga-Se system . . . . . 12
1.2.1. Phase diagrams of the Cu-In-Ga system without Se . . . . . .. 12
1.2.2. Phase diagrams of the Cu-In-Se system . . . . . ... ... ... 14
1.3. Types of Se supply and known e ects on CIGS growth . . . .. .. .. 16
1.4. Sequential growth of Cu(In,Ga)Sg . . . . .. .. ... ... ... ... 19
1.4.1. GrowthofCulnSe . ... ... ... ... . ... . ....... 20
1.4.2. Growth of CIGS with strong vertical Ga segregation. . . . . . . r
1.4.3. Growth of CIGS with less distinct vertical Ga segregation . . . 23
2. Experimental and analytical methods 27
2.1. Cu(In,Ga)Se absorber preparation . . .. ... ... ... ....... 27
2.1.1. Cu-In-Ga metal precursor deposition . . . . .. ... ... ... 27
2.1.2. Selenization of metallic precursor layers . . . . . ... ... ... 28
2.1.3. Preparationofsolarcells . . ... ... .............. 31
2.2. Main characterization methods . . . . .. ... ... ... ....... 32
2.2.1. Energy dispersive X-ray diraction (EDXRD) . ... ... ... 34
2.2.2. Energy dispersive X-ray uorescence (EDXRF) . .. ... ... 35
2.3. Standard characterization methods . . . . . .. ... ... ... .... 43
3. Lateral element redistribution during annealing of metal precursors 4 5
3.1. In uence of precursor stacking sequence on Im roughness and homogeneity
3.2. E ect of heating rate and temperature on lateral element redistribution &
3.3. Impact of evaporated NaF on dewetting . . . ... ... ........ 51
3.4. Non-reversibility of lateral phase separation with selenization . . . . . . 53
3.5. DISCUSSION . . . . . o 53
3.6. Conclusion . . . . . . . ... e e 55



Contents

4. Evolution of crystallographic phases and vertical elemental redis -

tribution during selenization 57
4.1. Thermal treatment of the Cu-In-Ga multilayer precursor without Se . . 59
4.1.1. Analysis of thein situ EDXRD/EDXRF measurement . . . . . 59
4.1.2. SUMMAIY . . . . o o e e e e e 62
4.2. Fast absorber growth with strong vertical Ga segregation . . .... .. 63
4.2.1. Analysis of thein situ EDXRD/EDXRF measurement . . . . . 63
4.2.2. Deduced 1D growth schematic . . . . ... ... ......... 70
4.2.3. SUMMANY . . . . ot e e e e e e 81
4.3. Fast absorber growth without nal vertical Ga segregation . . . . . . 82
4.3.1. Analysis of thein situ EDXRD/EDXRF measurement . . . . . 82
4.3.2. Deduced 1D growth schematic . . . . . ... ... ........ 89
4.3.3. SUMMANY . . . . o e e e e e e e e e 103
4.4. Discussion of the applied EDXRD/EDXRF method and assumptions . 103
4.5. Comparison of the two distinct growth paths fromin situ investigation 107
4.6. Comparison of the two distinct growth paths fromex situ investigation 110
4.7. CIGS growth model and correlation with the Se supply . . . . . .. .. 115
5. Conclusion and outlook 117
Kurzfassung 120
Abstract 121
Bibliography 123
A. Supplementary for Ch. 1 141
B. Supplementary for Ch. 2 145
C. Supplementary for Ch. 3 153
D. Supplementary for Ch. 4 157
D.1. Evaluation of the composition of the -phase . . . . . ... ... .... 157
D.2. Supplementary for Sec. 4.1 . . . . . .. ... ... 158
D.3. Supplementary for Sec. 4.2 . . . . . .. ... .. 160
D.4. Supplementary for Sec. 4.3 . . . . . ... ... 165
D.5. Supplementary for Sec. 4.5 . . . . . .. ... ... L Lo 172
D.5.1. In uence of total pressure on the Im evolution during selenizatiorl72
E. Data from literature 175

Vi



Contents

List of Symbols and Abbreviations
List of Publications
Acknowledgment

Curriculum Vitae

Selbstandigkeitserklarung

Vil

Vii






Introduction

Photovoltaics (PV) in general has evolved from just powering satellites and gadgets
towards contribution signi cantly to the electric energy supply. The demand for
renewable energies rises, because conventional energy sources exhibit a nipply.

In addition, green house gas emission and nuclear power plants are urgent saigsues.
Overall, the absorber material with the dominant market share is Si. The aim of furthe
reducing production costs led to the concept of thin Im technologies. The absorption
of light within a thin Im 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 elds of application e.g. exible modules. In the eld of thin ImPV
technologies,CIGS based cells exhibit the lowest environmental impact in comparison
with Si and CdTe based thin Im technologies [Jungbluthet 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 @isg of
the production per year Palm et al., 2015. Another main lever for pro tability is the
conversion e ciency. In this respect,CIGS is a promising material, currently exhibiting
the highest thin Im solar cell e ciency. The highest reported CIGS cell e ciency
is 22.9% K.K., 2 20]. There is still a high potential for increasing the e ciency,
since the theoretical maximum is about 33 %//erner et al., 1995 Werner et al., 2005
Siebentritt, 2011]. Another advantage ofCIGS is the possibility to adjust the energy
band gap E4) to optimize the e ciency in regard to the local incoming light spectrum.
The Egq is correlated to the Ga to In ratio in Cu(In; yGa,)Se. An increasing Ga
amount expands theEy from 1.00eV for Ga free CulnSgto up to 1.68 eV for CuGaSg
[Shay and Wernick, 1975].

An industrially attractive production route is the so called sequential process. It
consists of two steps, rst a deposition of a precursor and second a reantiwith
a chalcogen at an elevated temperature. The sequential process is alreadgd by
companies, e.g. AVANCIS and Solar Frontier. The central preparation technique in
this work is one possible variation of the sequential process. In detall, it cortsi®f the
thermally activated and fast reaction of a sputtered Cu-In-Ga precursor inlemental
Se vapor (selenization). The selenization is performed within a few minutes via apid
thermal processing step RTP), which can be carried out at atmospheric pressure.
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The use of elemental Se instead of toxic and explosive gases lik&él(and HS for
the e ciency record) reduces costs and safety risks. Using a sequential preseand
elemental chalcogenides, an e ciency of 17.3 % was reach&tdussillou et al., 2015.
Unfortunately, the preparation technique with fast selenization of a Cu-In-Ga pregsor
in elemental Se vapor typically leads to a segregation within th€IGS Im. This
means most of the Ga accumulating at the Mo back contact and an emerging Ga
free top part of the Im [Chirila et al., 2011 Palm et al., 2004 Caballeroet al., 2006
Weber et al., 2011, Mainz et al., 20154. The Ga segregation fundamentally inhibits
an adjustment of the Ga depth pro le (Eg, respectively). However, such an adjustment
is necessary for a higher e ciency to stay competitive on the market and ovettleer
preparation techniques (e.g. vacuum based co-evaporation).

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

~ Adjusting the Ga depth pro le in the precursor
[Caballeroet al., 2006, Hsuet al., 2012, Wuet al., 2014]

" Increasing selenization time and/or temperature
[Marudachalamet al., 1995, Marudachalamet al., 1997]

So far, all approaches have a draw-backe. they are not su cient, not reproducible,
not understood or they su er from an increase in processing time. Up to now, an
adjustment of the Ga in-depth pro le 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 di usio
barrier. The possibilities for a direct control of the selenization are limited. The Se
partial pressure Pse) is a possible parameter for controlling the reaction. However,
measuring Pse is di cult due to the corrosive Se vapor combined with the high
temperature required to avoid condensation. An often followed approach toryathe
Se supply is therefore to add di erent amounts of Se onto or next to the precursor
and heat up everything together in a closed reaction chamber. In this caségetSe
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. Thtise Ps,

is de ned by the Se source temperaturel(sg). A control of the Se supply might allow
to in uence the CIGS growth. Furthermore, with an external Se source, Se can be
provided at an elevated temperature (instead from the beginning at room temgzgure).



This can lead to unwanted side e ects like phase separation and dewetting, whictea
investigated in this thesis.

The aim of this work is to understand the phase formation, its evolution and depth
distribution to nally 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,iarsitu approach utilizing synchrotron
light was applied: The fast evolution of phases is observed by analyzing the Bragg
re ections observed byin situ energy dispersive X-ray di raction EDXRD). This mea-
surement is performed simultaneously witlin situ energy dispersive X-ray uorescence
(EDXRF) and hence, the signals can be correlated. A unique combination of the
situ EDXRD/EDXRF method with quantitatively calculated uorescence intensities is
used to deduce the phase depth distribution during growth.

The approach in this work is to study the in uence on the resulting lateral and vertical
Ga distribution of i) di erent 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 ofIGS, required
for this work. It starts with material properties of CIGS and the role of In and Ga
therein as well as related e ects on solar cell parameters. The relevamystallographic
phases present during the growth ofIGS 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 in uences of Se supply on the Se and Ga di usion coe cients
and on the phase formation are presented. The applied growth method, the sequentia
processing, is introduced and previous 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 BerlitiZB), is
described. Further, the central applied experimental methods are describedh
situ Energy dispersive X-ray diraction (EDXRD) and uorescence EDXRF) at
the energy dispersive diraction 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 treatnm of
Cu-In-Ga precursor layers in Se free atmosphere are studied to gain knowledgeudb
the time during selenization when Se should be supplied. This is performed by means
of phase identi cation using X-ray di raction ( XRD) measurements and by elemental
mapping using energy dispersive X-ray spectroscopi@X) in a scanning electron
microscope (SEM).

Chapter 4 showsn situ measurement data fromEDXRD 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 pretszhin
Section 4.2. Section 4.3 reveals, for the rst time, the time dependent phase evolutio
during selenization of a sample without resulting in Ga segregation. Both growth
evolutions are compared in Section 4.5. Sec. 4.6 showseansitu investigation with
which the temperature of the Se source, growth path and Ga depth pro le are shown
to be correlated. The investigations are compared to propose a comprehensnedel

of growth in Sec. 4.7.



1. Basics of Cu(ln,Ga)Se » absorber
material and preparation

This chapter describes material properties of Cu(In,Ga)2gCIGS), the role of In
and Ga therein as well as related e ects on solar cells parameters. The velet
crystallographic phases present during the growth @&IGS are introduced by means
of selected phase diagrams. A central control parameter in this work is the Sepply
during growth of CIGS. Therefore known in uences of Se supply on the Se and Ga
di usion coe cients and on the phase formation are presented. Afterwards, theplied
growth method, sequential processing, is introduced and previoirssitu 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 ) of the absorber material determines the minimum required
energy of photons to create an electron-hole pair. Thugg is an important design
parameter to prepare solar cells with maximum possible e ciencyCIGS is a compound
semiconductor of the family of I-11l-VI, materials, which o er the opportunity of
adjusting E4 by substitution of group I, Il or VI elements, i.e. forming di erent
compounds within the (Ag, Cu)(In, Ga, Al)(S, Se, Te) system Wei and Zunger, 199p
The substitution of In by Ga to increaseEg 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 modi ed by adding Ga are
presented in the following. Further information on the general physics of solaelts are
described in more detail in referencaNurfel, 2009 and further chalcogenide-speci c
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)Se. (Schematic created with
VESTA.)

1.1.1. Crystal structure of Cu(ln,Ga)Se 2

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 i42d.
The composition can be described by a solid solution of the miscible compounds
CulnSe, and CuGaSeg as Cu(ln; 4Ga,)Se and x is also referred to as [Ga]/([Ga]+[In])
(GGl). However, calculations based on Monte Carlo simulationX{e et al., 2014 and
density functional theory Wei and Zunger, 1995 Ludwig et al., 201J suggest, that
a separation of the solutes is energetically preferred at room temperatur€uinSe,
forms clusters in Ga-rich (GGI>0.5) Ims and CuGaSeg forms clusters in In-rich
(GGI<0.5) Ims. These clusters are decreasing in average size with increasirgnipera-
ture [Ludwig et al., 201Q. This increasing homogeneity is experimentally con rmed
[Haarstrich et al., 2017. Furthermore, the calculated inhomogeneity is higher for higher
Ga content CIGS [Ludwig, 2017, which is in agreement with experimental results
[Gutay and Bauer, 2007. The preservation of the high temperature homogeneity to-
wards a lower temperature can be forced by a fast cool dowindeln et al., 2009. The
consequence of a formation of clusters is a detrimental band gap uctuation. A ldba
decreasedE, decreases the limit for splitting the quasi-Fermi levelsSiebentritt, 2011]
and thus can increase the recombination. It has been found that band gap uctuations
in state-of-the art devices are in the order of 8 me\dutay and Bauer, 2009 However,
it has been shown, that only variations above 25 meV signi cantly change the e ciency
[Rau and Werner, 2004].

The two group three elements (In and Ga) exhibit di erent atomic radii and occupy
the same lattice position. The lattice constants of CulnSeare larger than those
of CuGaSeg (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].

aa, .8, = (1 Xx)an + xap (1.1)

Vegard's law is a suitable approximation in the case o€IGS [Suri et al., 1989,
[Choi and Lee, 2007].

The structure of chalcopyrite is closely related to that of zinc blende ZnS (sphalezit
The unit cell of chalcopyrite is approximately twice as big in volume, since 2a& and

re ects an alternation of Cu* and In/Ga3"* replacing Zr#* 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 di erent
and the anion (Se) is not occupying the ideal lattice position. A consequence is, that
someXRD re ections 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 defexpossible

in CIGS [Zhang et al., 1999. The various defects include unoccupied lattices sites
(vacancies), atoms in the space between the normal lattice sites (intersais) and atoms
on a di erent position (antisites). Defects in uence e.g. the doping and recombingn

in a CIGS solar cell as well as the di usion of elements during growth &1GS (see
Secs. 1.3 and 1.4).

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

A standard structure of aCIGS solar cell as it is applied in this work is illustrated in
Fig. 1.2. Glass, coated with um Mo as back contact typically serves as substrate. A
pn heterostructure consisting of a absorber/bu er/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 hm Figure 1.2.: Schematic structure of an in-house
Cu(In,Ga)Se, based solar cell with exemplary
Absorber CIGS ~1.5um | thickness values.
Back contact |Mo ~1 pum
Glass ~3 mm
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A Ga concentration x in Cu(ln; yGa,)Se between 0 and 1 is possible. Culnge
exhibits an E4 of 1.0eV in contrast to 1.68 eV for CuGaSe[Shay and Wernick, 1975
Kulkarni et al., 2009. The resulting Eq in a solid solution of them can be described
as a function of theGGI by use of a bowing factor with the suggested approximation
by Ishizuka et al. (2005):

Eq= 1+ 0:564 GGl + 0:116 GGI? (1.2)

This experimental result is supported by rst principles calculations [Wei and Zunger,
1995]. The e ect of Ga addition onEg4 is mainly due to an increase of the conduction
band minimum (Ec), while the valence band maximum Ey ) is only slightly a ected
[Wei and Zunger, 1995, Lavrenket al., 2015].

In view of commercial application, the e ciency ( ) is the most important property of
a solar module. The e ciency maximum is the optimum of the tradeo between the
achieved voltage and collected current. Whereas thg. increases withE, the collected
current decreases. Therefore, is correlated toE4 and thus to the Ga concentration.
The rst approximation relating E4 and e ciency is the well-known limit by Shockley
and Queisser (SQL) $hockley and Queisser, 19¢1or single E4 solar cells. The model
is based on black body radiation, a temperature of 600R for the sun surface,
a quantum e ciency (QE) of 1 and assuming only radiative recombination. For a
re ned approximation, a standard AM1.5 spectrum can be applied¥erner et al., 1995
Werner et al., 2005 Siebentritt, 2011. Their re ned approximation shows that highest
possible e ciencies are for absorbers witliey between 1.15eV and 1.35eV.

When correlating experimental ndings, Contreraset al. used the drop of anEQE
measurement to 20 % as a measure feg which is referred to as the e ectiveE, in
the following. This de nition is used sinceEy can vary in the depth of the absorber
and laterally. Fig. 1.3 shows achieved e ciencies plotted over the e ectiv&, to
demonstrate the experimental correlation between and E.

The achieved record e ciency of 22.9 %HK.K., 2 20] is still signi cantly 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§RH)
[Lewerenz and Jungblut, 1995Siebentritt, 2011]. SRH recombination may occur in
the bulk [Lewerenz and Jungblut, 199bas well as at the interfaces with the front
and back contact Biebentritt, 2011, Chirila et al., 201]. The broad maximum of the
theoretical maximum  (according to [Siebentritt, 2011]) between Eyg=1.15€V and
1.35eV is not found in the experiment. In the experiment, higher currents (at log)
were apparently easier to achieve than highi,. (at wide E4) which shifts the trade-o
between both to lowerEgy. The linear approximation of Vo(E,) is based on results
from Rau and Schock (1999): They showed that for di erent recombination mbeanism,
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Figure 1.3.: a) Solar cell e ciency and b) V,. versus e ective band gap values of
CIGS devices, determined on the basis of the EQE according @G@dntreras et al., 2013.
Figure taken from [Contreraset al.,, 2013. The red x marks the achieved values,
presented in this work (Sec. 4.6). Regarding the current record of 22.9 %K., 2 20],
the possibly correspondindz4 and V. are taken from [Wu et al., 2018].

typically observed in chalcopyrite solar cells and a dominant recombination in the
Eg

bulk, that V,. can be written asV,. = o %In(%) (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 (thg.

de cit) should show no distinct variation with the band gap. As Fig. 1.3b) shows, this
does not correspond to the experimental result where thé, de cit increases from less
than 0.5V to more than 0.7V with increasingEy. The predicted dependence of and

Ey can only be valid, if Ga modi es just the band gap. However, other consequences
of Ga incorporation such as a modi ed defect distribution, oxidation, morphology and
band line up at the heterointerface are known:

Ga in uences the energetic position of defectdleath et al., 2002 Zunger et al., 1997
and the defect concentration. A minimum of the bulk defect concentration was
found for anEy 1.15eV Hannaet al., 200]. Another experimental result is, that
CulnSe can be doped p- and n-type by native point defects resulting from devia-
tions from stoichiometric composition Nou et al., 1984 or by doping with Cdc, or
Clse [Zhao et al., 2004. However, n-type doping seems to be impossible for CuGaSe
[Coutts et al., 1984. This describes a fundamental di erence between both chalcopy-
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rites regarding the defects without a quantitative correlation with theGGI so far.
First-principle calculations show, that n-type doping in CuGaSgis strongly hampered
by a low formation energy (and possibility of spontaneous formation) &f ¢, acting
as an acceptor£hao et al., 2004 Perssonet al., 2003. The calculations also show a
remarkably low formation energy for the defect pair (2, +1l 2}), which is lower
for Inc, than for Gac, [Zungeret al., 1997. This explains the possible formation of
ordered vacancy compounds like Cub®e (OVC) (see also Sec. 1.2.2).

Regarding the surface properties a€IGS, Ga was found to more quickly oxidize com-
pared with In, forming Ga,O3 on top of CIGS and a reduction of the Ga concentration
in the Im [ Lehmannet al.,, 2014 Dirnstorfer et al., 200Q Lehmann, 201Q. Thus, it
possibly a ects the defect distribution at the interface with the bu er layer.

In regard to the morphology and crystal structure, a similar trend to the e cieng
was obtained: A maximum of grain size was found for x=0.23 (corresponds to
1.14eV) (by electron backscatter di raction (EBSD) maps) Abou-Raset al., 2008
Eisenbarth et al., 2009. This correlates with results from investigation of the crystal
structure in powder samples byXRD [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 proposéat
this pseudocubic crystal structure at about x=0.23 may lead to reduced strain irhe
growing Cu(In; vGas)Se, Im 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 e ciency (16.9 %) was actu-
ally observed at x=0.37 (1.22 eV) Abou-Raset al., 2008 Eisenbarth et al., 2009 (in
contrast to Fig. 1.3).

In short, the band gap widening from 1.0 eV for CulnSetowards 1.15¢€V is desired for
a higher e ciency. This is the most important e ect 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 is the im-
plementation of a changingEy over depth Dullweber et al., 200Q Songet 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 doublé&y gradient, with the minimum close
to the edge of the space charge region. This minimuBy typically correlates well to
the e ective E4 described above. The gradient towards the back contact is typically
achieved by increasing th&sGl, while the gradient towards the surface can be realized
by S incorporation in case of sequential preparatioriKpo et al., 2014. An increasing
Ey is applied to reduce recombination and minimize interface recombination as well
as ensuring a current ow. The gradient towards the back contact has the adveaage

10



1.1. The role of Ga in Cu(ln,Ga)Se with respect to material and electrical properties

of inducing a gradient of the quasi Fermi level (here for electron&;, ) in operation
(Fig. 1.4) in the bulk towards the front surface which improves the current collectio
[Warfel, 2000. The gradient also reduces the recombination at the back contact (by
reducing the electron density) which can in addition have a positive in uence on the
saturation current density and thereforeV,..

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

a) 06 T T . device structure similar to Fig. 1.2, calculated
g 0.3F 1 at the maximum power point by use of SCAPS
0.0 [Burgelman et al., 200Q. Used properties are
b) LOFZ Ec - listed in sup. Tab. A.1. a) GGI plotted over
L —F.n ]

depth. b) Plotted over depth are E; and E¢

3 00 - 7] (valence and conduction band energy) as well
B0l Ev " 1 asE, and E, (quasi Fermi level for electrons
e | and holes). TheEy of the absorber is based
L“_z_o_ 4 on a schematic example for the Ga in-depth
- - pro le, 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

0005 10 15 20 gre at aGGl of 0 and below are 900 nm with

Distance to back contact / ym an linear increase of theGGI up to 0.6. This
diagram demonstrates the e ect of Ga on the
band structure.

There are di erent preparation methods forCIGS absorber layers. With a preparation
method like co-evaporation of all elements from separate sources, tA&| over Im
depth can be controlled by the deposition rates of the elements during growtimé a
su ciently good homogeneity can be achieved. The largesTIGS industrial production
capacity, however, is based on sequential processikgontier, 2015. This preparation
method (as described in Sec. 1.4 in more detail) starts with deposition of a Cu-Ga-
based metal precursor Im. This Im is then processed via reactive annealing in a
Se containing atmosphere. For a sputtered precursor Im, Ga is typically present in
a Cu-Ga alloy (like CwGay). During this preparation, the thermodynamics and the
formation of several intermediate phases can only be controlled by extelqarameters

in a limited way, such as the temperature pro le over processing time. Furthermorghis
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. 1.4.2juAting
the in-depth Ga grading towards a uniform pro le afterwards is in principle possible
[Marudachalamet al., 1997 but only under speci c conditions and with extended
processing time. Ga segregation means, most Ga is located at back and a top par
is free of Ga and thus, the top part at anEy of about CulnSe, and the E4 at the
back contact is higher than 1.2eV. Determining a resulting singlgq for the total
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1. Basics of Cu(In,Ga)Se absorber material and preparation

device from a measurement (e.g. by EQE) shows, that the lowesy, in the top part
determines such an e ectiveEy [Dullweber et al., 200]. This minimal Eg of 1.0eV
limits the maximum V,. and e ciency, as explained above.

As in the theoretical predictions, the experiment also shows a steep increase tiency
between theEy=1.0eV and 1.15eV. That supports the main motivation of this work.
Identifying pathways to prevent strong Ga segregation within a fast seqoBal 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 uksed

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 diagramg o
Cu-In-Ga. A more detailed discussion of phases in the Cu-In-Ga system can be
found in [Purwins, 2010, Muzzilloet 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 InSe-Cu,Se. 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-Cuyg(In,Ga)g (in literature often denoted as Cyln for
Cugelng), Cuyqlng, i-Cug(In,Ga)4, In, -Cu(Ga), -Cu;7sGayr, -Curlnz and CuGa.
The phase -Cuyg(In,Ga)g is found to form already atRT 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 increder -
Cug(In,Ga)4 and liquid In. Meanwhile the three phase area of In+Cislng+Cuo(In,Ga)4
decreases (see gray area in Fig. 1.5).

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

=

D :
01 02003404405 06 07 08 09 1
N-LT Mole fraction of In CuyyIng  In

0 ¥ = = - - - = — x
0 01 02003J04 05 06 07 08 09
Cu N-HT Mole fraction of In In

Figure 1.5.: Calculated isothermal ternary phase diagram of Cu-In-Ga from Muzzillo
et al. (2015) at a) 15C°C (423K), b) 550°C (823 K). An additional phase diagram
for 350°C (623K) is shown in sup. Fig. E.4. The greek letters correspond to the
following compounds: : Cu, ;: dierent Cu¢Ga, (see text and sup. Fig. E.1) with

which is denoted as g in this work, a low (LT) and high (HT) temperature phase
of : Cuglng, : Cujilng, : Cu;78Gagy,. The area of the ternary phase mixture of
IN+Cu 16lng+Cug(In,Ga), is colored in gray.
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1. Basics of Cu(In,Ga)Se absorber material and preparation

A di culty for phase identi cation results from the fact, that most re ections of the

two solid solutions, the - and the -phase, may overlap due to the variation of the
lattice constants with the Ga/In ratio within their regions of existence. Assigment of

re ections to the -phase is sometimes possible, because of unique but low intensity
re ections like 110, 222 or 321.

Another di culty rises from Cu ¢Gay, for which four di erent structures were found and

which are also present in the ternary system. They are denoted asCuyGa, (with

i from O to 3, in this work 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 ( at higher temperatures, see sup. Fig. E.1. Additionally, the Cu

to Ga ratio changes the lattice constant, see sup. Fig. E.2a). WRD patterns, they

can be di erentiated only by di erent relative intensities of side re ections, wich have

typically low intensities. However, the di erent reference patterns could not béund

in the literature. In seems to be soluble only in ;-Cug(In,Ga) 4 [HOIzing, 2013. The

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

No other Cu-In, Cu-Ga of Cu-(In-Ga) phases will be observed during this work. An
identi cation of the structure of Cug(In,Ga), as well as possible will be the basis to
determine the composition. The distinction of Cy(In,Ga)y and Cu(In,Ga), as well
as the composition will be important for the calculation of uorescence intensitge

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

To describe the complex quaternary system @IGS, it can be depicted as a binary
system of CulnSg and CuGaSeg. Each ternary compound can be found in a ternary
phase diagram (see Fig. 1.6a for Cu-In-Se anddrwins, 201Q 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 is8®-Cu,Se (see Fig. 1.6b)) (or
InSe-CuSe) in which important phases can be found.

Especially, for non-stoichiometric growth CGIl 6 1) secondary phases were found
at the (growth) surface. Cuy 4Se 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), Culn,Sey.s and CulnzSe, were found Bchmid et al., 1993
Kessleret al., 1993 Marin et al., 1999. It was suggested that Cu(ln yGa,)Se ex-
hibits Cu(In; «Gay)3:Se at the surface Negamiet al., 1995 Schmidet al., 1993 or
grain boundaries Hetzer et al., 2005 Abou-Raset al., 2013 and therefore it might
be important for the growth process. Cheet al. assume, that anOVC layer reduces
the defect density at the interface to CdS and suppresses the interface retamation
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1.2. Binary and ternary phase diagrams of the Cu-In-Ga-Se system

processes of &£IGS solar cell Cho et al., 2013. Hence, it is relevant for solar cell
preparation.

b)
1000 - I LI I,,,,‘l,OQ‘,Z C - /7
1 818 } 44:\
850 = \ / \
&) . L8 / N 785 °C \
o E ‘Q}‘ (
£ 700 - -
=) 1 4 | \ 520 °C
5 ] 1|5 \
g 550 + Y \
g ) | 2;—’ ohne Na-Dotierung \\
g i B | #—» mit Na-Dotierung
S 400 1 f %
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Figure 1.6.: Phase diagrams of the Cu-In-Se system. a) Ternary phase diagram of
Cu-In-Se at 30C°C, reported in [Purwins, 201Q. Single phase areas like Culngén the
center andOVCs are shaded gray. b) The pseudo binary system,Beg-Cu,Se (from
reference Purwins, 201Q) as an exemplary isophlet in the ternary Cu-In-Se phase
diagram. The abbreviations of phases are:: chalcopyrite-CulnSe, : Culn;Se and

. sphalerite-CulnSg. The range of the existence area of-CulnSe, increases with
addition of Na towards an In richer composition (crosshatched). This suppressédeet
formation of -Culn3Se [Haalboom, 1998 Many more pseudo binary phase diagrams
can be found in {6deckeet al., 2000a Godeckeet al., 2000 Godeckeet al., 2000¢.
Phase diagrams of the ternary Cu-Ga-Se system can be found RPufwins, 201Q
Mikkelsen, 1981]. An area with green lines indicate a miscibility gap.

Generally, CulnsSe; (and CulnsSe) can be described by a solid solution of the quasi
binary system CulnSeg - In,Se [Pamplin and Feigelson, 1979 The structure can
be explained with formation and ordering of the defect pair (2%, + In¢,?*) and,
accordingly, ordered defect compounddDC) or ordered vacancy compound@VC)
were sugggested as names. First-principle calculations show a remarkably low for-
mation energy for the defect pair (2\¢,+III &), which is lower for Inc, than for
Gac, [Zungeret al., 1997. This explains the possible formation of ordered vacancy
compounds like CulnSeg (OVC). This defect pair with its unusually low formation
energy is favorable over other possible defect8hng et al., 1997. In comparison
with CulnSe,, Culn;Se exhibits a similar tetragonal lattice in relation to the Se
positions. The ordering of 2\, and Inc,?* leads to additional re ections in XRD
pattern. The additional re ections for Culn;Se, result from planes with hkl-indices
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1. Basics of Cu(In,Ga)Se absorber material and preparation

of 002, 110, 200, 202 and 114 which do not ful ll the extinction conditions as the
lattices in the space group 42d. Instead P42c Marin et al., 1998 was suggested and
its accuracy is still under debate. CulnSgand Culn;Se were hardly distinguished by
TEM [Grigorov et al., 2008].

For CulnsSe a completely di erent XRD diagram was found indicating a hexagonal
structure [Folmer et al., 1985, Merinoet al., 2000] and is not relevant for this work.
OVC were found at theCIGS surface Negamiet al., 1995 Schmid et al., 1993 and
are supposed to be present at th€IGS growth front (see below) and grain boundaries
[Hetzer et al., 2005 Abou-Raset al., 2013. The preferred growth of CulnSe leading
to Ga segregation maybe also explained by the lower formation energy of 2WIn &,
than (2V,+GaZ,).

1.3. Types of Se supply and known e ects on
CIGS growth

Types of Se supply

The way as well as the amount of Se supplied for the selenization can in uence the
growth of CIGS e.g. via changing the di usivity of Se in the phases or by triggering a

di erent phase formation of intermediate phases. The growth ofIGS 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 (selaization)
and is of particular interest for this work.

In general, Se is required for the complete formation &@IGS. It may be supplied as
part of the precursor and/or during selenization via HSe or Se vapor. When supplying
elemental Se vapor, the Se supply depends on the Se partial pressire.), which in
turn is a function of the Se source temperaturel(se) in a constant volume, compare
Fig. A.1a).

In many experiments described in the literature, Se is often placed in form oéfets next

to or as layer onto the precursor before heating everything togethavifinz et al., 2015h
Koo et al., 2013 Songet al., 2003 Caballeroet al., 2004. This procedure couples
the Se partial pressure to the current substrate temperature, which changes during
selenization by nearly 600C. Besides the in uence onPse, 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 e ciency
[Colombaraet al., 2017 Chernomordik et al., 2014. In addition, Se was found to be
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1.3. Types of Se supply and known e ects on CIGS growth

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

The application of an external Se source, as in this work (see Sec. 2.1.2) require
additional expenditure. The most important advantage is to decouple the Se supply
from Tgy, and to be able to choose the time of the Se supply. In this work, the Se
supply is adjusted viaT se.

In uence of the Se supply on Se and Ga di usivities

It is known, that P, a ects the di usion coe cient of Se ( Dse). The Dge in CulnSe,
was found to be a function of S€ partial pressure with a square root dependence,
formulated asDse ~ P32° *°” by Von Bardeleben yon Bardeleben, 1984(see sup.
Fig. A.1b). Von Bardeleben found, thatDs is dominated by Se vacancies in case
of a low Psewhile it is dominated by Se interstitials Seg) in the case of a high
Pse. Another investigation was performed with rst-principles calculations based on
thermal activation energies for mass transport IrCIGS. The outcome was, that Se
vacancies YV s¢) and Se dumbbells (two Se atoms sharing the same lattice site, see
[Oikkonen et al., 2013) exhibit a similar formation energy. However, the di usion

of V se is impeded by a migration barrier of 2.19eV. A lower migration barrier of
0.24 eV was found for Se dumbbell©jkkonen et al., 2013. The authors concluded,
that formation of V s¢ is energetically preferred in under-stoichiometric Se conditions.
In contrast, Se dumbbells are preferred in case of a high Se supply. They statduhtt
the dominant mechanism for Se di usion is independent of the substrate temperature.

The formation of the Ga depth pro le (see description ofCIGS growth in Sec. 1.4)
can be strongly in uenced by the elemental di usion processe&@bor et al., 1994
Lundberg et al., 2003, which in turn are in uenced by substrate temperature [Nishi-
waki et al., 2001] and Se supply [Mooet al., 2012, Matsushita and Takizawa, 1997].
During selenization, Se enters the Im and forms a reaction front at the depth posin,
where it encounters the other elements or already formed phases. This depth piosit
might be determined by the relative di usion coe cients. Furthermore, a di usion of
an element would prevent or exclude it from the reaction front. Hence, a notewthy
aspect is the order of magnitude of the elemental di usion coe cients in comparison
to each other.

The range of measure®g, (and similarly Dy,) reaches from about 1 10 ¥cn?s !
uptol 10 °cm?s !, while Dg reaches from 2 10 *cm?s ! [von Bardeleben, 1984
over (67 1.0) 10 'cn?s ! [Wangetal, 2013 up to 1.5 10 8cn¥s?

1Se vapor consists of various molecular species (avith di erent thermal energy (due to di erent
mass) and chemical activity. Their relative composition varies according to the temperature,
especially within a di erence from RT to 600°C, as shown by Rau, 1974. An investigation on
the mole fraction of the species in Se vapor from H. RauRau, 1974 showed Sg to be the main
molecular species in saturated selenium vapors up to 6C, above Sg becomes the dominant
species.
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1. Basics of Cu(In,Ga)Se absorber material and preparation

[Kumar and Reddy, 1997, compare overview in sup. Fig. A.2).Dse can be orders
above or similar toDg,. A relation of Dse> Dg, With a di erence in the order magnitude
by 10? has been seen by Wangt al. at a temperature of 300C [Wang et al., 2013.
Since Se is needed for the formation @IGS, the magnitude of the di erent di usion
coe cients especially in relation to each other may determine the growth path.fID s,
exhibits the highest value, it can di use deep into the Im to reach the rear side of
already formedCIGS. In contrast, if Dse gets smaller, other elements, such as Ga, may
di use quicker through the CIGS layer than Se.

It was found, that Dg, can be in uenced e.g. by a Se containing / Se free environment,
by the CGI as well asT gp.

Regarding the Se supply, Marudachalarmet al. showed, that annealing a Im, in which
CulnSe, and CuGaSe are separated CGI = 0.9-1) in a Se free Ar atmosphere at
500-60CC for at least 60 min leads to formation of single phasgIGS by inter-di usion
[Marudachalamet al., 1994 Marudachalamet al., 1996 Marudachalamet al., 1997.
Inter-di usion occurred only in a Se free Ar atmosphere. At the same time, they
observed a loss of Se from 51.8at.% to 50.2 at.% SeQIGS. They concluded that
inter-di usion is enhanced by the presence of Se vacancieg ). Furthermore, it
was found by S. M. Wasim, thatV s, can lead to Se interstitials (Sg or vacancies
of Cu, In or Ga, with small energies of formation for Cu and In vacancies conmeal
with that of Se interstitials [Wasim, 1986. The result, that V s¢ can lead to metal
vacancies is important for the Ga di usion, because metal vacancies are a prede
path for Ga and thus in uence Dg,: The dominant di usion mechanism for Ga
was suggested to be via vacant metal sites in the lattice structure for thocases,
a Cu-rich (CGI>1) and Cu-poor (CGI<1l) Im composition [ Lundberg et al., 2003
Marudachalamet al., 1996 Bodeard et al., 2003. This is also in agreement with an
estimation of the di usivities for Ga in Cu(In,Ga) 3Se;, Cu-poorCIGS and Cu-rich CIGS
(with present Cu,Se phase) by Rodriguez-Alvareet al. (2014), based on the results
in the referencesN§larudachalamet al., 1997 Schroederet al., 199. They conclude,
that Dg, increases with temperature and is 20 times higher @VC (CGI 0.25) than
Cu-poor CIGS (CGI 0.9) and 100 times higher in presence of e CGI>1) than
Cu-poor. An overview of the elemental di usion coe cients found in literature is
presented in Fig. A.2.

The Im composition is a more important factor than the applied temperature in
controlling the di usion coe cient of Ga in CulnSe,. This is concluded from the
di erent ranges of the di usion coe cient which is about two decades for varying he
composition at each same temperature (500, 570 or 725, while the range of the
di usion coe cients is only about one decade between 400-60C (compare Fig. A.2a)
and Fig. A.2b)).
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1.4. Sequential growth of Cu(ln,Ga)Sge

In uence 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 sourceMatsushita and Takizawa, 1997 The authors varied thePse
(T se, respectively) and expressed this value as a ratio x in (Culp)ySey (x=01). The
results led to the Culn 2Se phase diagram, as shown in Fig. 1.7.

1200
- Liquid (liq.}
1000i CuliSe(chtlig. oF ° }/CuInSez(spHiq-
g
D 800p Cun tloytia. | RS e *.  Figure 1.7: Culn2Se Phase diagram
B 7/ .. ’e\,o@m i by Matsushita and Takizawa (1997), for
& 600} “ln’iﬁ(hq) which experiments were performed in
g- L o0 5160 Sodboms CulnSe{(ch}+lig a di erential thermal analysis system
S 400 N (DTA) under controlled Se vapor pres-
F 00| %ch) 3 sure. The 2Se content corresponds to
2007 . .| 4Culnalioy gf‘) @@ oot the Se vapor pressure. An understoi-
M“IS; G | CulnSe{ch}Se chiometric Se o er (x<0.5) is referred
0.0 5 1o toas I0\_/v Se supply and an excess of Se
Culn CulnSe, 2se  (x>0.5) is referred to as high Se supply
Composition x on (Culn);_,Sesy in this work.

The phase diagram shows signi cant di erences for x below and above 0.5. An
understoichiometric Se o er (x<0.5) is referred to as low Se supply and an excess o
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 508C. 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 rst step is the preparamoof
the precursor. The second step is a reactive thermal treatment to activatchalcog-
enization. Various preparation methods for the precursor have been investigdte
in the past, like thermal evaporation Moorwinden et al., 2003, electrodeposition
[Broussillouet al,, 2013, ink printing [Wang et al,, 2014 and sputtering
[Rockett et al., 1989. The precursor can consist of metals only or may exhibit a
chalcogen as capping or within the Im. Typically applied chalcogens are Se and S.
The chalcogenization is based on thermally activated reactions of the metals withe
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)Se absorber material and preparation

chalcogen containing atmosphere, i.e. Se/S vapor or,$e/H,S or by a mixture of
both. For this work, a Cu-In-Ga precursor was prepared by sputtering and is cdrmed
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 indaistr
production.

1. Step: ) 2. Step: ===) Final absorber
Precursor Selenization
preparation Heating
/
Se vapor
YIRS e
Cu-In-Gz: 75 Cu-In-Gz: 17>

Mo (+Mo:Na) Mo (+Mo:Na) Mo (+Mo:Na)
Glass: 3 mm Glass Glass

/7 ) L

Figure 1.8.: Schematic of a sequential processing for the preparation ©fGS thin
Ims, as it is applied in this work.

An overview of the current theory and understanding of the sequential growth &IGS
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 ofCIGS with Ga is presented afterwards, as
it increases the complexity. The typicalCIGS thin Im 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 Im 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€lGS are depicted.
Finally, the discussion on the explanations for Ga segregation is summarized.

1.4.1. Growth of CulnSe

Wolf and Mduller [Wolf and Miller, 2000 developed a qualitative model of CulnSe
growth (Ga-free) (see Fig. 1.9). They combined the results fromm situ thin Im
calorimetry and ex situ XRD obtained on di erent Ims. In-Se and Cu-Se Ims were
thermally evaporated and Cu-In-Se Ims were sputtered. Their model presents a
phase evolution, which is divided into four steps. The rst step A is de ned for the

2The Cu-poor precursor was chosen to prevent formation of CpSe, which is highly conductive
and produces shunt paths Hsieh et al., 2017. Furthermore, Cu de cient surfaces are assumed
to enable a Cd in-di usion, which can decrease the valence band maxiom at the interface
[Nishimura et al., 2017].
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1.4. Sequential growth of Cu(ln,Ga)Sge

heating from RT to 220°C. At around 150°C metallic reactions form Cy4lng and In.
Meanwhile, the layer of deposited Se, which was partly amorphous, crystallizes. the
second step B between 22C and 310°C the former phases transform to CuSeand

A | B | c | D
Cu, In, (ln)li
(n]
'Z”) a-/h-Se [Sel] [(Se)l]
g —
5 | ¢
& In,Se, | Figure 1.9: Evolution of qualitative phase
o] X InSe . . .
Z y content during reactive annealing of a Cu-
= : In-Se Im in a closed chamber (based
& CuSe y [ [Cu. Se] on [Wolf and Muller, 200Q, edited gure
5 - taken from [Purwins, 201Q). The com-
pound Cuglng is denoted as . Amorphous
and hexagonal Se is indicated as a-/h-Se.
Square brackets indicate, that this phase
150 250 350 450 sso was not found by XRD but is concluded

Temperatur [°C] from thin Im calorimetry.

In4,Se. The third step C between 310C and 380°C is described as reactions with a
Se exchange. lfSg forms InSe with Se from the peritectic decomposition of Cuge
to CuSe at around 340 °C. CuSe reacts peritectically to Gu,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 380C the only existing copperselenide is Gu,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 Mdller (Fig. 1.9) was further investigated by Hack
[Hack, 2003. Hergert et al. extended the model by the addition of Ga based on angle
dispersivein situ XRD [Hergert et al., 2003. They found that large grains of CulnSg
were formed latest at 377C. At 377°C CuSe decomposes and g8e forms on top of
the CulnSe crystals [Purwins, 201Q. Afterwards, GaSe crystallizes at 400°C and
reacts with Cu,Se to CuGaSe Their models describe a growth with the resulting
typical inhomogeneous Ga depth distribution.

Such a selenization with nal Ga segregation was investigated by Mairet al. (2015b)
with combined in situ EDXRD/EDXRF and ex situ investigations. The evolution of
their observed uorescence and diraction peak intensities is shown in Fig. 1.10.h&y
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1. Basics of Cu(In,Ga)Se absorber material and preparation

assume that the separation of CulnSeand CuGaSe initiates with In di usion to the
surface and a beginning formation of kSg (rst In 4Se followed by InSe). According
to the authors, the subsequent stage (t=40s) involves the formation of Gu,Se on
top. Cu, «Se was identi ed by Raman spectroscopy but could not be observedim
situ EDXRD measurements. For Cu Se to be on top, Cu needs to di use to the
surface which generally might be detected by an increase of Cu-KUnfortunately, Cu
uorescence could not be detected due to attenuation of low energy photons by the
setup. The CySeg and In,Seg, react to CulnSe while Ga enriches in the metallic phase
at the back contact. Further Se di uses in and CuGaSeforms. The main selenization
reaction takes only a few tens of seconds. Afterwards a slower ordering of &d In
or Ga occurs.

Figure 1.10: Evolution of inte-

gral re ection and uorescence
peak intensities from in situ

EDXRD/EDXRF during a sel-
enization of a Cu-In-Ga precur-
sor. Tgyp at 30s is already above
500°C and reaches 600°C at

90s. The gure is taken from
[Mainz et al., 2015b].

An important di erence of the growth of CIGS to the growth of Ga free CulnSe
are possible additional phases and solid solutions like g(in,Ga)s, Cug(In,Ga), and
(In,Ga)Se. Only few identical phases are observed always in both cages, In,Se.
In the Ga free growth of CulnSe, Wolf and Mdller could identify CuSe, CuSe and
Cu,Se by thermodynamic andXRD analysis. In contrast to a growth with Ga, Mainz
et al. found Cu,Se on top of a Im by Raman analysis after an interrupted selenization
without any Cu-Se di raction peaks and Purwins found Cy ,Se crystals on top of a
Im by SEM and saw a thermodynamic transition of CuSe to CySe at 377 °C.

The CIGS growth path is still under investigation due to the di cult phase identi cation.
An alternative thermodynamic assessment is also di cult with a quiet large span of
standard formation enthalpies of CulnSgpublished. This inconsistency is a topic in
many publications [Purwins, 2010, Andersomt al., 2003, Guillemoles, 2000].

Gabor et al. suggested that the strain energy of the Im is reduced by a preferred
outdi usion of In relative to Ga due to the larger atomic radius of In [Gabor et al., 1994.
This assumption is based on similar behavior found in 11I-V materialdjn 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(ln,Ga)Sge

1.4.3. Growth of CIGS with less distinct vertical Ga
segregation

A CIGS Im with Ga segregation can be transformed to a single phas€IGS by
annealing it in a Se-free Ar atmosphere at 500-600 °C for at least 60 min as shown b
Marudachalamet al. (1994, 1996, 1997) . They used a sputtered precursor withCGl

of 0.9-1, which was selenized in anj3e atmosphere for 90 min. This inter-di usion 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 subseques$ H
treatment.

Alberts et al. reached a single phase Cu(In,Ga)(S,Seyia sequential processing and
a chalcogenization at atmospheric pressure with a not further speci ed gas conee
tration by a combination of H,Se and HS in Ar [Alberts et al., 2004. They used a
sputtered precursor with aCGI of 0.9 and aGGI of 0.25. Their growth schematic
depicts two di erent approaches for growth of Cu(In,Ga)(S,Se)with either an initial
formation of a single phase Cu(In,Ga)Sewith a post sulfurization forming a top
layer of Cu(In,Ga)(S,Se) or an initial formation of binary selenides (CuSe, InSe and
Ga,Se) as well as CulnSe which is transformed to a single phase by sulfurization.
Their tentative schematic for the reaction path shows CulnSeand intermediate phases
like Ga,Se;, InSe, CuSe and CgSe Alberts, 2004. The parameters for achieving
these results are described by careful optimization of reaction parametesuch as
temperature pro les, pressures, gas concentrations and durations of seleniaaf-
sulfurization reaction periods [Alberts, 2007. They note, that an increase in gas
concentration (H,Se/H,S/Ar), reaction temperature or reaction period would increase
the reaction between the remaining binary phases and result in CuGaSermation.
They showed this also for Cu(In,Ga)(S,Se)with an intermediate state, which consisted
of Culn(S,Se) and CuGa(S,Se) (identi ed by their 112 re ections in XRD) and a
following inter-di usion via long term processing Alberts et al., 200§. Concerning
the results from Alberts et al., Hanket et al. denote Hanket et al., 2007, that the
identi cation of phases is complicated due to the possible re exes of InSe at angles,
which were attributed by Alberts et al. to CuSe and GaSe.

For a selenization with elemental Se, a higher Ga concentration (>0) towardlse sample
surface was proposed to be adjustable by a steep heating rarfo¢ 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°&3s over 2 and 3 to
4°C/s resulting in a shift of the CIGS 112 and 220/204 re ection peaks to higher angles
and therefore higher Ga incorporation and reduced phase separation betweanrSe
and CuGaSe. They explain their nding with the initial formation of CulnSe ,. If this
CulnSe, layer is acting as a di usion barrier for the inter-di usion of CuGa and Se
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1. Basics of Cu(In,Ga)Se absorber material and preparation

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

Figure 1.11.: Growth schematic forCIGS 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 [Schmettal., 2017].

Recentex situstudies Schmidt et al., 2017 with a tool for fast atmospheric selenization
and elemental Se (see Sec. 2.1.2) resulted in an increased Ga concentrabearatds
the Im 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 on@lGS 112 di raction peak
instead of two as well as a shift of the in ection point between 1000 nm and 136m

in the EQE, which corresponds to a higheEy. The authors suggest that the key
was to reduce the Se supply. In contrast to the previous schematics (Fig. 110 in
[Purwins, 201Q and Fig. 4 in Mainz et al., 2015), an ordered vacancy compound
(OVC) as well as CulnSg in Cu-Au (CA) cation order was observed. A strong Ga
di usion is suggested to occur between 52C€ and 580°C in their selenization. This is

in agreement with observations reported inHuang et al., 2017. Huang et al. observed

a slight peak shift of the di raction signal of CIGS 112 between 500C 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 of1GS shows, that in a Ga
free precursor, typically In and Cy;lng are identi ed. While with addition of Ga,
the presence of In and Ci(In,Ga)o are characteristic. Additionally, by increasing
the Ga content, an increasing amount of G4{In,Ga), is present. The further phase
development exhibits some similarities. Especially ke and InSe were found in both
cases. Tentatively, this also holds for CuSe and Gu,Se but the identi cation is in this
case less certain and their role in the growth mechanism therefore under discussian.
participation of Cu, «(S,Se) (and Cu(In,Ga}(S,Se}) at the reactive growth interface in
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1.4. Sequential growth of Cu(ln,Ga)Sge

the formation of Cu(In,Ga)(S,Se) has been found byVYieweg, 2007 Tuttle et al., 1991
Schmid et al., 1993 Kessleret al., 1993 Marin et al., 1993. Ga,Se is found in In-free
processes and therefore possible to form and to react very quickly to Cu&s during
growth of CIGS and thus di cult 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 sexal
elemental depth distributions. Nonetheless, the melting temperature of In is 15Z
[Ancsin, 198% 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 di uses in direon of the
surface and reacts directly or via a binary Cu-Se with an In-Se to Culngelt might be
that either In preferentially reacts with Se or Ga di usion is lower than In di usion with
the consequence, that CulnSeformation occurs before GgSg, and CuGaSe formation.
This can be summarized in two parts of growth. The rst growth part exhibits Cu and
In di usion towards the surface. The second part is discussed by the fact, thatuGaSe
forms last and at the back contact. For this, Se need to di use through the already
formed CulnSe to the remaining metallic compounds of mainly Cu and Ga. Therefore
the Se di usion in the second part is higher than the metallic di usion. The resulting Ga
segregation suggests also, that Ga could not di use in direction of the surfac®@n the
one hand there are explanations with equilibrium properties, like the formation enthalpy
The published values for the formation enthalpy kbg of CulnSe span a range from
-280 kJ/mol up to -190 kJ/mol [Purwins, 201Q Ider et al., 2014 which demonstrates
the lack of thermodynamic data. The value might be smaller than the one for CuGasSe
(H29s=-251 kJ/mol [ Jager-Waldauet al., 1999). On the other hand, this process is
possibly far away from thermal equilibrium due to a fast heating rate and therefore
strongly in uenced or even dominated by kinetics. The surface Im of In is such a
kinetic growth condition. Additionally, it was found that CulnSe, forms faster even
at lower temperature than CuGaSg [Marudachalamet al., 1997 Dittrich et al., 1989.

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

Therefore CulnSe seems to be thermodynamically preferred. Another assumption
is that Ga cannot easily di use through a formed layer like InSeHuang et al., 2017

or CulnSe [Koo et al., 2013. At least, the Ga di usion is much smaller than the Se

di usion. This leads to another process value, the Se partial pressure which determines
the di usion coe cient of Se in CIGS (Fig. A.1b). From the Culn-2Se phase diagram
(Fig. 1.7) with its two di erences for a high and a low Se supply, one can conclude,
that Pse might critically in uence the CIGS growth and elemental di usion processes.
Unfortunately, it is di cult to measure Ps. due to the corrosivity of Se vapor and the
temperature exceeds the electromechanic resistance of available measuremmuist

26



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 phasekich are
present at certain process times and assess depth distributions to understand theqess
route. A number of elemental, binary and ternary phases are present bef@@éGS is
formed. A simple approach is to interrupt a process at speci ¢ stages and to anatythe
guenched samples. Disadvantages of this approach are that some fast reactioight
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 speci ¢ temperature. These disahtages
can be avoided byin situ analysis of the crystal structures and depth distribution
by energy dispersive X-Ray diraction EDXRD) and uorescence EDXRF). The
di raction peaks allow a phase identi cation. The uorescence 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 dierent 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 SiO Ny/Mo on top of which the precursor stack is deposited.
All layers are magnetron sputtered using a Leybold Optics Dresden A600V7 DC. S,

acts as a di usion 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

de ned amount of Na for CIGS growth since it in uences grain growth and doping.
Na-free Mo with 800 nm thickness is used throughout all present@dsitu measurements
in Ch. 4 and for the study of Na in uence on the morphology of a precursor during
thermal treatment in Ch. 3.3. A Cu-Ga (75% Cu) and an In sputter target are utized
for the 700 nm thick precursor stacks. Dierent precursors were prepardadr 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 tr iple
layers. The total thickness of all precursors was kept constant and all exhibén
integral [Cu]/([Ga]+[In]) ( CGI) ratio of about 0.87 and a [Ga]/([Ga]+[In]) (GGI) ratio
of about 0.27, monitored by X-ray uorescenceXRF) in a WD-XRF ZSX Primus Il
from Rigaku.

2.1.2. Selenization of metallic precursor layers

The setup forEDXRD and additional experiments in this work are i) a vacuum chamber
with a closed reaction box inside (extended by an external Se source during thisrikjo
which can be set up at a synchrotron and ii) an industrial selenization tool workingt
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-Alvarezet al., 200§. 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 10mbar at RT. Heating experiments were
performed up to a maximum substrate temperature of 60 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 1.9C/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 vapessure
controlled by the Se crucible temperature. The setup can be used at the synchiost

to measurein situ EDXRD and EDXRF. The in situ measurement setup is sketched
in Fig. 2.3. The vacuum chamber exhibits two windows with 5am thick Kapton foil

and the reaction chamber exhibits two graphite windows of 1 mm thickness for the
beamline.
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2.1. Cu(In,Ga)Se, absorber preparation

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 110 ®>mbar. The reaction chamber can be decoupled from the vacuum
chamber by the chamber valve. The substrate temperaturerl {,,) 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 botg 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 de ned as Se source temperatufigsd). The
other two heating coils prevent a condensation of the Se vapor and and are se@fC
aboveTse. 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 Sepwor
pressure is controlled by the crucible rather than the Se line, bake out processesewe
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 tenrpture
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 tdls,, = 170 °C before heating the Se source. During a
second annealing step at 22, the Se crucible is heated to processing temperature
Tse. 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 di erence to earlier setups is a thinner graphite window in the
beamline for a decreased absorption loss. This enables the measurement of the Cu
uorescence for the rst 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 di raction 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 uorescence and di raction (compare Se uoresce

and re ection signals attse, 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 soutice
sample is kept at a constant temperature of 17C by the heating lamps. Then the
precursor gets heated to 22TC to evaporate the condensed Se for an initial state
previous to the RTP step.

i) Atmospheric RTP tool

Atmospheric selenization is done in an in-lin®TP selenization tool from Smit Thermal
Solutions which allows a sample size of up to 3@0cn¥. Three hot wall chambers
are equipped with external Se sources (a forth one with S) and are used foryaital

selenization process, shown in Fig. 2.2.

All chambers and sources are heated to a speci c temperature before the ggss to
reach equilibrium state. The Se vapor is transported with an adjustable Now via an
array of inlets into the reaction chamber. The process starts after purgingith pump
and ush cycles in the load-lock. The temperature of the chambers afig,; = 300 °C,
Tenz = 710°C and T¢hz = 580°C. The temperatures of the Se sourcekse; and Tses
are both at 390°C (or 420°C, respectively) while the rst is without Se supply at Tse;
= 90°C. The N, ows (measured in standard litre per minute: slm)Fy,(2; 3) are at
1sIm while Fy,(1) is 0slm. For the rst 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 fotchz = 6 min. Afterwards the sample starts to cool down
passively in the rst chamber under a temperature of 308C for tchz = 5:30min and is
then actively cooled in the load-lock under B pump and purge steps till the substrate
temperature is beneathTg,, 90°C.
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2.1. Cu(In,Ga)Se, absorber preparation

Figure 2.2.: Schematic of the atmospheric selenization tool and process steps indicated
underneath. The chambers are at xed temperature3.,1.,.3. The temperatures of the
Se sourceSse; and Tsez are both at 390 or 420C while the rst is without Se supply

at Tse; = 90 °C. The sample is transported via a pulley system. The process starts by
purging with N, pump and ush cycles in the load lock. Then the substrate is heated
in the second chamber to reachis,, = 580 °C. This is followed by an annealing step
for tchs = 6min. At last, the substrate cools down passively in the rst chamber for
tchz = 5:30min and is nished with an actively cooling byN, pump and ush in the
load lock to reach a temperature beneatfty,, 90°C.

iii) Tool for physical vapor deposition (PVD)

This chamber is used foin 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 chamband the
deposition rate is adjusted by its temperature and measured with a quartz thiokess
monitor. The chamber can be mounted at th&eDDI beamline atBESSY Il 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 thet
point by up to 20K. A schematic and further experimental details can be found in
[Stangeet al., 2016, Mainzet al., 2015a, Rodriguez-Alvarezt al., 2013].

2.1.3. Preparation of solar cells

The preparation of solar cells vary by two di erent combinations of bu er and window
materials on the absorber: 1) CdS/i-ZnO/Al:ZnO and 2) Zn(0O,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 depositionGBD). For this purpose,
the mixed solutions of a 2mM Cadmiumacetate dissolved in 1M Ammonia and a
8 mM Thiourea solved in water were heated to 6%. 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 bu er is
deposited. In case 2a) Zn(0O,S)/i-ZnO was sputtered by a VISS 300 with thickness
of 60/130nm. In case 2b) Zn(0O,S)/i-ZnO were deposited bLD in a Beneq TFS
500 at 13C°C with 60nm Zn(O,S) (9:1 cycle ratio of ZnO:ZnS corresponding to
a [SJ/([S]+[O])of about 25%) and 75nm i-ZnO as protection from sputter damage
[Merdeset al., 2014 Merdeset al., 2015. In all cases, 240 nm ZnO:Al was sputtered
(by VISS 300) as transparent front contact and nally 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 ofCIGS during thermally activated

and fast reaction of a sputtered Cu-In-Ga precursor in elemental Se vap@e(enization).
This investigation is mainly based on the analysis ah situ energy dispersive X-ray
diraction ( EDXRD) and uorescence EDXRF) spectra. Observed di raction peaks
are used to identify crystalline phases and are analyZedith regard to e.g. integral

intensity, energetic positionetc. and their evolution over time. The major setup for
the measurement consists of the vacuum selenization tool, presented in Fig. 2.hjol

is applied to the EDDI beamline at BESSY II, see Fig. 2.3.

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 synchrotrear
enters (and leaves) via Kapton (0.05 mm thick) and graphite (0.5 mm thick) windows.
In between, it interacts with the sample. Outgoing photons are collected with tov
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
200um, which is compensated by adjusting the sample height position with the lift
table, which is software controlled by adjusting to the maximum Md intensity (see
Sec. B).

For the calculation of uorescence intensities, both angles between the sampled the
incident beam as well as the re ecting beam to the detector are needed. The angle
in was measured with photo paper by making a point with the beam at di erent
sample height positions. ;., are determined by an angle calibration, as it is explained

in Sec. B. The re ection angle o1 is calculated for detector 1 with the equation
2 = int+ ou1. 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 de ned
as out2- With the position of the active volume, the .., can be calculated as following:
coS (90  oup) = —LSPLm)tzcosn) - The Eyclidean distance of the detector (d) to the

X2+ y2+ 72

q
active volume (a) is given byp X2+ Y2+ 722= (Xg Xa)?2+(Yqa Va)?2+(zq za)?
which is measured manually.

The setup of the PVD tool at the EDDI beamline exhibited the angles 2 = 6:275
0:002 and 2, =9:696 0:002 (see pBtangeet al., 2019), as applied in Sec. 4.1. The
angle of the sample surface with the incident synchrotron beam wag =2:83 0:.01
and with the outgoing beams 4.1 =3:43  0:15 and o2 = 1:20.

The setup of the vacuum RTP tool at the EDDI beamline exhibited the angles
2,=5:975 0002 and 2,=9:940 0:002, as applied in Secs. 4.2 and 4.3. The
angle of the sample surface with the incident synchrotron beam wag = 3:61 0:.01
and with the outgoing beams o1 =2:37  0:15 and o2 =0:93.

A special feature is, that the data ofEDXRD and EDXRF is collected within a single
spectrum, as shown with an exemplary spectrum in Fig. 2.4. The applied angle; 2
leads to a distribution of the uorescence and diraction peaks with only little overlg.

Above the uorescence with the highest energy, which is IK- , with 27.863 keV, only

di raction peaks are observed. Below that energy, only few di raction peak occur.
These spectra are obtained every 3s and the presentation over time is exemjfla
shown in Fig. 2.4b).
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Figure 2.4.: Exemplary a) single spectrum and b) series of spectra over time (and
substrate temperature on top), observed frolrEDXRD/EDXRF measurement. Dirac-
tion (white) and uorescence (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, resultingrfr an
ionization of Ge in the detector. These peaks are so called escape peakkeir
intensity decreases towards higher energies and are nearly not measurable al3®eV
[Buras and Gerward, 1989].

2.2.1. Energy dispersive X-ray di raction (EDXRD)

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

The di erence of the incoming and outgoing wave-vectorg and R° gives the lattice
vector Gy, Which is perpendicular to the diracting lattice plane. The equation,
Gna = K KO (with jKj = jKY) is called Bragg's law. The lattice plane of atoms
contributing to the re ection is de ned with Miller's indices hkl. The perpendicular
distance between the successive planeslig . It is correlated to the lattice vector via the
equationd, =2 =]Gn]j. Together with k=2 = Eppoon=hg the energy dependence
of the lattice plane distance can be expressed withy (Epnoton) = NNC=2Ephoton SIN .
n is an integer representing the order of the re ection. is the angle of the incident
radiation as well as the re ected beam to the lattice planeh is Planck's constant and
c is the speed of light.

A polychromatic synchrotron beam is used here. As a consequence, various lattic
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planes ful ll 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 re ection 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
tted to the signals to determine the energy of the peak. Crystal phases are idead

by comparing the analyzed re ections to reference patterns from the databasttbe
International Center for Di raction Data (ICDD). In case of a temperature aboveRT,
thermal expansion coe cients are used to calculate the temperature dependenttpern
positions. The references of used patterns and thermal expansion coe cientedisted

in sup. Tabs. E.2 and E.3.

The applied spectrum at theEDDI beamline (Energy Dispersive DI raction) is shown
in [Genzelet al., 2004. It is generated by electrons, which get accelerated to a circular
movement with a velocity close to the speed of light. The transverse acaeali&on by
magnetic forces by e.g. a wiggler magnet leads to tangential radiation of synction
light. The electron bunch is permanently lled in top-up mode to a ring current of
300mA. A 7T multipole wiggler supplies the beamlin&DDI with a high energy white
photon beam for di raction, which is described elsewhere in detaiBerger et al., 2003.
The energy dispersive setup includes two Germanium solid state detectors (Canbg
with a resolution of 160 eV (at 10 keV) and 420¢eV (at 100 keV). The advange 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 100keV. Further, it is possible to get depth
information, as explained in 2.2.2. A calibration for the energy and the di raction
angle is done with the uorescence and diraction lines of gold. The beam-area on the
sample surface is approximately 1 mm2 mm.

2.2.2. Energy dispersive X-ray uorescence (EDXRF)

The evolution of the relative intensity of X-ray uorescence signals were evalued to
get indications for a change in the elemental depth distribution. By calculating the
uorescence intensities of speci ¢ elemental depth distributions, it is often possibte
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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2. Experimental and analytical methods

Figure 2.5.: Schematic of the working principle for the deduction of a phase depth
distribution (stacking sequence) by use of the software EDXRF t. Anex situ XRF
measurement of the precursor de nes the projected number of Cu, In and Ga atoms
per nn? (element quantity per area). Phases and their composition are deduced from
in situ EDXRD at a speci c point in time t;. 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 whic
the uorescence intensities are calculated, see Sec. 2.2.2.2. In general, the n @has
have n! variations of a possible stacking sequence. Then, the calculated uoreseenc
intensities of all stacking sequences are compared with thresitu obtained uorescence
intensities att;. In the ideal case, there is only one stacking sequence, whose calculated
uorescence intensities are matching the experimental values. This is then repedtfor

di erent points in time to obtain an evolution of the phase depth pro le. Di culties

can occur, for example, in an under-determined linear equation system with too nyan
free parameters, e.g. number of phases. Then, additional parameters need toxXael,
see Sec. 2.2.2.3.

Energy dispersive X-ray uorescenceEDXRF) is mainly dependent on the elements,
their amounts and the attenuation by the sample itself. Intensity is attenuated ¥ the
traveling length through the sample as well as the density of the elements. A decriegs
intensity of an element is correlated with a deeper depth position, as long as itrnist
evaporating. The traveling length is dependent on the incoming and outgoing beam
angles to the surface,, and ;. Thus the uorescence signals from a lower angle
are more surface sensitive. With the two detectors at di erent outgoing angleboth
are compared with each other and with the calculated uorescence intensitiesu®to
the simultaneous measurement (in the same detectors) of EDXRD and EDXRF their
results can be correlated. Fluorescence calculation is based on the materigl, out
as well as to the detector and on de ning a depth distribution function. The depth
distribution function will be expressed by only a few free parameters. These paraters
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2.2. Main characterization methods

are the identi ed phases, their densities and an assumed layered stack. The uoresce
signal intensities are calculated numerically. The result is compared with the intengs
from experiment and the depth distribution is adjusted to nd an adequate accurac
This procedure allows to identify depth distributions which contradict the experiment
and hence can be excluded from the possible distributions. EDXRF t is the program
used to calculate the uorescence intensitiesvlainz, 200§ Mainz and Klenk, 2011].
Some parameters from the experimental setup are considered by the programtsas
slight absorptions for example by air and setup windows. In case of the incident beam,
a sequence of Al window/airfKAPTON (polyimide foil)/graphite with thicknesses

of 0.3/200/0.05/0.5 mm is taken into account. From the sample to the detectpthe
outgoing beam travels through the sequence of graphite/KAPTON/air with thickneses

of 0.5/0.15/400 mm. For example, the attenuation of the radiation by the polyimidedils

is calculated from its composition C».H1oN,Os), density (1.43 g/cm?) and the atomic
cross sections of its elements as described biepkeet 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 uorescence

X-ray uorescence is the emission of an X-ray from an electron relaxing in ancam.
The electron relaxes from an outer shell to an inner free level. E.g., the tramsn from

an L, shell to theK shell is calledK , and from M, or N, to K asK . The energy
of the emitted X-ray is characteristic for each element. Here, the free eiem level is
created by an inner electron which absorbs an X-ray with enough energy to ej¢he

electron from the atom to the vacuum level (ionization). Due to the close eneaeg of
K ;andK ,, only their sum is analyzed a¥ . The same is done foK .

2.2.2.2. Calculation of the uorescence intensities and multiple
uorescence

The following is a short description of the calculation of the uorescence intensities,
as developed inlainz, 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 #mission
of a uorescence photon of a speci c element. If this primary uorescence photon has
an energy high enough to ionize another element, it can lead to a secondary uomrsce.
With the ve elements here, a ve-time uorescence might be possible starting with a
uorescence photon from In which might lead to a secondary uorescence of M |
turn, the uorescence photon from Mo can lead to further ionization and uorescingfo
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Se, followed by Ga and nally Cu (compare Tab. 2.1). Generally, the total uorescee
intensity is a sum of all single and multiple uorescences. A maximum of 5% of primary
uorescence lead to secondary uorescence as shown Majnz and Klenk, 20113 for
Mo/ CIGS and a layer thickness of about 1.dm. Only the primary and secondary
uorescence are used for the calculation and every further uorescence is netgec

Table 2.1.: This table shows the uorescence energiescE, and Ex , and the ele-
ments with a lower ionization energy with the possibility for a secondary uoresoee.
[Thompsonet al., 2009]

Element1 E ,/keV Eg ,/keV Element2 Eg/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 uorescence 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 uorescence photon to leave the sample. So, the changing
elemental depth distribution is the only in uence on the uorescence intensities as long
as the total amount of elements is constant. In this case, the uorescenceensities
give information about the elemental depth distribution. It should be noted, that Se
condensation and incorporation occur and that an evaporation of |®e, is possible.

The total uorescence intensity is the sum of primary and secondary uorescenceh@&
calculation is performed numerically. For this, the Im is subdivided into homogeneous
plane parallel layers, in this case 200. Fluorescence intensities are calculatedlie
probability of absorption of an incoming photon after traveling through the z thick
layers under the angle i, for each layer, together with the probability for creating a
uorescence photon and the probability of this uorescence photon to exit the Im
under oy. The secondary uorescence is extended by its additional probabilities of
being absorbed from another element and emitted as a uorescence photon.

38



2.2. Main characterization methods

2.2.2.3. Parametrization

An arbitrary depth distribution may need a large number of parameters for an exac
description of its various changes. For the calculation, however, the distribution née
to be described by a limited number of parameters. This is done with the phase
information from EDXRD. The nal calculation of the elemental depth distribution

in EDXRF t is performed by assuming parallel planes of homogeneous layers. An
in uence on the calculation of the uorescence intensities by roughness of the intecta
was investigated in Mainz, 200§. 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 K&ajnz, 2008

fn =N m: (2.1)

The atomic areal density is assumed as being constant for every phase. The remjlt
that for the simulation an input of the amount of elements is necessary. In generébyr
every layer in the calculation of the Im, 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, respely)
can be de ned with a possible solution. For every additional layer, another degreé o
freedom needs to be eliminated, which is possible by xing 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 laboratoXyRF measurements
are performed with a calibrated determination of elementsXRF measurement on the
precursor / absorber-beam-spot is performed with a spot of a diameter@® / 1 mm and
are used as initial / resulting conditions. These are extracted by tting a range /ime
frame with constant conditions (constant uorescence intensities) with a horizdal line.

2.2.2.4. Correcting factor for uorescence signal calculation

In Ch. 4, calculated uorescence intensities will be shown and compared with the
measurement. However, the detector for energy dispersive analysis has arrgyne
dependent response. Further, intensity deviations due to the neglected in uences of
the vacuum and non-vacuum beam paths as well as systematic errors of the eleraknt
amounts can occur. For example, Se might condense at the beam windows. To allow
correct data interpretation and cancel out the described errors, a cegting factor is
determined for each detector. For a highest precision of the correcting fact it needs

to be determined for every measurement. This is done by calculating the uorescence
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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 EDXRF t for calculating the uorescence 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 theGDOES 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 th#he
gradual transition seen inGDOES. Further, the compositions of the two layers are
approximated as being constant and tted. The density of these layers can not be
determined exactly, since only In and Cu(In,Ga)y are known as compounds, but
small additional amounts of amorphous components need to be present to reach the
atomic composition fromXRF. Especially in the deeper layer more Cu and Ga are
present than possible compared with the In content and the maximum Ga conteirt
Cuye(In,Ga)g. The density does not a ect the primary uorescence intensities. Since
only 5% of the total uorescence intensity originates from the secondary uoresnce,
the in uence of the density is very small.

The total elemental quantities (also referred to as projected numbeirf atoms per nnt)

in the Im are de ned with XRF measurement, since it achieves a higher precision than
GDOES. The quantities are 15606 Cu atoms/nrf, 4908 Ga atoms/nnt and 13515

In atoms/nm?2. The distribution of the element quantities into the two layers leads
to a di erence in the total elemental amounts ofXRF and the atomic percentage of
the two assumed layers from th&sDOES elemental depth pro le. When dividing the

In and Ga amounts fromXRF 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..85 at.%
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 1 163 145 106 143 134
4.2 2 3.37 223 1.03 137 131
4.3 1 230 2.05 1.00 166 1.44
4.3 2 393 251 1.00 1.69 0.74

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

2.2.2.5. Calculated uorescence intensities for exemplary stacking
sequences

Calculated uorescence intensities are presented in the following. The calculatitn
performed as described in Fig. 2.5.

It is useful for the considerations and the discussion presented in Ch. 4 to estableh
feeling for the change of uorescence intensities as consequence of di erent elgale
depth proles. Therefore, the uorescence intensities of a chosen set of dtang
sequences are calculated, see Fig. 2.7. The calculation is performed with EDXRF t,
as described in Fig. 2.5. The used element quantities correspond to the refieeas
applied in Ch. 4. The Se quantity is chosen as the sum of those of Cu, Ga and In.

An emitted uorescence photon can be absorbed by another atom as describdubze
and presented in Tab. 2.1. The probability for an absorption process is correldte
to the total absorption cross-section 5 (see Fig. B.2). This proportionality can be
seen in the calculated elemental uorescence intensitieleement k). The di erent
thicknesses of Cu, Ga and In layers rather enhances the following ndings and does
not disagree (not shown). Some important ndings are:

The highest , at the photon energy of CuK is A of In. This is represented by the
larger decrease offc, « 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 witthe red
arrows.
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Figure 2.7.: a) Exemplary stacking sequences and b) calculated uorescence intensities.
G and H exhibit a homogeneous mixture. The colors correspond to the element species
as indicated at the left and right axis. Alll,, ¢ values are reduced by 16 for a better
visibility of the di erences in the uorescence intensities. Arrows are explained in the
text.

At Ga-K , A of Cu is only slightly smaller than that of In. Therefore the di erence
in lga k 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-K , A of Cu, Ga and Se exhibit the lowest values compared with the values
at the other K lines. Therefore, a di erent depth position has the smallest e ect on
IIn K -

Se exhibits the highest 5 at the photon energy of MoK . Hence, Se has the
highest e ect only, « , compare stack G with H, assuming the error in the height
alignment has a much smaller in uence oy, « . A decrease ofty, k Ssuggests an
incorporation of Se into the Im.

The highest relative change of the intensities is found for Ga (x11.48) and Cu (x6)4
in contrast to In (x1.15). Therefore, the calculated intensities of Cu ana represent
the most signi cant 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 uorescence intensity of Mo is constant. In that casdy, x can
only change by a changing stacking sequence on top, altering the contribution of the
secondary uorescence, which is described above. In case of Mo, the dbotron of
secondary uorescence to the total uorescence intensity results in a maximumdiar
for the di erence within the stacks A to F to be a factor of 1.001. The contbution

of secondary uorescence is considered in the calculation but does not contribute
signi cantly to the total intensity.
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2.3. Standard characterization methods

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

X-Ray diraction (XRD) measurement in Fig. 3.3 was performed in Bragg-Brentano
geometry by use of a Panalytical X'pert MRD equipped with a goniometer PW30560
using the Cu K line and a scan rate of 0.01%8 ®. The lateral element distribution was
analyzed in a scanning electron microscod8EM) LEO GEMINI 1530 from ZEISS
equipped with an Energy Dispersive X-RayEDX) detector from Thermo Fisher Scien-

ti c. Measurements on precursors (see Ch. 3) were performed in top viewrcguration.

For the cross sectional view in Fig. 3.6, aBEM S4100 from HITACHI equipped with

an EDX system from AMETEK EDAX was used with an acceleration voltage of 10 k&

For a quanti cation of the domain sizes in Sec. 3.2, the Cu Lor Mo L net counts
were measured bfEDX and escape peaks were recognized and eliminated by the ZEISS
software. The net counts were transformed to binary images by use of the teheld
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 (dew)
the threshold. Connecting pixels of value 1 (or 0) within each line and each row were
identi ed 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 ith
value 1 in the image.

The analysis of elemental composition was performed by wavelength dispegesk-ray
uorescence(XRF) using a WD-XRF ZSX Primus Il 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 spectroscoffDOES) was used for determining
the elemental depth distributions. Measurements are performed within a 5 nfnspot
with a Spectruma GDA 650 spectrometer. A uniform reference sample with known
composition was used for quanti cation. The resultingsGl is used to calculate the
related depth distribution of the band gap energyEgy). The E4 was calculated by the
method from Ishizuka:Eq = 1 + 0:564 GGI + 0:116 GGI? [Ishizuka et al., 2005].
For the calculation of the depth distribution, every point of measurement with itSGGl

is taken into account due to a density dependence of the ratio of CulnS® CuGaSe.
The error is speci ed by the manufacturer to be 5% of the total depth, which is aund

70 nm for the performed measurements, but the surface roughness has an additional
in uences on the evaluated composition and depth resolution of the measurement, as
discussed in $himizu et al., 1999. The rst 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 28C and 100 mW/cn¥ illu-
mination of a AAA WACOM Dual Light source solar simulator. For statistic reasms,

a 5 (10) cnt sample contains 15 (49) solar cells with 1.35 énactive area. External
guantum e ciency (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
10 nm as described in [Hanel, 2008].

Measurements of the root mean squar®RMS) roughness were ether performed by
use of an atomic force microscop@FM) XE70 from Park Systems or aroptical
confocal microscope VK-X200 from KEYENCE. The RMS roughness fromAFM is
measured on a region of interest on the precursor and the absorber with aea of
100pum? and 900um?, respectively. A parabolic background was removed using the
software Gwyddion Nefas and Klapetek, 2012 The RMS roughness analyzed by an
optical confocal microscope is measured with a magni cation of 150 on an arefa
71.50 95.35 £ 6800)um?. 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 plsase
present in a precursor, including Cy(In,Ga)g, Cug(In,Ga), and an In-rich liquid
phase or pure solid In. Phase formation thereby strongly depends on the temperatur
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 T&7[Ancsin, 1985.
Such a separation of elements, dewetting and coarsening in Cu-In-Ga precursor Ims
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., 2009. On the other hand, the intermixing of
Cuye(In,Ga)g and Cug(In,Ga) 4 as well as the solubility of In in these phases increase with
increasing temperature, as reported inHolzing et al., 2011. An increased solubility
may decrease the amount of liquid In and thus counteract a possible phase separatio
The possibility to reach temperatures of up to 60€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 Culngéormation is typically observed at

a lower temperature than CuGaSgformation, leading to vertical phase separation (see
Sec. 1.4). Overall, a delayed Se supply at a higher temperature can lead to a di eren
phase formation during selenization and possibly enable process designs leading to
optimized Ga depth pro les.

A further topic is the addition of alkali metals, which is known to have an e ect

on the growth and properties of Cu(ln,Ga)Sg(CIGS): Na can in uence the grain
size Bodegaard et al., 1994 and crystal orientation [Contreraset al., 1997. Further-
more, Na may impede the In/Ga-interdi usion in CIGS Ims [ Lundberg et al., 2003.
Nonetheless, the in uence of Na on a chalcogen-free annealing step, where phase
separation may occur, has not been studied previously.
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The in uence of the precursor stacking sequence is investigated with regard talie Im
roughness by atomic force microscopyAEM), ii) the homogeneity of lateral element
distribution by energy dispersive X-ray spectroscopyEDX) and iii) electrical and
morphological properties as well as the Ga in-depth pro le by glow-discharge optical
emission spectroscopyGDOES) in Sec. 3.1. The annealing of precursors with di erent
layer stacks and the in uences of heating rate and temperature on the lateral preas
separation and dewetting are presented in Sec. 3.2. Dewetting is charactedzy areas
with exposed Mo inEDX mappings. The role of Na therein is shown in Sec. 3.3 and
the e ect of phase separation in the precursor on the lateral homogeneity oflegized
Ims is studied in the last Sec. 3.4.

Parts of this chapter were published inBacker et al., 2017 and [Schmidtet al., 2017].

Four sputtering sequences for the four precursors were investigated, selwe The two
simplest bilayer structures, possible by the two sputter targets, were seledt because
Ga is known to oxidize faster compared with Infehmann, 201Q. 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 a ect the Ga distribution in the
nal absorber layer.

Prec. 1: In/CuGa

Prec. 2: CuGa/in

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

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

Annealing experiments are performed in a vacuum RTP tool (see Sec. 2.1.2) andeve
stopped at Tnhax = 170, 350 or 580C. Heating rates of 1, 0.1 and 0.0%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 detailsSchmidt et al., 2017,
Backer et al., 2013. For an independent assessment of the in uence of sodium uoride
(NaF) in Sec. 3.3, an 800 nm Na free molybdenum back contact on top of an Na di usion
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 svglass.
NaF was deposited by thermal evaporation in a high vacuum chamber with amounté

0, 10, 20 or 30 nm before or after the precursor deposition. An In layer (amd 40 nm)
was deposited by evaporation prior to the precursor sputtering. This layer waused 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. Inuence of precursor stacking sequence on
Im 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 showsSEM

images of two precursor layers with a di er-

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. TheRMS roughness of the precursorgn acceleration voltage of 12keV on
surfaces in case of the triple layer is 221 nnthe 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.°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 precursar fthe
following investigations.

For studying the e ect of the four di erent metal precursor architectures on he
morphological absorber properties the selenization procedure was kept the same.
Tab. 3.1 summarizes theRMS roughness as well as the maximum di erence in surface
amplitude measured by use oAFM on an absorber area of 3030um?. 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 di erent metal
precursor stacks measured on a 3@0 un? 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

1Details about the electrical properties can be found in $chmidt et al., 2017. In summary, the best
Voc, FF and e ciency () are found for Prec. 4.

2For the further context in Ch. 4, it should be noted, that the Ga in-de pth pro les are similar for all
samples, which was even true, when all Ga was contained in the top layef the Prec. 1.
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3. Lateral element redistribution during annealing of metal precursors

3.2. E ect of heating rate and temperature on
lateral element redistribution

This section is dedicated to the in uence of the heating rate and maximum temperature
Tmax ON the element redistribution and dewetting during annealing of the multilayer
precursor.

Heating rates of 1, 0.1 and 0.0%C/s and maximum annealing temperatures of up to
Tmax =170, 350 and 580C were applied. SEM as well as elemental distribution images
of selected annealed samples are shown in Fig. 3.2. Cu elemental distributions meakure
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 temperatur&,,x 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,,,x =580 °C. As a result of the elemental distribution
after heating up to Trax =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 withréasing
heating rates. An even faster heating rate may reduce them further. After annéay up

to Tmax =170 °C the element distribution remains unchanged (compare Fig. 3.1b with
Fig. 3.2a) within the experimental resolution of theEDX measurements. When heating
up to 350°C a di erent distribution of elements appears in the elemental distribution
images (Fig. 3.2b). ForT,a =580 °C, larger domains in the order of severgim with

di erent compositions are clearly visible (Fig. 3.2c). In Fig. 3.2c four identi ed domains
with di erent elemental compositions are marked and listed in Tab. 3.2.

Point 1 in Fig. 3.2c corresponds to a lower InTaple 3.2.: The compositions of the
amount of 11 at% (see Tab. 3.2) in comparisonfour marked points in Fig. 3.2c, mea-
to point 2 with an In amount of 25 at%. The sured byEDX. The measurement error
highest In content observed can be as higHS 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 12 3 4
has occurred and mainly Mo is detected. In-  Cy (at9%) 72 66 0 O
3
2

creasing the heating rate from 0.03C/s to Ga (at%) 17 9 0
1°Cls reduces the area of relative dewetting  |n (at%) 11 25 100
from 12% to 1% (compare Fig. 3.2c, d and o (at%) 0 O 0 95
sup. Fig. C.4).
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3.2. E ect of heating rate and temperature on lateral element redistribution

Figure 3.2.: SEM and elemental distribution images (net counts) of Cu, Ga, In
and Mo measured byEDX and an acceleration voltage of 12keV on the multilayer
precursors atRT after heating with a) 0.01°C/s up to 170°C, b) 0.01°C/s up to 350°C,
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
Tmax (°C) are indicated on theSEM images. On sample c) four di erent compositions
(see Tab. 3.2) were identi ed and exemplary points are marked as 1-4.
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3. Lateral element redistribution during annealing of metal precursors

Phase analysis was performed by use of room temperature X-ray di raction. h€
result is shown for the multilayer precursor after annealing with 0.02C/s up to 580°C
(Fig. 3.3), for which elemental distributions are shown in Fig. 3.2c. MolCDD-No.
00-042-1120), In ICDD-No. 00-005-0642) and Gya, (ICDD-No. 01-071-0458) were
identi ed in the room temperature di ractogram in Fig. 3.3. Additionally, a strong
peak at around 43, to the right of the position of Cu;glng 102/110 (CDD-No. 00-042-
1475), can be seen (In the database the phase is denoted as Cu2in.). In ataoce
with Purwins et al. this peak can be attributed to the solid solution of Cus(In,Ga)g
[Purwins et al., 2007].

e
Cuie(In,Ga)s| Figure 3.3.: The room temperature dirac-
/ togram shows the identi ed phases: Mo, In,
Cuge(In,Ga)g and CuyGa, of the multilayer
precursor after annealing with 0.02C/s up
to 580°C (see Fig. 3.2c). The reference lines
of Cugelng 102/110 (CDD-No. 00-042-1475)
and CuGa, 411 (CDD-No. 01-071-0458) are
shown.

w Intensity (arb. units)

6 38 40 42
2 Theta (°)
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 Cyg(In,Ga)g. The composition at point 1 may be explained by
the presence of Cg(In,Ga),. The co-existence of two Cy(In,Ga), phases and In is
consistent with the Cu-In-Ga phase diagram (sup. Fig. E.4Muzzillo et al., 2015 and
experimental observationsPurwins et al., 2007. From the Cu distribution images for
all heating rates and allT ., the area-weighted domain sizes of Cu agglomeration
were quanti ed as introduced in the experimental section. These are shown laaxplots
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 T,ax =170 and 350°C. The median domain size foil o =580 °C(red
boxes) decreases slightly towards lower heating rates. Additionally, the distribion
range, i.e. the range of domain sizes between the whiskers as well as within tb&,b
gets narrower towards lower heating rates. It is remarkable that for the sgle 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 identi ed domains (see Fig. 3.2d) with
respect to those identi ed in Fig. 3.2c (Tab. 3.2). However no signi cant di erence 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 thedasto
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3.3. Impact of evaporated NaF on dewetting

Figure 3.4.. Boxplots of area weighted domain sizes (as described in the experimental
section) identi ed in the binary elemental distribution images of Cu for multilayer
precursors annealed with heating rates 1, 0.1 and 0.83/s up to Tax=170, 350 and
580°C (see sup. Figs. C.2 and C.3). 1Px is equal to 0.3@8. The median (line in the
boxes) indicates that about half of the total image size (number of pixels) consf
domain sizes smaller, and about half of the total image consists of domain sizes large
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 smallemtha
the respective value.

the one annealed with the slowest heating rate. This suggests that the same amouht o
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
e ect 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 pleas
separation might also continue during cool down, which lasts around 10 min from 580
to 350°C and might have a more relevant in uence on the nal state in case of a shorter
heating time. Overall, the elemental distribution images (Fig. 3.2) show an increasingly
strong redistribution of elements with increasingl.x, 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

Di erent amounts of NaF have been added on top or under the precursor by thermal
evaporation before annealing in order to study the in uence of NaF on the dewetting
of the multilayer precursor during annealing. Na di usion from glass is prevented
by use of a diusion barrier (SiQ.Ny) 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 showSEM images of annealed
precursors with di erent NaF amounts and positions. It can be seen that droplet
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3. Lateral element redistribution during annealing of metal precursors

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, c) with 30 nm NaF on top of the precursor. (d-EDX Mo
intensity distributions corresponding to theSEM 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 30 nm NaF underneath the
precursor (Fig. 3.5b) compared with the precursor without NaF (Fig. 3.5a). In conhst,
droplet formation during annealing is signi cantly 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 datree
dewetted area, calculated as number of red (Mo) pixels/all pixels (10Z468) (from
sup. Fig. C.5). The relative dewetted areas are shown for all prepared NaF amtsin
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 8@ (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 preours
(Fig. 3.5¢, f) the percentage of Mo area is decreased to below 5% (TaB)Jor all
amounts of NaF. These results show that NaF has a di erent in uence 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 sampiera
the same treatment {,,ax =580 °C, heating rate of 0.0XC/s) di ers. The di erence

is, that the sample in Sec. 3.2 (sup. Fig. C.5c, f) has a back contact consisting of a
stacking of Mo/Mo:Na/Mo (as described in the Experimental section), and fothe
investigations on the in uence 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 tsample,
with Na-doped back contact, is 12% and the sample without Na is 30%.

This can either be explained by the di erent sputtering resulting in di erent surface
properties or by Na di usion 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 reddM
pixels/all pixels (1024768) (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
interdi usion 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 0.0C/s up to 580°C and exhibited a clear lateral
phase separation before selenization as in Fig. 3.2c. TBEM 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 strongnance

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 showsttha
the bottom part of the bump consists ofCIGS 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

In uence of NaF on dewetting

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

Figure 3.6.. Cross-sectionSEM images ofCIGS 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. ¢) Magni ed image from sample b) with elemental image of d) Ga and e) In.
Analysis was performed with an acceleration voltage of 10 keV.

e ect should be similar if NaF is deposited on top or underneath the precursor. The
following e ects are proposed in addition:

1) 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., 196§ 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 fractio
from around 30 to over 60 %, since the Young contact angle could be di erent
(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 struatal
con nement 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 a ect the increasing dewetting during annealing
(compare Tab. 3.3).

i) NaF on top prevents dewetting: An NaF or formedingNas 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 con nement of uid phases underneath
and is, e.g., utilized in so called thin Im vapor-liquid-solid growth (TF-VLS)
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3.6. Conclusion

for InP [Kapadia et al., 2013. Here a solid SiQ layer on top of an elemental In
precursor thin- Im is used as a dewetting prevention during processing. This
e ect might explain the decrease from 30 to under 5% relative dewetted areathv
NaF on top of the precursor. In addition solid SiQ 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 algwesent
during annealing since Holzinget al. showed that more In is soluble in Cy(In,Ga),
[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 heag rate and
NaF on top of precursor layers could be e ective measures to avoid phase gagian
and dewetting.

3.6. Conclusion

Lateral phase separation and dewetting during selenization of Cu-In-Ga precursas
an unwanted e ect for CIGS production and may become signi cant, 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 heag 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 di erent phase separation after annealing of the
sample. This bene cial e ect from NaF only occurred when NaF was deposited on
top and was not signi cantly dependent on the NaF amount (between 10 and 30 nm
thick layer). The necessity of a prevention of lateral phase separation duringermal
processing of Cu-In-Ga precursors t€1GS absorbers was demonstrated by selenizing
a precursor that exhibited distinct phase separation prior to selenization. After this
selenization, an inhomogeneous lateral Ga/ln distribution in the chalcopyrite phase
was found.

The results above showed how to enable and widen the parameter space for seleioizat
with a prior annealing step of up to 580C, even with low heating rates of 0.01C/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
pro les.
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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 o€IGS layers during
thermally activated reaction of a sputtered Cu-In-Ga multilayer precursdrin 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 temperatureT(s,,) can be controlled well.
A possibility for an additional control is the Se partial pressureRs) (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 Im. 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 contadee
Sec. 1.4.2.

In this work, Se is supplied by an external Se source to decouple the Se supply from
Tsuw (See Sec. 2.1.2). Only then, the Se source temperatufiesf) enables an additional
control during CIGS formation. Tse (and thus Pse) can be kept at a speci c and
constant value. Using the vacuum selenization tool (see Sec. 2.1.2), two di ergmnowth
paths were identi ed, possibly correlated to a di erentPse. The rst one led to a
strong Ga segregation without Ga at the surface. The second one led to a nahG
depth pro le 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 bg situ
analysis for the rst time. The di erent Ga pro les could be reproduced with the
atmospheric selenization tool (see Sec. 2.1.2). The results allow a direct clatien of
the Ga pro le with increased homogenization to a loweT se.

1The multilayer precursor was selected from results in Ch. 3.
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4. Evolution of crystallographic phases and vertical elemental redistribution

Thermodynamically driven Ga segregation fundamentally limits an adjustment of
the Ga depth pro le. However, the Ga depth pro le is important, because th&Gl
determines the band gap energyHjy, see Eq. 1.2). TheEy of the absorber needs to be
increased above thé&y of pure CulnSe to achieve a higher conversion e ciency of
CIGS solar cells (see Sec. 1.1.2). With a decoupled Se supply, an adjustment of the
Ga depth pro le during selenization to some extend is feasible. Initial experiments
already led to the highest e ciency of 15.5% for a sequentially produced solar cell
using elemental Se vapor [Schmidgt al., 2017, Songet al., 2018].

The chemical reactions during selenization are fast, so that some intermediate phase
are only present within one minute. In addition, the material is complex with its
large number of elements and various possible phases. For these reason#) aitu
measurement was applied: Information about phases present in the Im were obtained
by energy dispersive X-ray di raction EDXRD) and complemented by the information
about the elemental depth pro le obtained by energy dispersive X-ray uorescence
(EDXRF) at BESSY II. The measurements are performed simultaneously and thus can
be correlated. The identi ed phases fronEDXRD are used to calculate uorescence
intensities. The speci ¢ uorescence intensities are then used to deduce the phasette
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) ARDXRD/EDXRF
measurement during thermal treatment of a precursor without Se has been perfomine
to identify phases in the Se free system as basis for investigating the selenizafioocess
(Sec. 4.1). ii) The growth of CIGS during fast selenization with strong Ga segregation

Is analyzed (Sec. 4.2). iii) The growth oCIGS during fast selenization without a nal

Ga segregation is presented in Sec. 4.3.

The comprehensive phase identi cation and accurate determination of the compaosition
of each phase (Secs. 4.2.1 and 4.3.1) is important for the uorescence 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 undetanding

of the general phase evolution of the Im. A comparison of the twm situ investigations
and deduced growth paths are shown in Sec. 4.5. Ax situ investigation in Sec. 4.6
supports the nding, 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. 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“&and
550°C will be identi ed on the basis of theEDXRD spectra. Afterwards, the evolution
of re ection and uorescence peak intensities during heating will be correlated. ase
identi cation on the basis of re ections is di cult since in certain temperature regimes
there exist several phases with similar re ections. This is the case forCu;e(In,Ga)g
and -Cug(In,Ga)4. The energies of the di raction peaks of both phases depend on
their composition, see Sec. 1.2.1 and the re ections of the two phases can overlap.
Nevertheless, the presence ofCug(In,Ga)g is di erentiated from -Cug(In,Ga)4 by a
few unique low intensity re ections of -Cug(In,Ga).

In the following, -Cue(In,Ga)g is referred to as Cug(In,Ga)g or -phase and -
Cug(In,Ga), is also denoted as the -phase.

Assigning re ection peaks in the precursor helps to distinguish those from re ections
of Se containing phases in Sec. 4.2 and 4.3.

Phase identi cation before heating and at 550 °C

Fig. 4.1 shows spectra measured dts,,=34 °C and 550°C, which are measured for
2.48 min and 15.36 min, respectively. At 32C, some of the peaks can be correlated
to the known re ections of crystalline In [Smith and Schneider, 1964 The remaining
peaks could in principle be attributed to either a - or a -phase. No clearly assignable
re ection of -Cug(In,Ga), is found, suggesting that only Cugs(In,Ga)g is present. The
-phase has no additional unique re ections in contrast to the -phase. Assuming
the assigned Cus(In,Ga)g 110/102 re ection to correspond to a -Cug(In,Ga), 330
re ection instead, the corresponding composition would exhibit &Gl of 0.25 0.03,
which is in discrepancy to the Cu-In-Ga phase diagram (Fig. 1.5a), which shows a
minimum GGl of 0.75 at T 150°C.
An evaluation of the composition of Cyg(In,Ga)g is not strictly possible, because there
is only a reference di raction pattern available for Cyglng. 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 increas®@! of the
Im, the 110/102 re ection of Cu 14(In1.xGay)e shifted until reaching 42.88, for which
they estimated a maximum Ga content of x = 0.29. This angle corresponds to 38 keV
in the EDXRD measurement here (Fig. 4.1). The position of the 110/102 re ection
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4. Evolution of crystallographic phases and vertical elemental redistribution

Mo 110
In-Ka,,, h-Cuyg(In,Ga)gq (h)
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Figure 4.1.: EDXRD spectra of a multilayer precursor before the start of the heating
process T suw=34 °C) and at the maximum temperature of 550C. The EDXRD spectra
are shifted vertically for better separation. The arrows indicate assignedepks and
Miller indices of the phases Mo, In, -Cuye(In,Ga)g ( ) and -Cug(In,Ga),4 ( ) as well
as the peaks from the InK 3., and In-K 1., uorescence (partly overlapping with
re ection peaks).

of the -phase here is at 34.60 0.14ke\?, which is at the same position within
the uncertainty. Therefore, aGGI of x=0.29 in Cus(In; xGay)g is assumed for the
following investigations.

At T4,,=550°C, the presence of -Cug(In,Ga), is identi ed by means of its unique

di raction peaks 321 and 332 (see Fig. 4.1), which cannot be assigned to th@hase.

In principle, a small 110/102 re ection of the -phase might be present within the 330

re ection of the -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- and -phases are in agreement
with the ternary Cu-In-Ga phase diagramsKim et al., 2012 Muzzillo et al., 2015
Purwins et al., 2007] and with anin 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 re ections of
both Cuy(In,Ga), phases during heating. These are shown in Fig. 4.2.

The 101 re ection of In decreases with increasingjs,, and vanishes at the melting
temperature of In of approximately 157C (see Fig. 4.2c)). After In has melted, the

2The 110 and 102 re ections from the reference of Cilng (ICDD 03-065-0704, see Tab. E.2) are in
average (and weighted by intensity) at 34.22 keV.
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4.1. Thermal treatment of the Cu-In-Ga multilayer precursor without Se

Figure 4.2.: Evolution of temperature and intensities of phase re ection and uores-
cence peaks over process time during heating of a Cu-In-Ga multilayer precursoy. a
Substrate temperature, b) Real-timeEDXRD with indicated re ections Cuyg(In,Ga)g
110/102 and -Cug(In,Ga)4 330, which is a magni ed part of the full measurement as
shown in Fig. D.1c). The intensity is color coded (as indicated on the right side). c)
Integral intensity of re ections and d) integral intensity of uorescence paks, tted
with Gaussian curves. Error bars are given in the plot as derived in Sec. B. Dasl
vertical lines indicate speci c temperatures, that correlate with certain lsanges in peak

properties, for details see text.

61



4. Evolution of crystallographic phases and vertical elemental redistribution

re ection intensity of Cuig(In,Ga)g 110/102 starts to decrease. At the same time,

-Cug(In,Ga)4 330 appears and increases until G(In,Ga)g 110/102 disappears at
410°C. This suggests the formation of -Cug(In,Ga)4 from Cuyg(In,Ga)y. During the
initial and strongest change of the Cu(In,Ga), phases between 240 and 320 (8 to
10 min), the intensity of In-K increases while the intensities of C and GaK
decrease. In the interesting temperature range between I®Dand 350°C, the possible
Cu and Ga concentrations in -Cug(In,Ga)4 are higher than in Cug(In,Ga)y (compare
Cu-In-Ga phase diagrams for 15%C and 350°C in Fig. 1.5a and sup. Fig. E.4). Higher
Cu and Ga concentrations in -Cug(In,Ga), are also in agreement with the lattice
plane distance of -Cug(In,Ga), (see sup. Fig. D.2), which is closer to the reference of
i-CugGay than -Cugln, and thus exhibits aGGI > 0.5 (using Vegard's law). Liquid
In is assumed to remain on top of the Im, because the as-grown multilayer exhibited
top layer with 92.6 at.% In (Fig. 2.6a) and is known to form In droplets on topduring
heating [Gupta and Isomura, 1998 Songet al., 2003. Therefore, the evolution of the
uorescence intensities indicates, that -Cug(In,Ga)4, which contains higher fractions
of Cu and Ga (or less In) forms underneath Gy(In,Ga)s.

Between 468C and 519°C, the -Cug(In,Ga)4 330 re ection exhibits an increase of its
integral intensity (Fig. 4.2c)) and an increased change of the energetic pasit over
time (Fig. 4.2b)) (lattice plane distance, respectively). Furthermore, the re edbn
intensity of -Cug(In,Ga)4 300 increases. The -Cug(In,Ga), phase can be regarded as
a solid solution of -Cugln, and one of the four di erent {-CugGa, 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 constagup.
Fig. E.2). In principle, they can be di erentiated by di erent intensities of some veak
di raction lines [ Predel, 1994. Unfortunately, no further details about the relative
di raction intensities were found in the literature. Regarding the -phase, it is therefore
proposed, that the increasing intensity of the 330 re ection, the decreasing padsih of
the 330 re ection and the appearing 300 re ection, indicate a phase change from one
i-CugGay to another ;-CugGay.

4.1.2. Summary

The metallic phases In, -Cuyg(In,Ga)g and -Cug(In,Ga)4 were identi ed. At 157 °C,

complete melting of In was observed. From this temperature on, the re ection insity

of -Cuyg(In,Ga)g 110/102 decreases while the re ection intensity of-Cug(In,Ga),

330 increases. It is supposed, that-Cug(In,Ga), forms from -Cuye(In,Ga)ge. The

formation of -Cug(In,Ga), was concluded to be beneath-Cu,(In,Ga)g due to a
decrease of the Clc , Ga-K and an increase of the IrlK  uorescence 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 segméon of two
CIGS phases with signi cantly di erent GGI. Most of the Ga and thus the highest
GGl is found at the back contact. This typically observed Ga segregation is studieg b
means of the evolution of the most dominant di raction peaks of all identi ed phases.
Their properties, regarding integral intensity, energetic position and coesponding
lattice plane distance will be evaluated considering also a correlation with the intatiss
of uorescence peaks. An overview of the complete time-resolvVE®XRD/ EDXRF
signals measured is shown in Fig. 4.3. The observed evolutions of di ractiolf;[3s®)
and uorescence peak intensitiesl €iement k) during the fast heating between time
t=0min (tp) and t=8 min are shown in Fig. 4.4. The re ection intensities are not
evaluated to quantify the phase amounts. However, changes in the intensity of reor
than the uncertainty are assumed to mainly correlate to a changing crystal amount
The lattice plane distance of a phase is denoted a§)2se.

Due to a variety of identi ed CIGS phases with di erent compositions, the following
acronyms are de ned:

" CIG_S: CIGS phase with a GGI above 0.35

" CIG_S: CIGS phase with a GGI between 0.25 and 0.35
" Cl_GS: CIGS phase with a GGI between 0.1 and 0.25
" 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 frdRT to 580°C and Se
vapor was supplied in the vacuum selenization tool. The starting point of the fastbk
enization step att,=0 min is prepared fromt=-65 min until to. 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 uorescence peaks and Se related re ections
are detected, which are marked in Fig. 4.3. Thus, condensation and crystallizatiof

Se occurs on the sample surface. Se then evaporates from the surface duringriagbe

of 15min at T4,,=220°C. The Se vapor is pumped through the open reaction chamber
valve into the surrounding vacuum chamber. A small Se uorescence intensity remains
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4. Evolution of crystallographic phases and vertical elemental redistribution

Figure 4.3.: Evolution of temperature, intensities of phase re ections and uorescence
peaks over process time during selenization of a Cu-In-Ga multilayer precurson a
Substrate temperatureT ¢, and b) time-resolvedEDXRD/ EDXRF signals over time.
The intensity is color coded (as indicated on the right side). The uorescence peakth

the highest energy is In-K , (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 correspondil@@DD
numbers and references are listed in sup. Tab. E.2. Points in time with charaastic

di raction intensities or changes are marked with vertical dashed lines de ned &s
and to de nes the start of the selenization process. Negative times indicate the process
preparation beforet,. 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. Evolution of crystallographic phases and vertical elemental redistribution

at tse,. 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 &g, such that the P, is ideally
determined by the Se source in the following.

At the start of the measurement att=-65min, -Cug(In,Ga)g is present with its most

dominant 110/102 re ection. Until to=0min, its intensity (1,,,,,,) decreases to about
half the initial value. During this period, In melts and -Cug(In,Ga)4 appears. Its most
dominant re ection intensity (133,) increases. The decline df,,,,, correlates with

the increase ofl 535, which is similar to the Se free process presented in Sec.?4.1

Evolution of signals between T (=220°C and T 3=505°C

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

BetweenT,,=220°C and 327°C, Fig. 4.4 shows an increasing transformation rate of
the -tothe -phase. It also shows the formation of UBSe with its most dominant
040 re ection intensity (1 5>%). First re ections assigned to In,.Se; (e.g. 040, 011,
330, 510) appear afl 4,,=309 °C. Simultaneous with the increase of }4°%, the Se
uorescence intensity (se k ) increases, which in turn correlates with the decrease of
Imo k (see Fig. 4.4d)).

| 345% reaches a maximum at T=388 °C. This maximum occurs at the same time as
the maximum of the re ection intensity of -Cug(In,Ga), 330 at 388°C (see Fig. 4.4e),
), while 1,,,.,,, decreased to nearly zero. Whilé;s>® decreases, re ections of
(In,Ga)Se appear (004, 110, 062 and increase in intensity (S0 °2°¢). Initially, its
compositior? is close to the reference of InSe (compare sup. Fig. D.4). Over time,
di0.C¥5¢ decreases, corresponding to an increasing Ga to In ratio. Ab¥447 °C, its

composition is (In.g4Gag.06)Se.

At T4pr=327°C the rst chalcopyrite re ection appears, in the following referred to as
CIS 112. Initially, its lattice plane distanced;3 is slightly below the literature value of
CulnSe 112 and shifts closer to the reference at 447 °C (see Fig. D.5 for details).

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

4The peak corresponding to (In,Ga)Se 002 is overlapping with the escappeak of InK .

5InSe and GaSe can form a solid solution (In xGay)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. 1.19$3°¢ and dit, its
composition is calculated.
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4.2. Fast absorber growth with strong vertical Ga segregation

Between 388C and 481°C, the 330 re ection of -Cug(In,Ga)4 decreases and vanishes
(see Fig. 4.4). This evolution correlates with the appearance and increase efctions
assigned to 1-,-CugGa, 330 and Cy Se 220. The composition of the latter is deduced
to be Cu;.7,Se by use of Vegard's law and literature values fronTgnejc et al., 1975
Tonejc, 1980. (see P. 160 for further details to Cy,,Se 220 and 111). The;-,-CusGay
phase exhibits a smalledssy than -Cug(In,Ga), (see details in sup. Fig. D.3). The
ds3p corresponds to the phase composition. The applied procedure to evaluate the
composition of the -Cug(In; xGay)s y phases as accurate as possible is explained in
sup. Sec. D.1. The transformation of -Cug(In,Ga)4 to In-free 1-,-CugGay was not
observed in the Se-free experiment in Sec. 2.1.2 (compare the energetic positgh
Fig. 4.2b)). Here, the latter phase exhibits no (or nearly no) In anymore. It is thefere
very likely, that the released In reacted with Se possibly to an In-Se phase.
At T ;=388 °C, the composition of -Cug(In,Ga)4 (blue line) is estimated to be within
a Cu concentration of 68 1at.% Cu and aGGl of 0.743 0.007, which is a reasonable
composition regarding the ternary phase diagram (sup. Fig. E.4). Th&Gl of the
-phase is 0.29, as estimated in Sec.4.1. Consequentially, thphase exhibits a higher
Ga concentration compared with the -phase.
At T ,=447 °C, the possible composition of -,-CugGay is 64 4 at.% Cu, within the
uncertainty of the measurement.

Due to the release of In from -Cug(In,Ga),4 between T, and T,, 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 ;-,-CugGa, phase is
smaller than for -Cug(In,Ga)4, also indicating a smaller total amount of ;-,-CugGay.

The release of Cu from -Cug(In,Ga)4 coincides with the formation of Cy.7,Se.

Between 388C and 491°C, the intensity of Cu;.7,Se 220 exhibits a similar evolution as
the Cu uorescence intensity (cy « ). The relative increase inlcy, « IS even more
pronounced in detector 2 (Sup. Fig. D.8). This points to an increasing concentration
of Cu towards the surface. The maximum¢, ¢ at T,=447°C is an important point

in time for an evaluation of the phase depth distribution later. The maximum ¢, g
can be explained with the presence of the Gu,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 Cic , (In,Ga)Se
004 and Cy »Se 220 are observed, while dlllS related re ection intensities increase.

| &5 increases until 492C (Fig. D.5b)). Only then, an additional re ection appears,
corresponding toCIGS 112 with a GGI of 0.88 and is therefore referred to aSIGS
112. The increasing 513 correlates with a decreasing intensity of the ;-,-CusGay 330

re ection (Fig. D.3a)) and Ilcl'%S reaches its maximum at about 505 °C.
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4. Evolution of crystallographic phases and vertical elemental redistribution

Interdi usion of In and Ga after T 3=505°C

The nal temperature interval includes the heating from 505C to 580°C and subsequent
annealing for 20 min {3 - teng). The phasesCIS and CIGS change as follows: At 503C

and during the annealing at 580C, di;5°, I 115> as well asdsaoo,, and | sioo, increase.

The increase ofd;5° and dS,5,, is higher than the expected increase by thermal
expansion. Hence, it must be correlated with a decreasing GGI (see Fig. D.5€)he
GGl of CIGS decreases from 0.88 at 50& to 0.56 until the end of the annealing
period with 580°C (t=36 min). Simultaneously, 1 S5, d$i3 as well asdSis_,o, and | $5-504
decrease, but relatively smaller in comparison witlClGS. An explanation for this
behavior is interdi usion of In and Ga, while a top part of the Im remains Ga-free, a

con rmed by the elemental depth pro le (Fig. 4.5).

Final CIGS Im composition after cool down

A SEM image of the nal CIGS layer is shown in a cross sectional view in Fig. 4.5a).
The Im was also analyzed with regard to the elemental depth pro le byGDOES (see
Fig. 4.5b)) and integral Im composition by WDXRF (see Tab. 4.1). TheGDOES
measurement shows a top layer with Gl over 1 and Se concentration above 0.5. Both
are higher than expected for stoichiometric Cu(ln,Ga)Se This is perhaps correlated
with a CuSe layer, which is often found to be present at the surface, but no CuSe
re ections were observed byeDXRD. The CGI of the rest of the absorber layer is
about 0.9. This is in good agreement with the integral Im composition which exhibits
a CGl of 0.96 according to WDXRF.
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Figure 4.5.: a) SEM image of the cross section of the naCIGS Im. b) Quanti ed
elemental depth pro le measured byGDOES on the nal CIGS layer. The in-depth
uncertainty is in the order of 100 nm. The back contact is assumed to start at a reo
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 thein situ EDXRD/EDXRF measurement.

Element/% Cu In Ga Se CGl GGI Thickness

Precursor 459 39.7 144 O 0.87 0.27 610nm
Absorber 232 179 6.1 528 096 0.26 1532 nm

The GDOES measurement shows no relevant Ga content in the top Quh of the
Im. Below that, the Ga content increases towards the back contact with GGl
of about 0.6. In comparison, the composition of the two chalcopyrites from thie
re ections CIS 112 andCIGS 112 at the end of theEDXRD measurement at 108C were
Cu(Ing.98Gag:02)Se and Cu(Ing.45sGag:s5)Se, corresponding to the lattice plane distances
of 0.335 0.001 nm and 0.3280.001 nm. The elemental depth pro le determined by
GDOES of the absorber Im and the nal EDXRD signal are in agreement, indicating
that two chalcopyrite phases are present, one without and one with Ga. In concias,
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 presee

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 timg 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
re ection intensities are not evaluated to quantify phase amounts. Thereforenly the
presence of a re ection is correlated with the presence of the corresponding pha

" -Cug(In,Ga)4 (Cu and Ga richer) grows while Cyg(In,Ga)o reduces until T,
" In 4,Se appears atT¢,;,=309°C
~ CIS formation starts at Tg,p=327°C
-Cug(In,Ga), and I, ¢ are at maximum at T,=388°C
-Cug(In,Ga) 4 transforms to 1-,-CugGay from 388°C onwards until T,=447°C
(In,Ga)Se appears at 388 °C, being fed by the IpSe; phase

" (In,Ga)Se, Cu 1.7,Se andl¢c,  are at maximum at 447 °C
Afterwards, (In,Ga)Se, Cu.7»Se andl¢c, ¢ decrease

" CIG_S appears at 491 °C, being fed by the-,-CuyGa, phase
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4. Evolution of crystallographic phases and vertical elemental redistribution

Figure 4.6.: Simpli ed overview of phases present over process time and as function
of temperature. Characteristic points in time for deducing a growth schematicith
speci ¢ stacking sequences are dtg,, of T;=388°C (t), T»=447 °C (t,) and T3=505°C
(t3) in the next section.

Limited inter-di usion of Ga and In occurred, leading to a decreasingsGI of the
CIGS phase from 0.88 at £=505°C to 0.56 at end ofT 4,;,=580 °C (t=36.0 min)

Final chalcopyrite compositions fromEDXRD are Cu(lng.9sGag-02)Se (CIS) and
Cu(Ing.45Gag:55)Se (CIGS) and the elemental depth pro le fromGDOES 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 elution

in time during the described selenization in Sec. 4.2.1. A simpli ed 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 uorescence intensities with calculated uorescence intensities. Fluaresce
intensities were numerically calculated for a set of stacking sequences of thentded
phases. This procedure is described in general in Sec. 2.2.2. Finally, the evolution in
time of the calculated uorescence intensities of the deduced stacking sequences ar
compared with the measured evolution.

The rst 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 deductiand
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4.2. Fast absorber growth with strong vertical Ga segregation

the consistency of the proposed stacking sequence. Subsequent phases at highgr
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 1=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 aex situ XRF measurement of the precursor
(see Sec. 2.2.2.4), number of phases and their composition determinedirbysitu
EDXRD at 388°C. Using the linear equation system, the fraction of phase amounts
are determined. If necessary, additional free parameters will be introduced ored to
be able to solve the linear equation system (see Sec. 2.2.2.3). The thicknessaoli e
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 uorescence intensities
were calculated for the n! stacking sequences (see Sec. 2.2.2.2). Then, theiledaéd
uorescence intensities of all stacking sequences are compared with thesitu obtained
uorescence intensities at 388 °C.

Phases detected at 38%8 are -Cug(In,Ga),, InsSe, CIS and Cu(In,Ga)y (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 -phase was determined to lie within a possible range
of 68 lat.% Cu, as described in Sec. 4.2.1. When changing the composition of
Cug(In,Ga)4, the consequence is that the relative amounts of all phases change, solving
the linear equation system, see Tab. 4.2. A lower Cu content inCug(In,Ga), leads
primarily to a higher share ofCIS, since this is the only other Cu containing phase. A
higher phase amount ofCIS requires more In and results in a smaller phase amount of
In,Se.

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

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

in  -Cug(In,Ga)4 -Cug(Iny xGay)a y -Cug(In,Ga), In,Se CIS
X: 67 at.% Cu CU9(|n0;25gGao;747)4;43 258 481 221
+: 68 at.% Cu CUg(|n0;257Gao;743)4;24 270 504 153
O: 69 at.% Cu CUg(|n0;264Gao;736)4;04 285 529 74
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4. Evolution of crystallographic phases and vertical elemental redistribution

The Cu concentration inCIS can not be evaluated during growth and was assumed
to be stoichiometric CGI = 1). At T ;=388°C, a decrease of theCGl in CIS to
0.9 (integral CGI of the Im) would in uence the depth distribution only slightly by
increasing the Se and In amount irCIS since the total Cu amount inCIS remains.
Only about 2% of the In amount in In,Seg is then assigned toCIS. The in uence

is small in comparison with the change of the observed in uence of the Cu content
in -Cug(In,Ga)4 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 perniota as
stacking sequence are possible, see A-F in Fig. 4.7a). Fig. 4.7b) shows the cpoeding
uorescence intensities calculated for all permutations (marker) with resge to the
observed intensities at =388 °C, marked as dashed lines.

a)
b)
S In -20 X 67at.% Cu, + 68at% Cu, O 69 at.% Cu
(U 25 T T T T T T E
= ) X+0 1100 S
= 20F 0-80 ®
B ] ol___ Q ____,2Q_____40____ O =
e e I S -t S L
= 151 xt+ 160
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: d
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2 O 1 1 1 1 1 1 O .C
o A B C D E F

Stacking sequence

Figure 4.7.. a) Stacking sequences of all possible permutations of the three phases
at T,=388°C and b) corresponding calculated uorescence intensities. The colors
correspond to the element species as indicated at the left and right axis. The kers

(x, +, 0) indicate the calculated values for di erent compositions of -Cug(In,Ga),4, see
Tab. 4.2. The calculation method and general parameters are described in Sec.2.2
Further parameters for the calculation and their references are listed in Sec. Bashed
horizontal lines illustrate the experimental values. The colored background raeg
indicate the maximum uncertainty of the experimental values (8 %). The black frame
encloses the best matching uorescence 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 di erence ih,, k for the di erent
stacking sequences is low in comparison with di erences regarding the uorescence
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 signi cant di erence between the calculated
and the measured uorescence intensities for stacks C, D and F. For this reaso
stacking sequences C, D and F are unlikely and disregarded in the following. Signi cant
di erences of the measured and calculateld, « are observed for stacking sequences A,
C, D, E and F. The stacking sequence, that exhibits ahc, k tting the experimental
value best (as well as accurate intensities for all other elements) is staksequence B.

However, the calculated ¢, ¢ at T;=388°C is lower than measured and not within
the uncertainty, but Ic, 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 the
deduction of the subsequent stacking sequence at=447 °C with Cu;.7,Se on top of
the Im, there are two possible reasons for this discrepancy: i) Ie was Cu free in
the model for calculation of the uorescence intensities. For the formation of Gy,Se
after 388°C (see Fig. 4.9a, Sec.4.2.1 and following section), Cu di usion to the surface
is necessary. The only Cu containing component here isCug(In,Ga) 4, from where
Cu need to di use through the InySe layer. ii) Another possibility is, that a CuSe
formation might have occurred prior to Cy.7,Se 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, 201Q and to transform to Cu, Se starting at 377°C. The
temperature of formation of Cy »Se found at 377C coincides with the Cu-Se phase
diagram (sup. Fig. E.5) showing the transformation of CuSe to G&e at 377C and
the di erence to the observed temperature of formation of Ci,Se here of 388C, is
within the error of the measurement.

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

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

i) With lift o a Im, the -phase was also found at the back contact by others
[Hanket et al., 2007].

iii) The position of -Cug(In,Ga), at the back contact is also plausible with regard to
the presence of 1-,-CugGay at T,=447 °C, which is likely to be at the back contact
where the nal Ga richer CIGS layer forms at T3=505°C (in agreement with the nal
elemental depth pro le in Fig. 4.5b)).

These arguments support the deduction of stacking sequence B from comparison of
uorescence intensities.

The intensities of the six possible permutations con rm that the di erent stacking
sequences lead to distinct di erences in uorescence intensities which are signi cant
The selection of the most likely stacking order on the basis of the best agreernen
measured and calculated uorescence intensities of all elements is in accordanith w
plausibility. This justi es the application of the method.

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

Phases detected b)EDXRD at Tgy,=447°C are (INg.94Gag.06)Se, 1-2-CugGay, CIS
and Cu;.7,Se. With four present phases, there are 4!=24 possible permutations for a
stacking sequence. The total number of phases;{,-CusGay, (In,Ga)Se, CIS, Cu;.7,Se)
exceed the number of known element quantities (Cu, Ga, In). Hence, the syst®f
linear equations to calculate the phase amounts exhibits a set of solutions. The set
is limited as follows: CulnSe has the lowest standard formation enthalpy, thus the
amount of CIS is expected to increase over process time. TKH#S amount must be
higher than calculated by the previous stacking sequence at=I388 °C, for which the
linear equation system could be solved explicitly. If a constant texture of th€IS layer

Is assumed at states 38& and 447°C, it can be approximated that the CIS amount
has doubled, since the di raction intensity increased by a factor of two from 38€ to
447 °C, see Fig. 4.49).

The position of 1-,-CugGay is concluded to be at the back contact for the self-consistent
reasons as follows: i) The deduced stacking sequence at ¥B&xhibits the -phase at
the back contact. ii) Later, at 491°C, the only binary phase left is 1-,-CugGa,, which
decreased its amount while the Ga riclCIGS appeared and is located at the back
contact. iii) The phase exhibits 92 % of the total Ga amount. The main di erence to all
other phases is the high share of Ga. As consequence of thg-CuyGa, phase not being
at the back contact would be an intermediate increaseld;, « during selenization,
until it decreases to the nal value. Such an intermediate increase 6§, « was not
observed. iv) The position is consistent with calculated uorescence intensitiésr
exemplary stacking sequences (sup. Fig. D.7). v) This is also in agreement with the
elemental depth pro les, found for a selenization with Ga segregation in literate for
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4.2. Fast absorber growth with strong vertical Ga segregation

a similar growth and setup (Fig. 4c-e in [Mainzt al., 2015b]).
The position of ;-,-CugGa, at the back contact decreases the number of possible
permutations from generally 24 to 6.

Evaluation of stacking sequence with 1=2-Cu gGa, at the back contact

In the following, the uorescence intensities are calculated as function of a frparameter.
The amount of CIS is chosen as free parameter. Mor@IS leads mainly to less Cuy,,Se.
The lower limit of the CIS amount is assumed as the double amount from 388. The
composition of 1-,-CugGay is set to the average value of 64 at.% Cu, for the moment.
An increasing amount ofCIS results in an evolution with decreasing amounts of Gy,Se
and (In,Ga)Se. This is similar to the experimental phase evolution at 44T onwards
in Fig. 4.4. Thus, the evolution of the calculated uorescence intensities (Fig. 4.8a)
should also be similar to the experimental evolution. In particular, a decreasing amdun
of Cup.7,Se can be correlated to a decreasing, ¢ , as observed. That means a
decrease ofcy k ,lca k (slightly), an increase oflse k and a slightly increase of
In k , See Fig. 4.4d) with respect to T is expected.

(In,Ga)Se as the top layer is unlikely, since a Cu containing phase is necessary clase t
the surface to explain the intermediate increasel, ¢ between 388C and 491°C.

The measured evolution ot ¢ from T,=447°C onwards (maximum oflc, ¢ at
T,, see Fig. 4.4d)) until Cu.7,Se vanished (decreasdd, « ) may be compared with
the calculated evolution oflc, ¢ for an increasing amount ofCIS (resulting in a
decreasing amount of Cy;,Se) as in Fig. 4.8a). At the rightmost value for each stack,
no Cu;.7oSe is left. The relative evolution of all uorescence intensities t better to
sequence A than to D.

The exemplary stacking sequences A and D are shown to deduce the position of
(In,Ga)Se andCIS within the stack, ignoring Cuy.7,Se at the moment (Fig. 4.8a). Due
to the slight Ga amount in (In,Ga)Se, (In,Ga)Se aboveClS as in stacking sequence D
would correspond to an intermediate increase 6§, « , contrary to the observation.
A formation of (In,Ga)Se fed by In,Se is most plausible. Assuming 1pSe; as the
educt for (In,Ga)Se, it is likely that (In,Ga)Se is located close to the only other Ga
containing phase ;-,-CugGay, from where it must have incorporated its Ga content.
Therefore (In,Ga)Se is concluded to be below CIS and at the-,-CugGa, phase.

In the following, the deduction of the position of Cy.;,Se is presented. The depth
position of Cu.7,Se directly above -,-CugGay is presented as stacking sequence C. In
this case,lc,  increases with a decreasing amount of GeSe. This is in contrast
to the evolution of the measured value between,Tand Ts. I¢cy,  is highest for a
vanished Cy.7,Se phase. Especially the highes$t, « is below a possible intensity to
match the experimental value. Stacking sequence C is therefore ruled out.
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4. Evolution of crystallographic phases and vertical elemental redistribution

a)
b)
more Se, less Cu, ,,Se, more CIS, less (In,Ga)Se
16
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< 12 =4
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0 0
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Figure 4.8.: a) Stacking sequences with di erent positioning of the three phases above
1=2-CugGa, and b) corresponding calculated uorescence intensities for each stack as
function of an increasingCIS thickness. The colors correspond to the element species
as indicated at the left and right axis. Dashed lines indicate the experimental values
at T,=447°C. The colored background ranges indicate the maximum uncertainty of
the experimental values ( 8 %). The arrows indicate the reasonably matchingc, « .

The remaining stacking sequences A and B exhibit an overlap of the calculated
with the measuredlc, ¢ (red arrows in Fig. 4.8b)) and similar evolutions of the
uorescence intensities with theCIS thickness. The uorescence intensities do not allow
to distinguish between stacking sequences A and B. The studies in literature, in which
presence of Cu ,Se was detected, a presence of £ySe at the surface is typically
concluded Liu et al., 2014 Purwins, 201Q Lei et al., 200§4. Recent results also found
Cu, «Se as platelets at grain boundaries and within grainSanli 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 Gu,Se is most likely
to be found on top of the Im, possibly also within the CIS layer and the modeled
uorescence intensities are appropriate to describe the measured uorescencel@ions,
especially oflcy « .
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4.2. Fast absorber growth with strong vertical Ga segregation

As the last step, the e ect of all possible phase compositions applied to stacking segce

A is studied to test the plausibility. The in uence of the Cu concentration in ;-
CuyGa, and the evolution of the calculated and the observed uorescence intensities are
presented in Fig. 4.9. A decreasing amount of Cu in-,-CugGay results in an increasing
amount of Cuw.7,Se. This mainly increase$c, « . An evaluation of the exact amount

of Cu in 1-,-CugGay is not possible by comparison of the uorescence intensities
and is not necessary here. The important result remains, that the phase CySe is
most likely to be found on top of the Im and the range of the Cu concentration in

1=>-CUugGay 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,¥447 °C and b) corresponding
calculated uorescence intensities as function of an increasi@S thickness (between
the limits as described in the text). The colors correspond to the element spes as
indicated at the left and right axis. The dashed lines indicate the experimental values
observed at 447C. The colored background ranges indicate the maximum uncertainty
of the experimental values ( 8 %). x, +, o indicate the resulting uorescence intensities
for 60, 64, 68at.% Cu in ;-,-CugsGas. The black frame encloses the best matching
uorescence intensities, as described in the text.

4.2.2.3. Depth distribution of phases at T 3=505°C

The diraction and uorescence peaks at & are nearly at the same nal values as in
the end of the selenization. It is likely, that the precursor has completely transforrde
during thermal treatment with supplied Se vapor to the two detected chalcopyrite
phasesCIS and CIGS. The depth distribution of the two CIGS phases is determined
by the Ga segregation at the back contact, con rmed e.g. by the absorbelesental
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4. Evolution of crystallographic phases and vertical elemental redistribution

a) b) Figure 4.10.: a) Stacking se-
16 60 T guences A, B and b) corresponding
g . calculated uorescence intensities.
- 12F o The colors correspond to the ele-
F % R ment species as indicated at the
SR R left and right axis. Dashed horizon-
5 [ :20“3, tal lines indicate the uorescence
€ 47 ® intensities observed at =505 °C.
= [ 110 = .
T | 2 The colored background ranges in-
=8 °° dicate the maximum uncertainty of
Stacking sequence the experimental values ( 8 %).

depth pro le measured by GDOES (see Fig. 4.5b)). The linear equation system is
overdetermined due to two phases and three element quantities. It can be solveadth
leaving the Cu concentration in theCIGS phases as a free parameter. The Cu depth
pro le is approximated as constant over both phases. The calculated uorescence
intensities are shown in Fig. 4.10 for the two stacking sequences with eith@iS (A)

or CIGS (B) on top. The stacking order with CIGS on top shows signi cantly higher
deviations of the calculated with respect to the measured uorescence intens#titor
In, Ga and additionally for Cu. The depth pro le of Cu is the same for both stacks
and the di erent values demonstrate the higher attenuation ofc, « by In than Ga.
The most probable stacking sequence A is in agreement with the observed elemental
depth pro le 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 pro le
by calculating uorescence intensities for speci ¢ elemental depth pro les. Howene
not all calculated uorescence intensities are within the uncertainty of the meased
values. A more detailed depth pro le comprising depth gradings within the phases
could improve the agreement of théc, « andlgs « -

Table 4.3.: Phases and their layer thicknesses, as deduced abovetfets.

Tsu (TH) \ T,=388°C \ T,=447°C \ T3=505°C
Phase / nm CIS/ 221 nm Cup72Se/ 31nm| CIS/ 1202nm
In,Se; / 481 nm CIS /493nm | CIGS / 462 nm

-Cug(In,Ga)4 / 258 nm (In,Ga)Se / 517 nm
1=0-CUgGay / 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 uorescence intensities

Various stacking sequences were investigated above to deduce the most likelgsoat
given times during selenization. Now, the concluded stacking sequences with their
corresponding uorescence intensities are shown in context to the evolution thie
uorescence intensities fromn 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 uorescence intensities
for the respective stacking sequences at,, of T;=388°C (t;), T,=447°C (t,) and
T3=505°C (t3). The colors correspond to the element species as indicated at the
left and right axis. The Ga uorescence intensity increased until the heating lamps
are turned o and the Ga rich CIGS 112 re ection shifts to lower d with lower Ga
concentration. The results regarding the second detector can be found in sup. Hg8.

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 wesmcence
intensities, which are outside the uncertainty of the measurement, possible reas
for this were given for each distinct deviation and discussed in the subsections b0
A general and small deviation of all uorescence intensities of a distinct elementrca
result from a systematic error. A systematic error can result from theatibration of
the correcting factor. For the calculation of this factor, a stack comprisingwo layers
with a constant elemental composition were assumed. The top layer was approated
by an average Cu content of 6 at.%, although the elemental depth pro le b DOES

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 uoregnce
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4. Evolution of crystallographic phases and vertical elemental redistribution

intensities decreases this mismatch retrospectivélyWith this, the matching evolution

is highlighted. In detail, the calculatedls, « and |, x were slightly higher than
the measured intensities during each deduction of a stacking sequence. Furthermore,
lca k Was slightly lower. Using these factors does not change the deduced stacking
sequences and the good agreement of the relative change of calculated and uneds
uorescence intensities.

In case ofl,, k , a further explanation for the generally slightly higher calculated
than measured uorescence intensities might be a slight In-loss during selenization. An
evaporation of an In-Se is likely [Greenbergt al., 1973, Chatillon, 1993].

A second detector was applied in a smaller angle to the substrate (see Sec. 2.2nt) a
the uorescence intensities were also calculated for detector 2, based on tiezluced
stacking sequences. Interestingly, the relative evolution is also similar in deteic?2
(see sup. Fig. D.8), although the deduction was only based on the experimental result
from detector 1.

The general discussion of the applietEDXRD/EDXRF method for the deduction of a
growth schematic can be found in Sec. 4.4.

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

This is the rst time that the method of calculating uorescence intensities is applied
to a whole Cu(In,Ga)Se growth process. The results approve the applicability to such
a complex system.

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

1) Mainz et al. proposed a simpli ed 1D growth model (Fig. 4 inMainz et al., 20158),
based onin situ EDXRD and ex situ elemental depth pro les. The nal elemental
depth pro le and the general evolution of phases from Mainet al. (Fig. 1.10) is similar
to the observations presented in Fig. 4.4. Their schematic of the evolution start
with melting of In and the presence of Ci(In,Ga), phases (suggested as G4fIn,Ga)q
and Cuw(In,Ga),), which vanished during Se incorporation. Selenides like J8¢ and
afterwards InSe were forming as well as the growth of CISe/CIGSe and CGS¢GESe
(denoted here aCIS and CIGS, respectively) were observed. Here, the ¢(in,Ga),
phases were di erentiated as Cy(In,Ga)g, -Cug(In,Ga), and ;1-,-CugGay, with the
latter two phases growing below the rst one. Mainzt al. found indications for In-Se
beneath Cu-Se, which was identi ed here as G4,Se. They could not distinguish

5The factors were determined for Ga and Se (see Fig. 4.11b)) by use of theverage 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 InSeg and InSe in their elemental depth pro les by EDX and denoted a
layer as In-Se. This assumption is con rmed with the results here, showing that InSe
formed at the same position as lf5e. It also agrees to be below Cu-Se and CulnSe
While they showed a replacement of Cu-Se by Culngand In-Se present beneath these
phases, here, InSe vanished before GuSe vanished. Their stacking order of In-Se
below CulnSeg is in agreement with the stacking sequence deduced here.

i) Purwins proposed a 2D model (Fig. 110 inHurwins, 201Q) of the growth of
CIGS with excess chalcogen supply, based on calorimetric amdsitu as well asex
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 stackinggsences

b) Mo/Cu ¢Gas/In 4,Se&/InSe/CulnSe,/CuSe, ¢) Mo/CugGas/InSe/ CulnSe,/Cu ,Se and

g) of Mo/CuGaSe,/CulnSe, are in agreement with the deduced stacks at;] T, and

T3. 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 Culnges starting already
with the appearance of InSeg. He suggested the presence of CuSe on top of the Im
before CySe appears. This is also possible here, based on the too low Cu uorescence
intensity calculated for T;.

The results here are in good agreement with the literature.

4.2.3. Summary

A selenization process with nal Ga segregation was investigated. The peeg phases
were determined byin situ EDXRD. A 1D growth schematic with the position of the
phases within the Im was deduced by comparing the evolution of thi situ EDXRF
results with calculated uorescence intensities. The method of calculating the elentah
uorescence intensities on the basis of a 1D layer stack of identi ed phases wapked.
This is the rst time that the method of calculating uorescence intensities has been
applied to a complete selenization process of a Cu-In-Ga precursor@GS. This
growth path with Ga segregation is well documented in literature. A good agement

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 occuasd
that it is correlated to the formation of Cu, ,Se.
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4. Evolution of crystallographic phases and vertical elemental redistribution

4.3. Fast absorber growth without nal vertical Ga
segregation

The following results reveal the phase evolution and phase depth distribution during
the selenization with a nally homogenized Ga depth pro le which exhibits a minimum
GGl of 0.26. This is the rst report of anin situ observation of such a process. The
following results are in contrast to the results presented before in Sec. Adwhere nearly
no Ga was in the top part of the nal CIGS Im. Both processes were performed
with the same temperature pro le and with precursors, which were prepared in the
same sputter run. Again, the results obtained during selenization with the situ
EDXRD/EDXRF method are presented rst (Sec. 4.3.1). Then, the stacking sequence
of the present phases is deduced by comparison of the obtaifedXRF intensities
to calculated uorescence intensities. This is repeated for speci ¢ points innte t; 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 2C/s in supplied Se vapor in the vacuum
selenization tool. Fig. 4.12 presents the applied temperature pro & ¢,,) together with
the time-resolvedEDXRD/EDXRF signal during the heat up. Signi cant re ection
intensity maxima or changes are marked with dashed lines at speci c temperatures T
(points in time t;, respectively) starting with T,=220 °C and to,=0 min.

Evolution until the rst appearance of a CIGS related re ection
To=220°C Tap T1=388°C(tg t tj)

At the start of the fast heating step at To=220°C, the sample contains the - and -
phases. Their most dominant re ections are -Cu;¢(In,Ga)g 110/102 and -Cug(In,Ga)4
330. The corresponding intensities are denoted &g,_,,, and l3z. At T o, 1150100
exhibits only half the value compared with the beginning of the measurement (not
shown, compare Fig. D.9). The decline of,,,,,, correlates with the occurrence
and increase in intensity ofl 355 (Fig. 4.12e)). These trends become more signi cant
above T4,,=310°C. The same general evolution was found by detector 2 (dashed
lines in Fig. 4.12e)). The relative intensities of the alloys di er between the two
detectors. Whilel 33, reaches nearly the same height as tHe,_,,, re ection in de-
tector 1, in detector 213, increases only to half the height of the,,_,,, re ection.
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Figure 4.12.: Evolution of temperature and intensities of phase re ections and uorescence peaover process time during
selenization of a Cu-In-Ga multilayer precursor. a) and c) substrate tempernate pro le with b) magni ed area from time-resolved
EDXRD/EDXRF data of detector 1. The complete measurement data is appended as Fig. D.9. Elementrescence peaks and
identi ed phases are marked. CorrespondinCDD numbers and references are listed in sup. Tab. E.2. Evolution of integral
intensities of d) uorescence peaks and di raction peaks of e) metallic alloys (glaed lines for the same re ections of detector 2), f)
binary selenides and g) chalcopyrites. Signi cant peak intensities are highlighted by sfzed lines labeled with T and t;, at which
the phase depth distribution will be deduced in Sec. 4.3.2.

uonebaibas e [LIIIBA [eU INOYUM YIMoIB Jaglosge 1sed ‘€1



4. Evolution of crystallographic phases and vertical elemental redistribution

Detector 2 is more surface sensitive. Thus, the lower relative intensity 0fCug(In,Ga)4
330 in detector 2 points to a growth of -Cug(In,Ga)4 below Cug(In,Ga)g. This is
in agreement with the results from the Se free treatment in Sec. 4.1, where tb@me
conclusion was drawn, based on the decreasihg, « andlg,  together with the
increasingl;, k uorescence intensities.
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Figure 4.13.. Evolution of temperature and chalcopyrite 112 re ection over process
time, extracted from the EDXRD/EDXRF data in Fig. 4.12. a) Ty, (black line), 1 53
and Ifl'%s (colored lines) of the occurring chalcopyrite 112 di raction peaks and b)
corresponding lattice plane distanced;;,. The dashed lines in b) represent thé;;»
of the phases CulnSg CulnzSeg and CuGaSe, calculated as function ofT g, based
on their value at RT and thermal expansion coe cient, given in literature (see sup.
Tabs. E.2 and E.3). c)EDXRD spectra at di erent temperatures vs. lattice plane

distance.

The 1330 of the -phase reaches its maximum at 36, where the decrease df;10-102
of the -phase changes to a slower rate.

No increase of Cu uorescence was observed here as an indicator fop G8e. Re-
ections of In4,Se (001, 011, 330, 040) occur at 32T and increase (see Fig. 4.12f)).
Together with In,Se;, also a chalcopyrite 112 re ection appears (sé@lS in Fig. 4.129)).
Its lattice plane distance (Fig. 4.13b)) at T,=388 °C corresponds to Cu(lR.esGag.05)S&
and it is therefore referred to CIS.
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4.3. Fast absorber growth without nal vertical Ga segregation

Transformation of CIS and intermediate phasesto CIG __ S
T1:388 °C-T 4=506 °C ( t, - t4)

The decrease of [}4°% after T,=388°C correlates to an appearance and increase of
(In,Ga)Se re ections (004, 100/101 and 002. The composition is evaluated by use
of Vegard's law and its dominant 004 re ection, which evolution is shown in the sup.
Fig. D.12. Its composition is (In:95Gan.05)Se at the maximum ofl (5:5¥5¢ at T,=457°C

as well as afterwards at =501 °C.

At about 422°C, an additional re ection occurs in theEDXRD signal, which is over-
lapped by theCIS 112 re ection (see spectra in Figs. 4.13 and 4.14). Betweep=RA57 °C
and T3=501°C, both 112 re ections are shifting towards each other. The signal evolves
to a single 112 re ection at T,=506 °C, referred to asCIGS 112 (see Figs. 4.13b)
and 4.14). Its dﬂ%s is smaller than the simulated values of CulnSeand Culn;Se,.
Hence, it needs to be correlated to a Ga containing phase like CufinGag..g)Se or
Cu(Ing.70Gan:30)3Se. No unique re ection of anC(IG) 3Ss (like 002 or 102) was found,
but could be hidden by the background signal due to typically low re ection intensities.

Therefore, CIGS instead of C(IG}Ss was assumed at this point.

Characteristic changes occur betweenz;¥501 °C and T4=506 °C in all present phases
and the CuK and GaK uorescence intensities. This period lasts 22 s.
For example, -Cug(In,Ga), 330 vanishes (blue line in Fig. 4.12e) and sup. Fig. D.11)

.......................................

—— Spectrum at 506 °C
—— Sum of Gaussian curves

—— Spectrum 501 °C
—— Sum of Gaussian curves
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Figure 4.14.: EDXRD spectra at 50I°C (t3), 506°C (t4) and description of the signal
with Gaussian curves.

and another 330 re ection of a -phase (green line) with a higher lattice plane dis-
tance occurs. The di erence inds3p can be either due to i) a phase transition, ii) a
decreasing Cu concentration and/or iii) a decreasing Ga concentration. The CuaG

"The (In,Ga)Se 002 re ection is overlapping with the escape peak (ESTof In-K  uorescence.
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4. Evolution of crystallographic phases and vertical elemental redistribution

phase diagram in sup. Fig. E.2b) shows a transition from;-CugGa, to  -CugGay at
67.87 at.% Cu and the corresponding lattice constank,,. Their di erence is about

d330=0.00054 nn¥ between both phases. This dsg is only a forth of the observed
di erence d330=0.00198 nm at 503C. Hence, another or an additional e ect by a
change of the composition must be present. A necessity of a lower Cu concatnbn
according to ii) will be evaluated in Sec. 4.3.2.5, while regarding iii), th&GI will
remain constant.

Remarkably, the re ections of (In,Ga)Se show a strongly enhanced decrease fr6@1°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 indchmidt et al., 2017), where the homogeniza-
tion occurred above 520C, whereas it is observed here until 50&€. However, the
actual T4y in the atmospheric selenization tool is estimated rather than measured.

Evolution after T ;=506 °C and nal Im composition after cool down

From T4=506 °C on, the 330 re ection intensities of the -Cug(In,Ga),4 phases (green
and black lines in Fig. 4.12e)) decrease whilg;s> and Ise k increase slightly.
Furthermore, at 537°C a Cw, «Se phase occurs, possibly correlated to an increase of
lcu k . Itis supposed, that the -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)4
increases, shifting thedzzg. When the -phase reaches its upper limit of Cu content,

Cu, ,Se starts to form.

During cool down, Cy «Se disappeared and CuSe (102 and 006 re ections) occurred
around 260°C (not shown). The presence of Cu,Se and CuSe in the nalizing process
are typically observed in Cu rich Ims. This is in agreement with the composition
analysis by XRF measurement of the nal Im which shows an increase€Gl to 1.1
and increasedGGlI 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 withT s¢=390 °C led also to an increased Ga
concentration towards the surface (Fig. 4.26b)). Its nal Im composition exhibied a
Cu-poor ratio ( Absorber (at.) in Tab. 4.4). It is concluded, that the In-loss is nat
the cause for the smoothed Ga grading pro le. Some literature suggests, that Cu-Se

8Respectively a=0.0023 nm with dazp=a/(3 2+ 32 +02?)
%In the experiment with the lower heating rate of 0.5°C/s, (In,Ga)Se 004 vanished also until 506C
(see Fig. D.10).
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4.3. Fast absorber growth without nal vertical Ga segregation

Table 4.4.: Elemental compositions of the precursor and absorber Ims, 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 ithesitu EDXRD/ EDXRF
measurement. The absorber from Fig. 4.26¢ was processed in the atmospherid, to
denoted with (at.).

Element / % Cu In Ga Se CGl GGl Thickness

Precursor 4586 39.72 14.42 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 O 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 naCIGS Im. b) Quanti ed

elemental depth pro le measured byGDOES on the nal layer. The in-depth uncer-
tainty is in the order of 100 nm. CGI and GGl 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 dghed line.

binary compounds like Cy ,Se are related to an increased interdi usion of In and
Ga [Tuttle et al., 1994 Walter and Schock, 199B This correlation is not found here,
since the formation of CIGS occurred before the observation of Cu-Se compounds.

A SEMimage of the nal CIGS layer is shown in cross sectional view in Fig. 4.15a). The
SEM image presents grains larger thanIm. This is in contrast to [Kaelin et al., 2003
Wang et al., 2012], who found smaller CIGS crystals for a oW se.

The Im was also analyzed byGDOES (see Fig. 4.15b)) andVDXRF (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 vi&DXRD.
Beneath, the Cu concentration steps up while In increases continuously and Gayst
nearly constant. The Cu concentration falls rapidly to a stoichiometric composan at
the rear side. The Se concentration is at a stoichiometric level.
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4. Evolution of crystallographic phases and vertical elemental redistribution

The EDXRD spectrum at the end of the measurement (af s,,=149 °C) shows adﬂ%s

of 0.3309 nm corresponding to Cu(kssGag:32)Se. This is in accordance to theGGI
of 0.32 fromXRF. Fig. 4.15b) shows a minimumGGI of 0.26 at 0.Jum. According to
Eq. 1.2, this corresponds to arE4 of 1.15eV.

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 proging a
growth schematic of stacking sequences.

" -Cug(In,Ga)4 (Cu and Ga richer) grows while Cyg(In,Ga)o reduces
" In 4,Se appears atTg,,=327 °C and subsequently CIS appears

" CIG_S/C(IG) 3Ss5 appears at T;=388°C

lcu k reaches minimum at 388 °C

" (In 0.95Gag.0s)Se appears at 388 °C and is fed by /|68

" Cu 16(In,Ga)e vanishes until T,=457 °C

Signi cant transformations occur within a small temperature interval between
T3=501°C and T,=506 °C lasting only 22 s

Transformation to a single chalcopyrite phase CIS until 506 °C
(In,Ga)Se vanishes
lcu k andlgs k Increase

-Cug(In,Ga) 4 transforms to a similar phase with higher lattice plane dis-
tance

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

" -Cugy(In,Ga),4 330 vanishes until E=549 °C
Cu , «Se forms at 549 °C and transforms to CuSe during cool down
" Final Im properties:

IncreasedCGI from 0.87 to 1.12 and increase®GI from 0.27 to 0.32 by
XRF
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4.3. Fast absorber growth without nal vertical Ga segregation

CIGS composition from EDXRD is Cu(In.gsGag:32)Se

SEM shows a homogeneous and closed Im with grains in size of Im
thickness

Figure 4.16.: Simpli ed overview of phases present over process time and as function
of temperature. Characteristic points in time for deducing a growth schematiwith
speci ¢ stacking sequences are dtg, of T;=388°C (t;), T,=457°C (t,), T3=501°C
(t3), T4=506°C (t4) and T5=549 °C (ts) 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 andea
combined to a simpli ed one-dimensional growth schematic. The evaluation of stacking
seqguences is based on the phases identi ed in the previous section in combination
with numerically calculated uorescence intensities as well as the time evolution dfie
measured uorescence intensities. This procedure is described in general in Sec22.2
and is similar to the previous application in Sec. 4.2.2. The approximation of the actual
elemental depth pro le by a 1D model with phases de ned as parallel layers without
intermixing results in deviations of the calculated to the experimental uorescence
intensities. First, the deduction is performed for speci c points in time. Second, it is
very important, that stringing together the single ndings result in an evolution, that
reproduces the experimental evolution. The focus here is on the change in uoresenc
intensities indicating a change in the elemental depth pro le. It will be shown, that
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4. Evolution of crystallographic phases and vertical elemental redistribution

the observed changes can be reproduced using the suggested model. Therefoee, t
evolution in time of the individually calculated uorescence intensities are compared
with the evolution of the experimental values, resulting in a proposed model ofask-

ing sequences. The detailed deduction of each stacking sequence is presented in the
following.

4.3.2.1. Depth distribution of phases at T 1=388 °C

Phases detected at 7=388°C are -Cugy(In,Ga),, Cue(In,Ga)y, INsSe and CIS
(Cu(Ing.95Gag.05)Se). Besides, liquid In was concluded to be present atg¥220°C
and may still be present in the sample at 38&. 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 rst assumption, the In is assumed to be
completely transformed to other phases like & (as it was the case in Sec. 4.2.2 at
Tsup=388°C). The composition of -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 -phase is calculated in regard to itsly3p and possible Cu
concentration range, as described in sup. Sec. D.1. The calculated compositiange
can be found in sup. Tab. D.1. The table contains the possible compositions of the
-phase for all investigated points in time.

Due to the presence of four phases, the linear equation system is under-determined

(see Eg. 2.1). A set of solutions must therefore be considered. TGES thickness is

chosen to be the free parameter. There is an interdependence of @IS thickness and

the Cu concentration in the -phase. The upper limit of theCIS thickness, for which

the linear equation system is solvable, depends on the allowed Cu concentratiorthie
-phase.

In general, four phases allow 4! stacking sequences. The number of possibleksig
sequences can be reduced, sinCés and In,Se 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 previaissitu study to

the similar growth, an incorporation of Se from the Im surface continuously towals
the back contact was found [Schmidet al., 2017].

Cuye(In,Ga)g is only a thin layer (58 nm will be deduced below). Furthermore, the-
and -phases exhibit the same elements and a similar composition. As a consequence,
ipping these two layers results in no signi cant change in the calculated uorescence
intensities (not shown). Hence, their stacking order cannot be determined from
calculated uorescence intensities. From the precursor annealing experiment in Séd,

it was concluded, that -Cug(In,Ga), forms below Cyg(In,Ga)g. This is also assumed
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4.3. Fast absorber growth without nal vertical Ga segregation

to be the case here. In consequence of this assumption, two di erent stackingsences
with either In,Se 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
uorescence intensities with theCIS thickness as parameter in b) and e). The colors
correspond to the element species as indicated at the left and right axis. Das
horizontal lines illustrate the experimental values at T=388 °C. The colored background
ranges indicate the maximum uncertainty of the experimental values @ %). X, +,

o indicate the results for 66, 67.5, 69 at.% Cu in-Cug(In,Ga),4. The values in the
rectangles in b) and d) present matching values, achieved with the modi ed stacking
sequences in ¢) and f) with liquid In present. These could only be achieved for the
lower limit of the Cu concentration in -Cug(In,Ga)4. Further explanations can be
found in the text. All I,, ¢ Vvalues are reduced by 22 for a better visibility of the
deviations.

For the two stacking sequences in Figs. 4.17a) and d), the uorescence intensites
calculated as a function of the CIS thickness, see Figs. 4.17b) and e). Independsgnt
the CIS thickness, the values ofse ¢ are too high and thel,, « Vvalues are too low

for both stacking sequences. Thekse  is concluded to be too high, because the linear
equation system results in too much Se. This amount of Se attenuathg, « , So that

the calculatedly, k is below the experimental value. Better matching uorescence
intensities can be achieved by assuming liquid In to be present. As a consequence of
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4. Evolution of crystallographic phases and vertical elemental redistribution

an additional phase, the linear equation system is under-determined. Therefore, the
thickness of the InSe; 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 thee « and Iy, « . The precursor
exhibited most In in the top part of the Im and liquid In is assumed to be present as

a layer between the other Se free and the Se containing phases. ThgSk thickness

is adjusted to achieve a matchindse « and the CIS thickness is adjusted to achieve

a matchinglc, . For a Cu concentration 67.5at.% Cu in the -phase, there is no
matching Ic, ¢ for the whole range ofCIS thickness. For 66 at.% Cu (lower limit)

in the -phase, matching uorescences 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 casé
In4Se on top, the CIS thickness needs to be higher than for the inverse sequence. For
both sequences, the uorescence intensities are matching similarly well. To distinguish
between these two stacking sequences, a result from below is taken intoaunt. At
the following points in time with T ,=457 °C and T3=501°C, InSe is deduced to be on
top of the Im. A transformation of In 4Se& to InSe is likely (and was similarly observed

in Sec. 4.2). Thus, the stacking sequence with 48e on top (Fig. 4.17¢)) is assumed
at 388 °C. The corresponding layer thicknesses are listed in Tab. 4.5 on pagé.10

4.3.2.2. Depth distribution of phases at T =457 °C

Phases detected af 5,,=457 °C are -Cug(In,Ga),, (In,Ga)Se ((Inp.95Gag.0s)Se), CIS
(Cu(Ing.96Gan.04)Se) and a second tetragonal phase (see Fig. 4.14). The latter was
labeled asCIGSin Sec. 4.3.1. Itis noted in advance, that the calculation of uorescence
intensities with a CIGS phase as the second tetragonal phase at 487 and 501°C
resulted in no matching uorescence intensities (compare sup. Sec. D.4.1). Instead, the
presence of &(IG)3:Ss phase is proposed hereC(IG) 3Ss exhibits the same re ections
as CIGS with additional re ections. None of such an additional re ection could be
uniquely attributed to a C(IG) 3S phase. However, a unique re ection could be small
and hidden within the background. Assuming the presence of &IG) ;S phase, the
position of the 112 re ection corresponds to a composition of Cu@@rsGap.42)3Se;,
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. Th€IS amount is selected
as the free parameter of the set of solutions. With an increasing amount GfS, the
amount of the C(1G) 3Ss increases while the amounts of (In,Ga)Se andCugy(In,Ga),
decrease. The respective Cu concentration inCug(In,Ga), de nes 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 nal vertical Ga segregation

as marked with arrows in Fig. 4.18b). The lower limits are reached when either the
C(IG) 3Ss or the CIS thickness reaches 0nm. All upper limits of th&CIS thickness are
determined by a disappearance of the (In,Ga)Se phase. Hence, matching uorescence
intensities must be found between these limits.
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Figure 4.18.. a) Proposed stacking sequence at,,,=457 °C (t,) and b) corresponding
calculated uorescence intensities. The colors correspond to the element gpe as
indicated at the left and right axis. x, +, o indicate the results for di erent Cu
concentrations in -Cug(In,Ga),4. 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 theCIS amount are 216 nm and 851 nm for 66 at.%
Cu, 68nm and 836 nm for 68 at.% Cu and between O nm and 822 nm for 70 at.% Cu
in -Cug(In,Ga)4. All 1, ¢ 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 perntittas

for the stacking sequence of the other layers.

All stacking sequences, except for sequence D, are unlikely due to very large dreces
between the calculated and the observed intensities of e.g. eitley, k or lga «

or both (compare sup. Fig. D.13). For Cu concentrations of 68 and 70at.% Cu in
the -phase, there are similarly well matching uorescence intensities at a simil&iS
amount (see the area around the black frame in Fig. 4.18b)). However, the values fo
66 at.% Cu are selected (see black frame in Fig. 4.18b)) due to the best matching «

and highest -phase thickness. Thd 5, at 457°C is similar to the value at 388°C and
decreases to 50°C. The corresponding layer thicknesses are listed in Tab. 4.5 on page
101.

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

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

4.3.2.3. Depth distribution of phases at T 3=501°C

Phases detected al 3,;,=501°C are the same as at 457T: -Cug(In,Ga)4, (In,Ga)Se
((IN0:05Gag.05)Se), CIS (Cu(Ing.9Gap:1)Se) and C(IG) 3S (Cu(Ino76Gag24)3S8). In
comparison with T4,z =457 °C, the Ga concentration inCIS doubled and inC(IG) 3Ss
halved. The composition of the -phase is limited to a Cu concentration of 682 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 prose
was concluded in Sec. 4.3.1 based on the di erent initial and nal Im compositions
measured byex situ XRF. A decreasing amount of In during selenization is expected
to result in a decreasing experimental value df,, xk and a correlated increase of
Imo k - Both changes occurred between 458C (t;) and 515°C (Fig. 4.12d)). The
decrease ol|, ¢ towards 515°C is bigger than it could result from attenuation
caused alone by Se incorporation into the Im after a complete transformationot
CIGS (compare Fig. 4.4d)), nor by another stacking sequence. Hence, a loss of In
between 457C 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
e ecting a lower Ise k and a higherl¢c, ¢ (due to a decreased attenuation). The
In loss is assumed to be mainly responsible for the decreasé pf x . Regarding the

Iin k atb01°C, this is about 1/4 of the total di erence in the evolution of I, k .
The total In loss is estimated by the initial and nal In quantities from ex situ XRF
(13515 atoms/nn?-9440 atoms/nnt) 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 135tB@s/nm?2

is reduced to 12496 atoms/nrhand used for the following calculation of uorescence
intensities.

The linear equation system is under-determined and th€lS thickness is selected as
the free parameter of the set of solutions. The Cu concentration in thephase again

de nes the range ofCIS thicknesses for which the linear equation system is solvable
(see arrows in Fig. 4.19b)). All lower limits are determined by a disappearance oftat

the C(IG) 3Ss 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 uorescence intensity
must be within these limits.

Again, assuming the position of the only Se free phase;Cug(In,Ga),, 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 uores-
cence intensities. The colors correspond to the element species as indicatethe left
and right axis. Dashed lines illustrate the experimental intensities art s,,=501 °C (t3).
The colored background ranges indicate the maximum uncertainty of the experimehta
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 theCIS thickness
for each set of solutions. All,,  values are reduced by 20 for a better visibility of
the deviations. The black frame encloses the best matching uorescence intensities
(312nm CIS and 66 at.% Cu).

the stacking sequence (Fig. D.13b)). The calculated uorescence intensities of the
whole set of solutions for all six stacking sequences can be found in Fig. D.13d). The
calculated uorescence intensities, that are matching best to the experimentefound

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 4,,=457 °C (t,).

The best matching uorescence intensities were identi ed for 66 at.% Cu in the-phase.
For a Cu concentration of 68 at.% Cu, there are similar uorescence intensities about
250 nmCIS (extrapolated). Comparing theCIS 112 re ection at 457°C and 501°C,

its intensity is similar. Whereas allCIS thicknesses here are below the one deduced
at 457°C. Thus, the one with the highestCIS thickness and slightly better matching
I'n k Wwas selected. The best matching values are found for 321 @IS (66 at.% Cu),
see values in the rectangle in Fig. 4.19b). The corresponding layer thicknessesliated

in Tab. 4.5 on page 101.

As a result when evaluating the stacking sequences at 4%7 and 501°C, it can
be seen, that the thickness of (In,Ga)Se decreased and that ©fiG) ;S5 increased.
Unfortunately, the thickness ofCIS decreased, but is still higher than at 388C. The
thickness of -Cug(In,Ga), increased, which seems to be in contrast to the decreased
re ection intensity from 457 °C to 501 °C.
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4. Evolution of crystallographic phases and vertical elemental redistribution

However, there is still a noticeable di erence between the calculated and the maesd
Ise k (dashed rectangle in Fig. 4.19b)). This deviation will be discussed after
presenting the complete evolution of the uorescence intensities.

4.3.2.4. Depth distribution of phases at T 4=506 °C

This point in time is after a short period of remarkable changes, occurring within
only 20 s and a change iff g, Of only 5°C. The most important change is, that the
112 re ections of CIS and C(IG) 3Ss merge to a single re ection assigned to th€IGS
phase.

Phases detected al 4,,=506 °C are CIGS, -Cug(In,Ga), and possibly liquid (In,Ga)Se.
The composition of CIGS is determined to be Cu(In.77Gag.»3)S6. At this temperature,
the Ga containing part ( -CugGay) of the solid solution can be ¢ or ;. For g, there

is no information regarding the relation between the Cu concentration and the late
constant. In consequence, the composition of thephase cannot be deduced as before.
An increase in the Cu concentration towards the surface is concluded from the pbas
transformation of C(IG) 3Ss to CIGS. The only phase that can be the source of Cu
for this transformation is the -phase. Since the 330 re ection intensity is similar at
501°C and 506°C, the crystal amount of the phase is concluded to be similar with one
di erence: For this case, the Cu concentration in the -phase is concluded to decrease.
The Cu concentration in the -phase is estimated at the lower limit of 61 at.% CY.
Its position in the stacking sequence is again assumed to be at the back contdtis
unlikely to change the position with the phases on top.

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

The In loss has continued and increased to 14.9 % regarding the relative deceeas
of I;, k as calculated at 502C. The reference In quantity of 13515 atoms/nrhis
reduced to 11500 atoms/nrh and used for the following calculation of uorescence
intensities.

The re ections of (In,Ga)Se disappeared from 50C to 506°C either due to melting
and/or due to a reaction to e.g. chalcopyrite. In theex situ study, InSe was found
after reaching 580C and cool down (see Fig. 7(a) ingchmidt et al., 2017). Another
aspect is, thatlc, « was much too high (1.5 times) in a calculation of uorescence

0An increase with a following decrease of the lattice plane distance of-Cug(In,Ga) » 330 was also
found during the evolution of a slower selenization with a similar nal Ga distribution (without
Ga segregation), shown in sup. Fig. D.10. There, this time-wise in@ase was correlated to a
decrease of the Cu concentration in -Cug(In,Ga) 4, due to the formation of Cu, 4Se on top. At the
temperature of 506°C, the information in the literature about -Cug(In,Ga) 4 is little. Furthermore,
the linear equation system exhibits no solution when assuming the G 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 nal 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 -Cug(In; xGay)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 -phase for an increasing Ga concentration. Since the 330
re ection intensity of the -phase is similar at 502C and 506°C, the thickness is
expected to be the same or smaller now. Therefore, the determined thicknes$@1°C

of 212 nm is expected as a limit. This value de nes the lower limit of x to be 0.52. The
upper limit is an In free phase (x=1). The calculated uorescence intensities are skio

in Fig. 4.20.
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Figure 4.20.: a) Suggested stacking sequence B,,=506 °C (t4) and b) corresponding
calculated uorescence intensities. The colors correspond to the element gpe as
indicated at the left and right axis. Dashed horizontal lines illustrate the obseree
intensities from experiment at the according temperature. The colored baadkynd

ranges indicate the maximum uncertainty of the experimental values @ %). All

I'n k Values are reduced by 20 for a better visibility of the deviations.

Since the experimental values dfc, « andlgs  Signi cantly increased to 506°C,
they are an important measure. The best matching uorescences are found for x0-58.
The corresponding layer thicknesses are listed in Tab. 4.5 on page 101. At 8D,1x was
deduced fromdszg 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 re ection corresponds to the lower Cu concentration in-Cug(In,Ga) 4.

4.3.2.5. Depth distribution of phases at T 5=549 °C

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

of -Cu, ,Se.

The Cu, 4Se 111 re ection intensity andl ¢, ¢ increased fromT ¢,,=543 °C to 549°C.
Simultaneously, the -phase re ection disappeared. In consequence, thephase
transformed to CIGS and Cy ,Se.

For the calculation of uorescence intensities, the In quantity is set as a frqggarameter
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 Gu,Se layer. It can not
determine X in Cw «Se.

A stoichiometric Cu concentration of 1 was assumed iBIGS. The Ga concentration

y in CIGS (Culn; ,Ga,Se) was estimated based omi{j3" to be y=0.25 0.1. The

uncertainty results from the maximum uncertainty in dﬂ%s 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 inCIGS results in a
thinner layer. Since the total Cu quantity is xed, a thinner CIGS layer results in
a thicker Cu, «Se layer. Only a value of y>0.315 leads to a present gy Se layer.
Assuming the observed nal composition of y=0.32 for the€C1GS layer, which is within
the uncertainty, a solution for the linear equation system is found. The calculated
uorescence intensities are shown in Fig. 4.21b). The total amount of Cu in in Gu,Se
is de ned by the Cu reference quantity and the linear equation system. Varying x
from 0.27 to O changes only the calculated quantity of Se from 155 to 134 pigd
number of Se atoms per nf In case of stacking sequence A, this change decreases
the calculatedlse ¢ unremarkably from 4.722a.u. to 4.716 a.u.. G&e is assumed in
the following. The resuming layer thicknesses are 7nm e and 1437 nnCIGS (see
Tab. 4.5). This Im thickness is in accordance to theXRF and GDOES measurement
(see Tab. 4.4 and Fig. 4.15b)).

In comparison with the previous values at 508C, the increase ofic, « and the
decrease ol, ¢ are reproduced by the calculated values. Furthermore, the In
gunatity (as free parameter) in the solution of the linear equation system exhibits
decrease of about 23 % compared with the initial quantity. This is in agreement kit
the observed In loss by XRF.

An inverse stacking sequence results in no signi cant di erences of the uorescence
intensities (see Fig. 4.21). The two stacking sequences can not be distinguisheanfr
the calculated uorescence intensities.

A Im composition with a CGI>1 contains more Cu than it can be bound inCIGS
and in consequence a Cu-Se compound forms. The formation of,Ci5e on top of the
Im is typically observed in a Im with a CGI 1 and it is typically observed on top
of a Im (see Sec. 1.4). Therefore, the stacking sequence A in Fig. 4.21 is praubs
This is in agreement to the increase dfc,  , which can indicate an increase of the
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4.3. Fast absorber growth without nal vertical Ga segregation

Figure 4.21: a) Possible stacking se-

3) b) quences atT ¢,,=549°C (ts) and b)
3 16122 n  corresponding calculated uorescence
= © 0 § intensities. The colors correspond to
128 0 2 the element species as indicated at
5 gEmmmmde0 o the left and right axis. The colored
B * e B background ranges indicate the maxi-
R ¢ mum uncertainty of the experimental
g 1° 5 values ( 8%). All I, ¢ values are
T0 0 = reduced by 22 for a better visibility of

Stacking sequence L
A B the deviations.

Cu concentration towards the surface. Cu ,Se exhibits a higher Cu concentration as
CIGS.

The calculatedlg,  Is higher, than the experimental value. This indicates, that
the model could lead to better matching uorescence intensities, if a Ga gradient
was assumed in the absorber, with a lower concentration in the top part instéaf a
constant composition over depth.

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

The calculated uorescence intensities based on the respective proposedclsitag
sequences fof ¢,,=388 °C, 457°C, 501°C, 506°C and 549°C (t,-ts) are shown together
with the measured uorescence 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 uorescence intensities could bepro-
duced well enough to nd out new details of the evolution leading to the proposed
stacking sequences. However, some deviations need to be mentioned as follows.

From T4,,=501°C onwards, the calculated s ¢ is signi cantly below the experimen-
tal values. One reason can be an inaccurate Se correcting factor (foretdbr 1). The
Se correcting factor had to be determined without a reference for calibrationn the
case of a higher correcting factor, the values at 220 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 -phase at 457C is below that

at 501°C, which indicates an inaccuracy. The highest uncertainty is assumed to result
from the only estimated Cu concentration inCIS and the uncertainty in -Cug(In,Ga)4,
which were both present at 457 °C.
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Figure 4.22.: a) Proposed growth schematic with b) calculated uorescence intensi-
ties for the respective stacking sequences at,, of T;=388°C (t;), T,=457°C (t,),
T3=501°C (t3), T4=506°C (t4) and T5=549°C (ts) are shown together with the mea-
sured uorescence intensities. The colors correspond to the element spgeis indicated

at the left and right axis. The results regarding the second detector can beufad in
sup. Fig. D.14.

At 549°C, also Cu and Ga deviate by a too high calculated value. THe;; ¢ results
from a constant Ga concentration inCIGS over the depth and should be smaller, since
the measured elemental depth pro le shows a slight Ga gradient, decreasing todsr
the surface. No explanation for the deviation ofc, ¢ 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 uoresce
intensity with deviations for the same values mentioned above (Fig. D.14). The
evolution of Ise k  matches slightly better than presented abovelg, « must be
decreased by 0.5, possibly due to the higher sensitivity of the correcting factoy the
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4.3. Fast absorber growth without nal vertical Ga segregation

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

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

Tsun (Th) ‘ T,=388°C ‘ T,=457°C \ T3=501°C \ T,=506°C \ T5=549°C

Phase Ins;Se (In,Ga)Se | (In,Ga)Se | (In,Ga)Se | Cu,Se
(nm) (264nm) | (215nm) | (174nm) | (132nm) | (7 nm)
CIS CIS CIS CIGS CIGS
(192nm) | (597nm) | (321nm) | (901nm) | (1437 nm)
In(l) C(G)sS | C(G)3S -phase
(243nm) | (317nm) | (412nm) | (155nm)
-phase -phase -phase
(58 nm) (162nm) | (212nm)
-phase
(227 nm)

A very similar evolution of phases and uorescence intensities was observed when
applying a lower heating rate as well as in another selenization chamber with extet

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, instda
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 nal Im from
exhibiting strong Ga segregation to a prevention of Ga segregation. The extal Se
supply also maintains su cient Se for a complete selenization of the precursor Im. A
further explanation is depicted in Sec. 4.5 and the following sections.

An increasing Ga incorporation intoCIGS with an increasing heating rate from 0.33C/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 heatingeraf 1
and 0.5°C/s. This might result from the di erent experimental setups.

A closed Im with grains reaching from surface to the back contact were obsed.
This might be correlated to the melting of (In,Ga)Se and the formation of single phase
CIGS. A liquid might act as an e ective uxing agent leading to a densi cation and
bigger grain sizes. A signi cant increase of grain size was observed during fgsiwth
of CulnSe assisted by liquid Se [Uhkt al., 2015].

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

segregation, which is much closer to the composition of the chalcopyrite ao{CIGS),

to which it got slowly incorporated. In contrast, the composition of the ;-,-CugGay

phase during selenization with Ga segregation leads to a di erent growth GiGS with

more di erently lattice constants. Hence, the closer composition lead to a meisimilar
chalcopyrite crystal constant of the growingCIGS at the rear side and thus preventing
the formation of voids.

In the already publishedex situ study on the growth of single phas€IGS with the
atmospheric selenization tool$chmidt et al., 2017, di erent Raman peaks were found
for the phases InSe an€CIGS. An additional peak was found at around 151 cnt at
250°C and 520°C, before Ga distributed towards the surface. This peak was suggested
to correspond to aC(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 (184 cn') at the same position as
it could be observed for CuGaSeg 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 &£(1G) 3&
is de nitely present. The stacking sequence here with th€(IG) ;S5 within the Im, is
partly in agreement with the earlier observed Cu minimum (double gradient iIGDOES
pro le, Fig. 5 in [ Schmidt et al., 2017) within the Im, which showed a stacking of
CIS (stoichiometric)/ C(IG) 3Ss (Cu-poorer)/ -Cug(In,Ga)4 (Cu-richer). In contrast,
the (In,Ga)Se was assumed to be below tH&(IG) 3Ss, while here it is found to be on
top, although there was only an observations of a Cu decrease and In increaséha
surface at the sample after 58%C in the earlier elemental depth pro les fromGDOES
measurements.
Regarding the observeex situ evolution of the elemental depth pro le, there was a
segregation of Cu and Ga at the back contact until it distributed towards the wface.
It was concluded, that both originate from the -phase at the back contact. Then situ
results showed an increase of the Cu and Ga uorescence intensities and thus thme
distribution of Cu and Ga towards the surface. In comparison of thex situ results
to the stacking sequences here, the change can be distinguished in more detail: The
-phase exhibits a decreased Cu concentration and the same Ga to In ratio aftiee
homogenization. This means, that the Ga atoms, which distribute towards the surface
originate especially from theC(IG) ;S phase and only the Cu atoms, that distribute
towards the surface, originate from the -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 Im with an increased GGl towards the surface has been achieved within a few
minutes. Furthermore, a rst in situ measurement of such a growth could be performed.
The results from thein situ measurement show a phase evolution as well as a phase
depth distribution during selenization, which are generally di erent to a process with
Ga segregation. In detail, a long presence of the intermediate phase€ug(In,Ga)4
and (In,Ga)Se as well as the presence of{1G):Ss 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 Im. Due to the assumed lowP s, the reaction rates were decreased
and (In,Ga)Se was still present at a temperature of 50C and for the same reason, it
melted at this temperature. This is the moment, when Cu from -Cug(In,Ga)4 and Ga
from C(IG)3Ss suddenly moved towards the surface, forming a single phase CIGS.
The knowledge about reaching the important s, 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 558C with formation of MoSe, can be avoided

or applied afterwards for a particular thickness of MoSe

4.4. Discussion of the applied EDXRD/EDXRF
method and assumptions

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

The calculated uorescence intensities of the deduced growth schematics (Figs.14.1
and 4.22) were not always within the uncertainty of the measured uorescence @mtsi-
ties. Therefore, the limits of the appliedEDXRD/EDXRF method and the applied
assumptions are discussed in the following.

Possible reasons for the deviation between the calculated and the measured wmence
intensities are i) the uncertainty of the measured uorescence intensities is highdran
expected, ii) an uncertainty of exact phase compositions, iii) phases that can no¢
detected or distinguished from other phases lgDXRD and iv) an oversimpli cation

of the model.

i) Uncertainties in the measured uorescence intensities were estimated to be %.
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 uorescence intensities is not higher than expedte
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Calculated uorescence intensities of deduced the stacking sequences outside of the
uncertainty are not a consequence of the uncertainty of the measured uorescenc
intensities.

ii) It was not possible to determine the exact phase composition for all observed [ses.
Therefore, the largest possible range of composition (according to phase daags)
was considered to test the deduced stacking sequences by means of the carrebpg
calculated range of uorescence intensities. A range of composition was consedefor
the -phases (i-Cug(In; «Gay)s y), €.9. with the largest range for 1-,CusGay-phase
with 64 4at.% Cu. This composition range was found to in uence the calculated
lcu k atTqand T, in Sec. 4.2.2. However, the di erences in calculated uorescence
intensities were small. The uncertainty with respect to theCGI of the -phases did
still enable a deduction of the stacking sequence by calculated uorescence intensitie
The stacking sequence deduced in Sec. 4.2 was in agreement with literature.

In case ofCIGS and C(IG) 3Ss, the Cu concentration cannot be determined based on
the EDXRD/EDXRF measurement. The phase diagram of }6&-Cu,Se shows a range
of Cu composition inCIGS of 23 2at.% Cu (Fig. 1.6b without Na). In case of T in
Sec. 4.2.2, the integral Im composition (23 at.% Cu) and the maximum Cu content
possible inCIGS (25 at.% Cu) were assumed (CGI of 0.9 and 1 i@IGS, respectively)
and resulted in a di erence of the uorescence intensities much smaller compared with
the di erence with respect to the Cu concentration in the -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 d=04%. The
GGl identi ed for the -phase, (In,Ga)SeCIGS and C(IG) ;& was estimated based
on d and Vegard's law. In case of Cu(ln«Gas)Se, d= 0 :4% corresponds to an
uncertainty in the GGI of x=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 nal position of th&€IS
112 re ection and CIS was determined to be at the Im surface byGDOES is in
accordance with the literature value of CulnSg The maximum di erence between
the CIS 112 re ection and the literature value for CulnSe was observed at 327C,
corresponding to x=0.01. This is much smaller than the uncertainty above. It is
concluded, that the maximum uncertainty of theGGI of 0.1 is likely an overestimation
when determining the composition of CIGS and C(IGSs.

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

iif) The limit of the phase identi cation by EDXRD is reached, if a set of re ections
match several crystal structures possibly present that cannot be distinguishe.g. by
additional re ections, or if the intensity of re ections is too small or not present,e.g.
due to a liquid phase. Here, the information oEDXRF was supporting theEDXRD
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analysis, e.g. the identi cation of the Cy ,Se phase or additional phases which did
not lead to signals in theEDXRD spectrum. Cu «Se was one of the phases whose
presence has been reported regarding the growth ©fGS with Ga segregation. It
exhibits a wide range of possible peak positions (e.g. a range of 2.1 keV betwien
re ections of Cu,Se 220 and Cu;,Se 220 at 474C, see Fig. D.6) for each re ection
due to the composition range of x=0-0.28 and the corresponding lattice constarfhe

re ections can also overlap with re ections of (In,Ga)Se andCIGS. Furthermore,
the relevant publications are inconsistent. For instance, considerable di erencesreve
reported for the lattice constant of Cy.gSe (cubic) atRT, ranging from a=5.564 A to
5.781A in [yamamoto and Kashida, 1991 Heyding and Murray, 1976 Tonejc, 1980
Tonejc et al., 1975 Murray and Heyding, 197%. Additionally, the composition can
change during the measurement.

By combining EDXRD with the EDXRF analysis, the presence of Gu,Se was sup-
ported by the similar evolution of the CuK uorescence intensity and a small re ection
intensity of Cu, «Se 220 in Sec. 4.2. The only explanation found for the evolution of
lcu k Wwas the presence of Guy,Se at T, in the top part of the Im.

Large deviations between the measured uorescence intensities and all calcutate
uorescence intensities of the initially possible stacking sequences were obseraed ;

in Sec. 4.3.2. The deviation was eliminated by combining theEDXRD and EDXRF
signals. The combination led to the assumption of the presence of an additional
and reasonable phase, which can not be observed BRXRD due to low re ection
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, conceaion
gradients (between and in the layers) and di usion, composition gradients caneb
expected to exist within the allowed composition rangés

The case of a higher number of layers than number of observable quantities led t
an under-determined linear equation system. If an under-determination occurred at
a speci c tj, an additional boundary parameter had to be chosen. By choosing an
additional free parameter, e.g. theClS thickness, a set of uorescence 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 uorescence intensities, would increase the number of free parders
with possibly giving solutions indistinguishable with respect to the deduction of the
stacking sequence.

11The gradient in CIGS can be estimated from XRD only in certain cases Neisseret al., 2003
Neisser, 2002].
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v) The amount of material may change during the process (e.g. In evaporatesy, ia

was the case in Sec. 4.3. However, the identi cation of the period of evaptoa was

possible by a simultaneously decrease lof, « and increase ofy, « . The loss of
In did not lead to indistinguishable solutions and the estimation of the amount of In
lost at the speci ¢ points in time was possible.

Deduction of the growth schematic

In general, an objective and quantitative evaluation of each stacking qgence, based
on the overall deviation between calculated and measured uorescence inteiestfor

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 uorescence
intensities and/or a similar overall deviation to the measured values. Thereforthe
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 uorescence
intensities were weighted higher. They were also deduced by judging the plausibility
with respect to the overall evolution of the uorescence and re ection intenses as
well as corresponding (calculated) phase thicknesses and data available in literature
This led to a series of stacking sequences whose evolution of calculated uoszese
intensities are consistently in accordance with the measured uorescence intitéies
throughout the process for both cases with and without Ga segregation (Seds2
and 4.3). They are consistent in terms of the stacking order, which does not chang
arbitrarily, e.g. by permutations of two phases with respect to the stackingequences
before and afterwards. They are also consistent in terms of the positioheach phase

at time t;, which is plausible with respect to possible reactions and stacking sequences
deduced fort; ; and t;.;.

In these terms, two consistent and reasonable series of stacking sequeKgesvth
schematics) were deduced with the applied simpli ed model. In case that two or more
stacking sequences, could not be distinguished by their calculated uorescence intens
ties, the use of an additional parameter or plausibility reasons allowed a deduction.
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4.5. Comparison of the two distinct growth paths
from in situ investigation

First, the main identi ed di erences of the two growth paths with and without Ga
segregation fromin situ experiments are presented in the following. Afterwards, the
in uence of Tse on the growth path is discussed on the basis of a seriesexf 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 twoin 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 wsll a
the uorescence and re ection peak intensities (Fig. 4.24). It should be noted, tha
the uorescence intensities (Fig. 4.24b)-f)) during the selenization without nal Ga
segregation were higher than for the measurement with strong Ga segragat This
results from di erent processing days leading to slightly di erent initial signal intensities.
The uorescence intensities of both measurements are normalized to the initial value
at the beginning of each measurement, for which the elemental depth pro les 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 referengex . The value of
Ise k 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 normalizég,  of the
process with Ga segregation exhibits a lower value due to the attenuation by a hey
rate of Se incorporation. This is also in agreement with the deduced di erence in the
stacking sequences at 388 °C in Fig. 4.23.

a) b)

Figure 4.23.: Proposed growth schematics for growth d€IGS 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 homogenizatio
(H) is summarized to the following list of identi ed key points. These either have been
similarly observed earlier in literature and references are added, or, in casetlae
observed in this work for the rst time, they are highlighted with bold text.

1. S: CulnSe forms before Ga participation in reactions with SeNlainz et al., 2015h

Moon et al., 2012]
CulnSe, forms above In-Se
H: CulnSe , forms also as rst tetragonal phase, but below In-Se

. S: Cy «Se is present during growth [Hergeréet al., 2005]
H: Cu, «Se formation as an intermediate phase can be prevented

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

. S: Se moves downwards more quickly than Ga moves upwards, throughout the
whole selenization. Finally, Se moves through Culngéo react with Ga at the
rear side [Mainzet al., 2015b, Purwins, 2010]

H: In moves to the surface. Se still moves downwards through the already
formed phasesbut Se motion is slower and Ga motion is enhanced. Dse

in CulnSe is smaller due to a smalleP s, according to on Bardeleben, 1984

. S: InSe acts as di usion barrier for GaHfluang et al., 2017 Mainz et al., 20154
H: Due to its location on top of the stack , InSe cannot locally separate the
Ga containing -phase from the growing C(IG}Ss phase.

. S: After the formation of CulnSe and CuGaSe as separate phases, there
iS not su cient inter-di usion to increase the minimum Ga concentration at
the surface within the applied processing time of minuted/ainz et al., 2015h
Marudachalamet al., 1997]

H: InSe present at a lower melting temperature of 501 °C for low P se.
The melt of InSe possibly enhances the observed strong inter-di usion.

Further simultaneous changes are: single CIGS phase formation, -
phase composition changes, increase of Icy « and lga « -

These key points may be characteristic for the respective growth path3.hey are
assumed to be interesting possibilities for an application as process controltime
future.
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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 indicatidhat

Se supply determines which of the two growth paths occur in the system. It is di cult
to unambiguously con rm this with the vacuum selenization tool alone. Despite the
external Se source introduced for this work, the control-ability of the Se partigressure
was not precise enough for that purpose. The experience gathered, indicated ttiee
results are in uenced by the preceding process, due to di erent amounts of residual Se
in the selenization tool.

The atmospheric selenization tool (Fig. 2.2), however, is equipped with externge
sources, that are controlled well via their Se source temperatures and thesu#s are
reproducible. Furthermore, Se is transported via a N ux, which can be de ned with
a speci c pro le during processing.

Therefore, the atmospheric tool was used to test the hypothesis concernings8pply and
growth paths. For this, it was mandatory to con rm that the back ground pressure is
not by itself a signi cant parameter. Indeed, only slight di erences were observedhen
in situ EDXRD/EDXRF experiments were carried out at low (vacuum of 10 ° mbar)
and at atmospheric background pressure, respectively (see sup. Sec. D.5).

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

I.) Investigation of the in uence of Ts. on the incorporation of Se by a variation ofT se
and a process which consisted of a heating step only tora,;,=580 °C with subsequent
cool down.

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

i.) Inuence of Tse On the incorporation of Se

A series of Ims were prepared by a selenization of the multilayer precursor within
only a heating step and subsequent cool dowhn The Ts. was varied between 30TC
and 420 °C while the processing time was kept the same to reach &,=580 °C. The
in uences of Tse on the formation of CIGS were analyzed byex situ XRD regarding

12 heating rate of about 6°C/s was applied by keeping the samples in the 716C hot wall chamber
for 103 s, during which the substrate temperature Tsyp) reached 58CC, see Fig. 2.2. Se was
transported in a N, ow from an external Se source with controlled temperature Tse. Se supply
was varied by di erent Tse while the N, ux was held constant at 1 sim (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 re ections (see Fig. 4.25a)). The amount of Se incorporation was anadyz
with ex situ XRF (see Fig. 4.25h)).
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Figure 4.25.: In uence of Tse on the CIGS 112 re ections and amount of Se incorpo-
ration. a) The di ractograms show the intensity of the chalcopyrite 112 re ecitons,
measured atRT. Dashed vertical lines indicate the position of the 112 re ections from
reference pattern for CulnSgand CuGaSe (see sup. Tab. E.2). Re ections in between
exhibit a solid solution of both. The position of Culp.;Gag3Se 112 is exemplarily
calculated with Vegard's law from the references. The precursor and the sampbe f
T se=300 °C exhibit no chalcopyrite related re ection intensity and are therefore not
shown. b) Se source temperature vs. Se amount froxiRF analysis with an aperture
of 30 mm, measured on the samples from aj.indicates the rst experiment series and
+ indicates experiments repeated later.

The position of aCIGS 112 re ection can be correlated to the composition by a linear
interpolation between the reference positions of Culng@nd CuGaSe using Vegard's
law (see Sec. 1.1.1). No diraction of a chalcopyrite was found fdrse = 300 °C with
formation of only binary selenides (not shown). Remarkably, fof s, between 330C
and 390°C only oneCIGS 112 re ection appeared which indicates Cu(lf;Gag:3)Se is
formed, which is similar to the integralGGI of the Im. A Tge of 420°C leads to two
CIGS 112 re ections with one close to CulnSeand the other one close to CuGaSe
This nding corresponds to Ga segregation, as it was also found viia 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 (betweef s, of 390°C and 420°C), at which
the growth path switches. Above the criticalP s Ga segregation occurs and below it
a formation of a single phas€IGS with Cu(In ¢.7Gag.3)Se is enabled throughout the
absorber depth.

The Se amount in the Im increases with increasind se and reaches the stoichiometric
value of 50% at 420C. The rate of Se incorporation during the fast heating seems
shows a linear dependence dfs. betweenT 5,=300-420°C. Therefore, Se incorporation
into the precursor Im is limited by the Se supply rather than the reaction kinetics at
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4. Evolution of crystallographic phases and vertical elemental redistribution

the surface or in the bulk (at least below al s¢ of 420°C). That con rms a control of
the Im formation by Se supply.

ii.) Final Im 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 extendeg an
annealing period (with unchangedr ) at constant T,,=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 (3eg: and Tse in Fig. 2.2).
Two samples were selenized with 1slm of,Nux 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 Nix and 3 min
with 0.2 sIm of N, ux. The comparison of the CIGS 112 re ections between Fig. 4.25a)
and Fig. 4.26a) shows, that the Ga distribution in theCIGS phases remains unchanged
during the subsequent annealing. Only the case of the low&k~=390°C led to an
additional intensity of the re ection signal towards a smaller angle, £1GS phase with
smaller GGI respectively. The di erent Ga distribution in the CIGS phases is shown
by the Ga depth pro les in Fig. 4.26b, which shows an increased Ga concentration
towards the surface for a lower Se supp\SEM images of the two samples in Fig. 4.26c¢)
and Fig. 4.26d) show di erent morphologies. The latter Im (T s¢=420 °C) exhibits
two parts, with a ne-grained layer at the Mo back contact and a closed layewith
big grains on top. This is known to form inCIGS layers or complete Ims with high
Ga concentration Probst et al., 2001, Abou-Raset al., 2008 Eisenbarth et al., 2009.
The lower Ts¢=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., 2013,
who found smaller CIGS crystals for a lowP se.

An increasing Ga concentration and a corresponding increase of the minimiy should
increase theV,. (as described in Sec. 1.1.2 and bD[AGNE et al., 2014). In case of
the lower T ¢, the Ga concentration was increased towards the surface (Fig. 4.26b)) and
thus should be re ected by a higheiEy and higherV,.. Indeed, theV, of the absorber
without Ga segregation was 479.6 mV and hence higher as the one with Ga segiega
and a V. of 445.8 mV, shown in Fig. 4.26e). The same is observed for thg by EQE
measurement with anEy of 1.03eV compared with 1.01 eV, respectively, shown in
Fig. 4.26f). A further investigation of the selenization parameters is necesgdo adjust
the minimum GGl closer to the predicted optimum at 0.25 for arE4=1.15€eV.

Best solar cell with low Se supply

The best solar cell produced in this work has a conversion e ciency of = 15.5%
(Fig. 4.27) (active area of 1.35 c without anti re ective coating), while the median of
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Figure 4.26.: Properties of nal CIGS Ims, selenized with low and high Se supply.
The temperatures indicateT e of 390°C and 420°C. a) The di ractograms show the
intensity of the CIGS 112 re ections, measured aRT. Dashed vertical lines indicate
the position of the 112 re ections from reference pattern for Cuingeand CuGasSe.
Peaks in between exhibit a solid solution of both. The position of Cu§yGay-3Se 112
is exemplarily calculated with Vegard's law from the references. b) Ga depth pro les
from GDOES of the same Ims. The GDOES measurement is assumed to reach the
Mo layer at 10at.% of Mo and the curves are cut thereSEM images of with 20k
magni cation for a Tse 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) correspondingEQE. In-house measurements of e) the current-voltage characteristics
measured under AM1.5 illumination (line) and in the dark (dashed line) and flEQE
measurement of the same solar cells. The estimatég corresponds to the in ection
point of the EQE between 1000 nm and 1300 nm.

113



4. Evolution of crystallographic phases and vertical elemental redistribution

49 solar cells on the 1010 cnt sample was 14.9 %. It&€ is around 1.03 eV, which is
calculated from the in ection point between 1000 nm and 1300 nm shown in Fig. 4127
This is similar to the value of 1.02 eV regarding Eq. 1.2 and using the minimu@GI of

0.04 in the GDOES depth pro le at 0.04um. The selenization was performed without
sulfur and at atmospheric pressure in the order of a few minutes. A multilayer precurso
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Figure 4.27.: Best solar cell with its a) current-voltage, b) EQE-wavelength charaet-
istics and c) elemental depth pro le. In-house measurements of a) the currentiage
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 estimatedEy corresponds to the in ection point
of the EQE between 1000 nm and 1300 nm. c) Elemental depth pro le fro@DOES
measurement on the nal absorber with highest e ciency presented in this section.
The back contact is assumed to be at 10at.% Mo. The electrical characteigs were
already published in [Schmidtet al., 2017].

is selenized with the baseline sequence (see Experimental adchpmidt et al., 2017)
and a Zn(O,S) bu er layer was used. The elemental depth distribution in Fig. 4.27¢
shows an absorber with increased Ga concentration towards the surfadéuis is more
similar to the elemental depth pro le 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
con rmed, 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 o
a low Se supply, respectively. The two di erent growth paths with nal Ims, similar
according to morphology,CIGS phases and elemental depth pro les, 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 e ciency ofup
to 15.5% were achieved (active area, in-house measured, no anti re ectivatong).
According to a recent review paper, this is the highest reported e ciency forufur
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free CIGS -based solar cells utilizing fast (few minutes) atmospheric processes and
elemental Se [Songt 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 e ects of the Se supply. In this matter, the key points can &
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 deb of
growth in Fig. 4.28. The phases IfSe 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/lowP se, which in turn in uences
the elemental di usion, especially of Se (high/lowDse known for CuinSe). The
consequences for this are:

In case of a highPs. and Dse, Se moves quickly deep into the Im and reacts
faster with the preferred element 1A%, This leads to a reaction of all initial excess
In to In-Se and afterwards In leaves the -Cug(In,Ga), phase to react with Se.
This leads to excess Cu in the ;,-CugGa, phase that is also released. Due
to the generally high mobility of Cu, Cu reaches the surface to react with Se.
The presence of Cu Se promotes the growth ofCIS, because Cu «Se is very
mobile to get to the growth front and can be the base lattice for a topotaxia
[Wada et al., 1997] growth of CIS.

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

In case of a lowPse and Dse, liquid In is longer present and exhibits a higher
mobility in CIS than Se. At rst, liquid In reaches the surface, where it reacts
with Se starting at 327°C. Without liquid In present anymore, which maybe the

case wherC(IG) ;S starts to grow at 390°C (3 min), Se needs to di use deeper
into the Im to react with the -Cug(In,Ga), phase (Fig. 4.23b)). There is no
phase (like InSe during Ga segregation) that locally separates the reaction fton
of CISfrom the metallic phase. The presence of the-phase at the reaction front

(between 4-6 min) leads to further selenization reactions with Ga. Neverthetes

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

the C(IG) 3S 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 e ects a lower melting point of InSe (from 613C to 501°C). The
liquid phase presumably distributes along the grain boundaries where it enhances
the motion of all elements, especially of Ga.

Figure 4.28.: Proposed schematic representation of growth models f@1GS with

di erent Se supply and a) strong Ga segregation or b) without nal Ga segregation.
The vertical arrows at side of the stacks denote the distinct movement of elenmgn
Pink colored lines indicate the growth front of the tetragonal phases. The phes In,Se

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 unwantedests for
CIGS production.

i) Lateral phase separation and even dewetting can become signi cant, if the Sepply
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 therima
processing of Cu-In-Ga precursors t€1GS absorbers was demonstrated by selenizing
a precursor that exhibited distinct phase separation prior to selenization. After this
selenization, an inhomogeneous lateral Ga/ln distribution in the chalcopyrite phase
was found.

The impact on lateral phase separation and dewetting were investigated redang 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 0.0°C/s led to the highest dewetted area and most signi cant phase
separation. Both e ects were observed to be impeded with increasing heatinate,
such as ¥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 alamith

a di erent phase separation after annealing of the sample. This bene cial e ect fro
NaF only occurred when NaF was deposited on top and was not signi cantly dependent
on the NaF amount (between 10 and 30 nm thick layers). Even for the slowestdtimg
rate of 0.01°C/s, an e ective prevention of the dewetting e ect 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 580C, 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
pro les.

i) Vertical phase separation, in particular Ga segregation at the back contgcis

typically observed during the fast selenization of precursors with elemental SeorF
a better understanding, the evolution of phases and their depth distribution were
investigated by anin 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 demdrates the
possibilities of applying thein situ EDXRD/EDXRF method to the highly complex
system of selenization of a Cu-In-Ga precursor. However, the method is limiteg b
solving the linear equation system with a nite number of degrees of freedom. Hye
additional degree of freedom increases the number of solutions. In general, adding
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 uorescenc
intensities within the uncertainty of the measurement. This can also be the case @
layer, that is too thin for su cient variation of the uorescence intensities for di erent
stacking sequences of the present phases. However, in the case of groMBIGS
layers investigated in this thesis, a deduction of stacking sequences was iidssand a
model of growth is proposed.

The observed Ga segregation inhibits the adjustment of the e ective band gap eggr
to achieve more e cient solar cells. It is shown, that controlling the supply of elemeat
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 @& S formation
and was the key for a prevention of Ga segregation in the absorber. Fdetprocess
with a smoothed Ga in-depth pro le, the results showed a new and di erent phase
evolution in contrast to the growth with Ga segregation. The new phase evoioh is
referred to as Ga homogenization (to indicate the contrast to the case dabed 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 G&e during
selenization, which was only supposed bgx situ investigations in previous works.
Furthermore, this phase was shown here to be on top of the stacking sequencke T
formation of CulnSe was found to be on top of the In-Se phases.

i) In case of Ga homogenization, this selenization process was obserieditu for the
rst time. In-Se phases were deduced to form on top of the Im and thus without the
possibility to act as a di usion barrier for Ga. In contrast, in the earlier published
ex situ study, In-Se was assumed to be between CulnSand the metallic phases
[Schmidt et al., 2017. The growth of a C(IG) 3S 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€Cug(In,Ga)4. The low Se partial
pressure led to a melting of InSe at 5CC. Simultaneously to the melting InSe, Cu
and Ga were found to move quickly towards the surface. BIGS Im 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 cassng
of 22 In/CuGa/In layers, solar cells with a conversion e ciency of up to 15.86 were
achieved (active area, in-house measured, no anti re ective coating). This is thaghest
reported e ciency for sulfur free CIGS-based solar cells utilizing fast (few minutes)
atmospheric processes and elemental Se [Schnadital., 2017, Songet al., 2018].

Outlook

In the next step, the homogenization of the Ga depth distribution can be investigate
to nd out, if one can control the reactions in a way to achieve a speci & in the top
part of the Im and an increase towards the back contact. Such an increase cdmen be
optimized for an electron collection in the bulk and prevention of recombination ahe
back contact. A second gradient with arEy in the top part, which increases towards
the surface might further enhance the e ciency, as discussed iWtte et al., 2019.
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-Cug(Ga,In), compound at the
rear interface Kim et al., 20124. The shownCIGS growth with Ga homogenization
seems to exhibit grains over the whole Im 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)Se; (CIGS) wird als Absorberschicht fur die Herstellung von Diinnschicht-Slarzellen
eingesetzt. Ein industriell relevanter Ansatz zur kostenguinstige und schnellen Herstellung
von CIGS ist der sequentielle Prozess. Der in dieser Arbeit angewandte sagntielle Prozess
basiert auf dem Sputtern einer Cu-In-Ga-Vorlauferschicht, der cann in Se-Dampf aufgeheizt
wird um innerhalb von Minuten zu einer CIGS-Schicht zu reagieren (Selenisierung). Der
sequentielle Prozess fuhrt jedoch typischerweise zu einerdsSegregation am Ruckkontakt.
Die beobachtete Ga-Segregation verhindert das Einstellen der e ekten Bandliicke, um So-
larzellen mit héherer E zienz zu erreichen. Eine ausreichendeAnpassung des Ga-Tiefenpro Is
bei der schnellen Selenisierung in Se-Dampf wurde bisher it erreicht. Das Ziel dieser
Arbeit ist es, die physikalischen Ursachen von Ga-Segregation zu idertieren und die starke
Ga-Segregation innerhalb eines schnellen sequentiellen Prozessw verhindern.
Der Ein uss eines i) verzogerten Se-Angebots sowie ii) des Se-Paatdruckes auf die Kinetik
wurden untersucht.
Die Untersuchung ergab, dass i) ein verzégertes Se-Angebot zu lateral@®hasensegregation
und Entnetzung fuhren kann. Die Ergebnisse zeigen die Moglichkeund das Erweitern des
Parameterraums fir die verzogerte Selenisierung mit einem vorhé&en Aufheizen von bis zu
580 °C durch schnelle Aufheizraten oder einer zusétzlichen NaF-Sidht auf dem Vorlaufer.
i) Die Steuerung des Se-Angebots wurde durch Verdampfen von Se aesner externen Quelle
erreicht. Zum besseren Verstandnis des Wachstums vo@IGS wurde die Entwicklung von
Phasen und deren Tiefenverteilung mit einer simultanenin situ EDXRD / EDXRF -Methode
untersucht. Durch den Vergleich der gemessenen mit numerischerechneten Fluoreszenzin-
tensitaten wurde ein schematisches Modell fur die Entwicklurg der Phasentiefenverteilung
wahrend der Selenisierung ermittelt. Zwei verschiedene Wadtumspfade wurden analysiert,
einer mit starker Ga-Segregation und einer mit Ga-Homogenisierung. Fur Esteren war
es mdoglich, die Bildung und die Dauer der Anwesenheit von Cau xSe und die Position im
ober &chennahen Teil des Films zum ersten Mal mit dieser Methodenachzuweisen.
Die Absenkung der Temperatur der Se-Quelle entspricht einem gageren Se-Angebot und
war der Schlissel zur Verhinderung der Ga-Segregation im Absorber. iBses Wachstum mit
Ga-Homogenisierung wurde erstmals mit eineiin situ -Methode beobachtet. In diesem Fall
wurde eine andere Entwicklung der Phasenbildung und des Tiefgro Is beobachtet. Eine
Folge des geringen Se-Angebots war eine langere Anwesenheit der Zwisgbleasen InSe und
-Cug(In,Ga) 4. Bei 500°C bewegen sich Ga und Cu schnell in Richtung der Ober dche und
die minimale Bandliicke des resultierenden Absorbers wird vergroye Ein schematisches
Wachstumsmodell wird vorgeschlagen. Dieser Herstellung wird eim wichtige Rolle fur eine
zukinftige industriell relevante Technologie zugeschrieben.
Die Nutzung der CIGS-Herstellung mit einer hoheren Ga-Konzentration nahe der Absorber-
ober &che und der Optimierung der Vorlauferherstellung hin zu énem vielschichtigen Vor-
laufer Im wurden Solarzellen mit einem Wirkungsgrad von bis zu 15,5 % ereicht (aktive
Flache, intern gemessen, keine Antire exionsbeschichtung). Das ist der hochste berichtete
Wirkungsgrad fur schwefelfreie CIGS-basierte Solarzellen, die mit einem schnellen und atmo-
spharischen Prozess sowie elementarem Selen hergestellt wunde
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Abstract

Cu(In,Ga)Se, (CIGS) is applied as absorber layer for thin Im solar cells. An industrially
relevant approach for low cost and fast preparation ofCIGS is the sequential processing. The
sequential process applied in this work is based on sputtering a Gin-Ga precursor, which
is then heated in Se vapor to form aCIGS layer (selenization) within minutes. However,
sequential processing typically leads to Ga segregation at the back ctact. The observed
Ga segregation inhibits the adjustment of the e ective band gap energy b achieve more
e cient solar cells. Up to now, a su cient adjustment of the Ga in-d epth pro le during fast
selenization in Se vapor has not been achieved. Identifying pathway® 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 in uences are investigated here. This can mean a cordl 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 segregain and dewetting.
The results show how to enable and widen the parameter space for a dgled 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 egtrnal source.
For a better understanding of the growth of CIGS, the evolution of phases and their depth
distributions were investigated by a simultaneousin situ EDXRD/EDXRF method. By
comparing the measured with numerically calculated uorescence itensities, a schematic
model of the evolution of the phase depth distribution during selerization was obtained.
With this approach, two di erent growth paths, one with strong Ga segr egation and one with
Ga homogenization were analyzed. For the former, it was possible to expienentally observe
the formation and period of presence of Cy xSe with this method for the rst time and to
con rm the position to be near the surface of the Im.

Decreasing the Se source temperature corresponds to a lower Se plypfor the CIGS formation
and was the key for preventing Ga segregation in the absorber. The growthvithout Ga
segregation was observed via am situ method the rst time. A di erent evolution of the
phase formation and depth pro le was observed. A consequence of the loneSupply was a
longer presence of the intermediate phases InSe andCug(In,Ga) 4. At 500 °C, Ga and Cu
guickly move towards the surface and the minimum band gap of the restiing absorber Im
is widened. A schematic model of growth is presented. This proasing 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 e ciency of up to 15.5% were achieved
(active area, in-house measured, no anti re ective coating). This is he highest reported
e ciency 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 Di usion coe cient (Dse) On Se vapor pressureRse) and
dependence oPse On Tgyp. @) Pse, calculated with the formula log10(P)=A-(B/(T+C))
and constants A, B, and C from $tull, 1947. b) Dse in CulnSe, as a function of the
Se partial pressure Pse) at 700 °C from von Bardeleben [von Bardeleben, 1984].
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Figure A.2.: Elemental diusion coecients in CIGS. a) Dg, in CIGS for
various CGl Im compositions at 500°C, 570°C and 725°C. The CGI for 725°C
is the initial Cu/In ratio before Ga addition. b) Diusion coe cients for Cu, In,
Ga and Se in CIGS, reported in [Mueller et al.,, 201§ 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 Marudachalamet al., 1996
Schroederet al., 1996, Rodriguez-Alvarezt al., 2014]
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Table A.1.: SCAPS simulation parameters used for the calculation of the band diagram in Fig. 1.4. TR(In; 1Ga,)Se layer
consists of 0.¢um CulnSe and below 0.9um with a linearly increasingGGI from 0 to 0.6 at the back contact. CB: conduction
band, VB: valence band.

ZnO Cds Cu(lny «Gay)Se
Thickness / pm 0.5 0.05 15
CulnSe, CuGaSe
Bandgap energy / eV 3.3 2.4 1.0 1.6
Electron a nity / eV 4.45 4.2 4.5 3.9
Dielectric permittivity 9.0 10 13.6 13.6

E ective density of states in CB / 1/cm3® 22 10" 22 10® 22 10 22 10%®
E ective 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 110 1 10 1 10 1 10
Thermal velocity of holes / cm/s 110 1 10 1 10 1 10
Electron mobility / cm ?/Vs 1 10 1 1¢ 1 1¢° 1 1¢°
Hole mobility / cm?/Vs 25 25 25 25
Shallow uniform donor density / 1/cm® 110® 110 O 0
Shallow uniform acceptor density / 1/cn? 0 0 110 1 108
Defects:

Capture cross section for electrons /cin 1 10?2 1 102 2 10% 2 104
Capture cross section for holes / ¢k 110 110%®¥ 1101 1108
Energy level with respect to VB / eV 1.65 1.2 0.5 0.8
Defect density / 1/cm?3 1.8 10 1.8 10 5 10 5 10"
Absorption constant A / eV?2/cm 1 10 11
Metallic contacts: back front

Surface recombination velocity e / cm/s 1 10 1 10
Surface recombination velocity h/ cm/s 1 10 1 10







B. Supplementary for Ch. 2

Analysis of di raction signals and error estimation

The heating induces a thermal expansion of the setup. This expansion in the vertical
2Z-direction lifts the sample and hence shifts the active volume. If not corrected, the
position of the di raction peaks would change and their intensity would decreasghile
the background from glass would increas®égénks and Genzel, 20Q7 This setup is
build for a measurement with a xed angle. To compensate this thermal drift the
measurement program includes a routine for a compensation. The Mo uorescence
intensity is the regulation parameter to ensure a constant position of the agg volume

by adjusting the z position.

An important size is the dead time, which is de ned aDT (%) = 1 tme=uon
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, de ned within the calculation of corrected areas.

For observation of such fast processes as performed here, the intdgratime of the
detection is set as short as possible (3s in the original measurement) for a maxm
possible time resolution. Longer integration times improve the signal to noise ratio
and enable a higher accuracy of the measured peak properties. Instead of insireg
the integration time for a higher accuracy, the spetrac can by summed up afteards
and by using the average with a de nable number of previous and following spectra
in the tting procedure. The main cause of a background is the underlying glass
substrate. A linear background is removed by selecting energy ranges befonel a
after the signal. Fits of the signals are performed to extract the informationtsout
intensity and energetic position. To select an appropriate t of the di raction sigals,
knowledge about the characteristic in uences on the signal pro le is useful. The
standard approach in regression analysis to approximate the solution with the metthof
least squares foiX 2 (see below) is performed with the Levenberg-Marquardt algorithm
[Levenberg, 1944 Marquardt, 1963. Selecting a function is guided by the specic
in uences on the signal pro le by the sample and the measurement. A perfect crystal
structure with in nite dimension would exhibit a pro le of a di raction signal like a
delta function. However, defects, impurities, strain and limited grains sizes lead to
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both, a Gaussian and a Lorentzian broadening. A convolution of both results in\figt
function which can be approximated by the pseudo-Voigt function. The measurement
characteristics such as the resolution capability of the detector in uences the signa
pro le with an additional Gaussian broadening. The re ections from gold powder for
the calibrations are tted with the pseudo-Voigt function. The measurement signals
during selenization are tted with a Gaussian function, since the t could not be
improved by a pseudo-Voigt function.

Hence, to calculate the intensity of a signal, it is approximated by a functiofigna (E)
and the integral area is calculated as intensityl signa = } Fsignal (E) dE. The tting
minimizes the sum of the error squareX? = = (Ynee 2nsn )2 with a di erence of
the calculated value ¥,.cac) and signal value §,.siqn ). The data points are weighted
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\dation can be
written as w,, = P Vn [Bronstein et al., 1997].

Energy and angle calibration

The detected photons of everfEDXRD/ EDXRF measurement were assigned to the 2048
channels in an analog-to-digital converter and summed over the speci ed measureine
time. To assign the channels to the energy of the photons, element uorescence signals
were measured. The channel with the maximum intensity of each uorescence signal
was assigned to the uorescence energy from literaturBéslatteset al., 2003. By use

of linear regression and the assignments (energy-channel), the parametegsaid m
were determined (Eq. B.1). The standard deviationsg, and sy, result from the linear
regression. A Taylor expansion with the rst term results in the relative deviabn of

the energy (Eq. B.2).

Epnoton (Channel) = Eq+ m  channel (B.1)

S
SE = Sg, t Em(EO E) (BZ)

For the angle calibration, gold powder was used as reference (with 99.99 % purity
The uorescence peak#\uy ; Aug1; Auk 2 and Aukx , were utilized for calibrating
the energy axis. Then, the diraction angle was calibrated with the known energetic
positions from lattice plane distances for the di raction peaks using Au 111, Au(®
and Au 220. The energy calibration can slightly di er between each measurenten
compare Tab. B.1. Therefore, the energy axis of each measurement is calibdate
with the uorescence signalsCux ,; Se& ,; Mok , and Ing ,. For example, the
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values regarding detector 1 in Sec. 4.1 are:(¥0.00260, m=0.0328, sg,=0.0333,
Sm=0.0000500, resulting in 0.0333 - 0.0015E.

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

Sec. SE
Detector 1 \ Detector 2

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

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
re ected and the xed measurement angle. Its energy is determined by the energet
position of the Gaussian tted peak. It is calculated byd(E; ) = E;}ﬁ The angle
resume from a calibration with standard deviation, as described before and theeegetic
position is estimated by use of a Gaussian function. The uncertaintyy of the lattice
plane distance can be calculated by the Gauy' error propagation and the uncertaes
of ¢ and

<

_b eE )", eE )’
d — E
y @E @
_ hjﬁ E !2+ cos 2
-2 E2sin( ) E (sin )?
! 2 cos 2
= O:62keVnmP E

[ + -
E2sin( ) E (sin )?

The values, used for calculating this uncertainty, originate fronEDXRD / EDXRF
measurement data which were observed at a constant temperatur@T(). However,
there is another source of error, which results from the height alignment (sed tiéble

in Fig. 2.3) routine due to thermal expansion and the Se incorporation. A di erence
in the height results in a di erent di raction angle, because the synchrotron bea
and the detector are at xed positions. The sample volume from where photons are
detected is de ned as active volume. Its volume is formed by the intersection die
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incoming X-ray beam and the region of space seen by the detector form the aetiv
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 roine

IS initialized with a search for the z position of maximum intensity of the uorescere
signal of Mo. At this position, the measurement is started. It is known from pragus
experiments that the thermal expansion of the setup lifts the Mo Im position in z
direction. Therefore the z-position should be corrected. Hence, the softwaoutine

is continuously trying to keep the sample at a height z by adjusting the maximum
intensity by comparing the actual intensity | at position z, with the intensity 1, at a
10um higher positionz; = z; + 10 um. The gradient ofﬁ Is either negative and
the position z, is corrected to a lower position, or it is positive and the position, is
corrected to a higher z value.

Mo vyields a relative high uorescence intensity and is used for the adjustment of the z
position throughout the measurement. Its uorescence intensity is mainly attenuate
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 in uence on the Mo uorescence. During processing, Se incorporation
can occur which results in a lower Mo uorescence intensity. Se has the highest
absorption cross section below the emission energy of Mo-Kcompare Fig. 1 in
[Mainz and Klenk, 2011). In the case of fast Se incorporation and fast heatind,
might be smaller although the sample is at the positiorz; at a new/actual but lower
maximum uorescence intensity than before. Then, the correction to a lower giion is
executed though not correct. This is correlated to a decrease of the Bgage ection Mo
110. To estimate the error limit of the lattice plane distance, the maximum di erence
in Mo 110 intensity during fast heating and Se incorporation is used. This di erence is
proportional to the di erence of the height position. The maximum intensity of Mo
110 results from an optimal height position or optimal position of Mo in the actie
area. If the sample position increases or decreases, the di raction intensdgcreases
proportionally. In this setup, the di raction intensity reaches 0 after a height di erence
(higher or lower z-position) of about 6Qum to the optimal position. That means, that

a decrease of the intensity of 10 % results from a wrong z-position of 10 #66um.

The maximum possible error is estimated by the percentage di erence betwetbie maxi-
mum Mo 110 re ection intensity before and after a fast Se increase, exemphashown in
Fig. B.1 for the measurement from Sec. 4.2. The percentage of the di erencethe opti-
mum position is about 8.3 % of 6@m resultingina z=8:3=100 60 m =4:98 m .
This results in an error limit of the angle, which is estimated by small angle approxi-
mation and the distance y between detector and sample of 2.657m: = atan(—i),
compare Tab. B.2.
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Table B.2.: Uncertainties calculated for lattice plane distance of Mo 110 for the
experiment from Sec. 4.2, rst by subsequent fault calculation and the energetic
position Ey o110 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
2.98751640° 0.000227°

E 53.279 keV  0.001 keV

d 0.2233 nm 0.0010 nm ( 0.4 %)

Uncertainty of d from misalignment z
2.98751640° 0.000107°
53.279 keV  0.001 keV
0.2233 nm 0.0005 nm ( 0.2 %)

Emo 110

dmo 110

E
d

Ewmo 110

dmo 110

To compare both uncertainties and to obtain the bigger one for estimating the emro
limit, the uncertainties are calculated for Mo. 4 (from calibrations) is exemplary
calculated for the Mo 110 peak in the measurement (shown in Sec. 4.2) to compiire
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 frothe t

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 higbie
standard deviation of the tted energetic position Evo110) after 0 min is at 35.4 min
with 53.279keV  0.001 keV and d = 0.22325 nm.

Reasons for an asymmetric signal pro le

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 re ection energy depends on theioat
which is linear between both phases after Vegard's lawdgard, 192], as described in
Sec. 1.1.1. The active volume can exhibit di erent lattice constants, which are der
to each other than the energy resolution of the detector allows to di erentta. The
resulting signal is superimposed, typically leading to an asymmetric pro le. Therefore,
superimposition of several Gaussian pro les can be used as description.

Escape peaks (Esc)

A photon with energy Ey, which is reaching the detector can be absorbed by Ge and
lead to Ge speci ¢ uorescence (e.g. Ge-k=9.9keV). Consequently, two events are
detected: the uorescence photon of Ge and the initially photon energy, which is
reduced by the energy of the Ge uorescence photon. The energy of such an escap
peak is then Es.=E g-Egex -

Inaccurate spectra

Some spectra in the data from detector 1 are incorrect, as indicated by a shand
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 -6.75min and -6.72 min (1169 - 1170) as well as betw&e#0 min and
-5.30min (1197-1199) were deleted. In Fig. D.9, the spectra between.933nin and
-33.92 min (637-639) were deleted.

Uncertainty of uorescence intensities

The maximum uncertainty of the uorescence intensities fronEDXRF is estimated

as follows. The automatic height alignment routine (as described above) cortec
the height position for each measurement period by comparing the intensity of Mo
K 1 with the value from the previous measurement period. The maximum height
variation to nd the maximum uorescence intensity is 10um. It is known from the
experimental setup, that the decrease of the uorescence intensity can be apxmated

by a linear dependence to the height position. The intensity decreases to Oa.u. for
a misalignment of 60um from the optimal height position. In consequence, the
maximum error that can occur during the routine is 10/60. By averaging every two
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spectra of the measurement afterwards, this is decreased to its half. Imctusion, the
height misalignment can be 5/60, which corresponds to a maximum uncertainty for
each uorescence intensity of 8.3 %.

Total atomic cross-sections

Total atomic cross-sectiol

Photon energy / keV

Figure B.2.: Total atomic cross-section A(h ) for the elements Cu, Ga, In, Mo and
Se from McMaster et al., 1969. The elementalK ; lines are depicted as vertical lines.
The total absorption cross-section is a measure for the probability of an abption
process and thus important for the calculation of the elemental uorescence eérisities.
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C. Supplementary for Ch. 3

The following gures have been published before in [Backet al., 2017].

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)
multilayer precursor after heating with 0.FC/s up to 580°C. Binary images show a
relative dewetting of 14.3% (triple layer) and 0.8% (multilayer).
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Figure C.2.: Cu intensity distribution images (EDX) of the multilayer precursors
after annealing with 1, 0.1 and 0.0XC/s up to T max = 170, 350 and 580C. All images
have the same scale.

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 Fax = 170, 350 and 580C. All images have the same scale.
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Figure C.4.: Elemental distribution images (net counts) of Mo (measured with EDX
at room temperature) and after heating with a) 2C/s, b) 0.1°C/s and c) 0.0I°C/s up to
580°C of a multilayer precursor. Tnax (°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 661
(d), 2% (e) and 12% (f).

Figure C.5.: Binary images after heating with 0.01C/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 (elemal
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.1. Evaluation of the composition of the
-Cug(In 1.xGay)s y for Sec. 4.2 and Sec. 4.3

The accurate composition of each phase may be important for the uorescencd-c
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 Im. This chapter describes the
applied procedure to evaluation the composition of the Gln, ,Gay)s y phases as
accurate as possible.

The lattice plane distancedss is correlated to the phase composition. Both, th€Gl

as well as theGGI determine dszg. The possible minimum and maximum of the Cu
concentration are estimated at the substrate temperature by means of theu@a 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
ds3p by a proportionality factor) as function of the Cu concentration in -CuyGay
(Fig. E.2a) and by use of the thermal expansion coe ciert In the case, that a
calculated value ofdszg of -CugGay (without In) is with error signi cantly lower than

the measureddsszp, a solid solution -Cug(In,Ga),4 of {-CugGay (i=1,2,3) and -Cuglng
must be assumetl In this case, the composition limits of -Cug(In,Ga), are the limits
from the phase existence ranges ofCug(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 di erence to the observeddsso. Thus, the upper and lower limit of the GGI

in -Cug(In,Ga), are calculated as a function of the upper and lower limit of the Cu
concentration.

1Only for o and ; a thermal expansion coe cient can be found in the literature, but not for
nor 3. Therefore the coe cient of ; is applied to ».3., compare Tabs. E.2 and E.3

°Muzzillo et al. suggested -Cug(In,Ga), to be a solid solution of -CugGas and -Cugln,
[Muzzillo et al., 2019, possibly for a simpler calculability. The phases , and 3 are not ex-
cluded here, since no distinct reason for that was found.
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D.2. Supplementary for Sec. 4.1

Figure D.1.: a) Substrate temperature Tsyp) and in situ EDXRD/EDXRF data by
b) detector 1 and by c) detector 2, observed during thermal treatment of a muillayer
precursor. TheEDXRD/EDXRF intensity is color coded (as indicated on the right
side). The horizontal dashed line at 30 keV indicates, that the peaks above aspond
to di racted photons and the peaks below originate mainly from elemental uorescee.
AssignedEDXRD peaks are indicated with white arrows and the belonging phase and
Miller indices. Escape peaks are indicated with black arrows. Further details and
identi cation of peaks can be found in the text. A magni cation of the main re ections
of d) of the - and -phases can be found in Fig. 4.2.
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Figure D.2.: Magni ed evolution of Cu;¢(In,Ga)g 110/102 and -Cug(In,Ga)4 330 from
Fig. D.1b). a) T4y (left axis) and re ection intensities (right axis) of -Cug(In,Ga)4
330 (and Cusg(In,Ga)s 110/102) b) corresponding lattice plane distances calculated
from the energetic peak position, together with simulated (dashed)g of Cuglng, min.
and max. of ;- and (-CugGay as a function of T¢y,. With increasing temperature
from 490°C up to 645°C, the ;-CuyGa, phase can transform to o-CugGay, as it is
shown in the Cu-Ga phase diagram (Fig. E.1).

159



D. Supplementary for Ch. 4
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Composition of  -Cug(In 1 xGay)a y
The ds3p of the -Cug(In, xGay)s y phases (sup. Fig. D.3) corresponds to the phase
composition. The accurate composition of each phase is important for the uokEnce
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 Im. The applied procedure to evaluate the composition
of the -Cug(Ini xGay)s y phases as accurate as possible is explained in sup. Sec. D.1.
At 388°C (t1), dszp of -Cug(In,Ga)4 (blue line) is 0.2098 0.001 nm. The composition
Is estimated within the possible Cu composition range of 6& at.% Cu of ;-CugGay.
This results in aGGI in  -Cug(In,Ga)4 of 0.766 0.007 for 1at.% Cu. This GGl 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 ds3g, the GGI is about
0.750 0.007, and thus a reasonable composition regarding the ternary phase diagram.
At 447°C (t,), the 1-,-CugGay phase (yellow line in Fig. D.3) exhibits ads3p of
0.2079 0.001 nm and shifts to smalleds3y getting closer to the reference of ;.max -
CugGay with d=0.2076 0.001 nm (see Fig. D.3b)). The slightly highedszg of 1-»-
CugGay, compared with the 1-CugGay reference could theoretically correspond to a
very small amount of In in ,-,-CugGay. However, the ternary phase diagram (sup.
Fig. E.4) shows a miscibility gap in this region. Furthermore, the di erence of the
measured value to the reference is below the uncertainty. It is concluded, that the
1=2-CugGa, phase is In free. Without In, d33p may determine the Cu to Ga ratio.
However, it cannot be distinguished here between- and ,-phases (compare sup.
Fig. E.2a)). Only the j;-phase is excluded, since it is not present anymore in the
Cu-Ga phase diagram within the respective temperature regime (sup. Fig. E.1), bes
the 330 re ection vanishes at 505 14°C. Within the uncertainty of the measurement,
the possible composition of 1-,-CugGay is 36 4 at.% Ga.
The decreasing Ga uorescence intensity and the transformation ofCug(In,Ga), to
1=2-CugGay (between 388C and 447°C) with a lower re ection intensity are concluded
to indicate a release of In (and corresponding Cu) from-Cug(In,Ga) ,.

Identi cation and composition of Cu s xSe

In the following, indications for the presence of a Gu,Se phase will be evaluated, since
this phase is di cult to identify and has been found by others withex situ analysis
only.

At T¢p=388°C (t;), a shoulder occurs at the right side of theCIS 112 peak. This
shoulder is best visible at 474 °C (Fig. D.6a)).
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Figure D.3.: Evolution of the re ections
of the metallic alloys over processing time,
extracted from the EDXRD/EDXRF data
in Fig. 4.3. a) Tgyw and re ection inten-
sities of Cug(In,Ga)y 110/102 (red), -
Cug(In,Ga)4 330 (blue), 1--CuyGa, 330
(yellow) and b) correspondingd,. The
dashed lines in b) represent thels; of se-
lected -phases calculated as function of
T sup, based on their value atRT and ther-

f.r N, 0f 6 e CUsG2 mal expansion coe cient, given in litera-
0206 2 3 45 6 7 8 9 ture (see sup. Tabs. E.2 and E.3).
Process time t/ min
o . Figure D'4f Evolution of the (In_,Ga)Se
6 600 n%% b;v“ B _ 004 reection over process time, ex-
= 00l | ~ tracted from the EDXRD/EDXRF data
F 00 VAN - in Fig. 43. @) Tewp and lgg of
b)E 0.420 L — (In,Ga)Se. b) lattice plane distance of
50418: l T e measured (In,Ga)Se 004. The dashed
§ it EE T C(géﬁfgég gﬁﬁi:@ lines r_epresent the(_zloo4 of InS_e, GaSe
2 016 o e inSe Se; from literature taking Tgy into ac-
© o ] count. (Ing.75Gag.25)Se is linearly inter-
80414 Lot T polated. The composition is estimated
g _— Lo to (Ino.94Gag.e)Se at 447C (t,) and
5 0,412 mssumisslst bttt a further decreasing ratio of In/Ga to

Process time t / min higher temperatures.

A reasonable t of this shoulder was possible at 474€ but not throughout the respective
process time. Therefore the area of the shoulder is not included when tting thelS
112 diraction peak. Another diraction peak could be observed during the same
time, de ned as Peak-A in Fig. D.5d). Peak-A is at the right side of theCIS 220/204
re ection. Thus, both re ections (shoulder and Peak-A) are likely to be relatedo the
same phase. The shoulder vanishes until 481, whered5;; is in accordance with the
Ga free reference (Fig. D.5¢)). If the shoulder would have been a solid solutidn3GS,
its vanishing would imply, that it di uses into the CIS phase. In that case, theCIS
phase would get Ga richer and itsl;;, must shift towards a lower value corresponding
to CIGS. In contrast, it does shift to the CIS reference. Therefore, the re ections
of the shoulder and Peak-A do not correlate to a Ga containing Cu(ln,Ga)sehase.
However, both shoulders can be explained by re ections of other phases, Culn;Seg
and Cu;.7»,Se. This is demonstrated for the region close to thelS 112 and 220/204
re ections at the instance of the spectrum acquired at 474 in Fig. D.6. The acquired
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Figure D.5.: Evolution of re ections over process time, extracted from the
EDXRD/EDXRF data in Fig. 4.3. Plotted are a) Tq, b) integral intensities of

CIS 112 andCIGS 112 with c) corresponding lattice plane distanced;,. The dashed

lines in c) represent thed; 1, of the phases CulnSg Culn;Sg and CuGaSe calculated

as function of Ty, based on their value atRT and thermal expansion coe cient, given

in literature (see sup. Tabs. E.2 and E.3). d) Integral intensities of Cl uorescence

and Peak-A. e)EDXRD spectra at di erent temperatures vs. lattice plane distance.
The vertical dashed lines indicate thel;;, from reference pattern of CulnSg(green)

and CuGasSe (yellow) at 580°C. The black arrow indicate the shift of the 112 re ection

of CIGS. The shoulder at 474 °C is magni ed in Fig. D.6a).

spectrum can be described by a set of re ections with a Gaussian pro le. Psle
corresponding re ections of CulgSe 112 and Cy.7,Se 111 are overlapping (as well
as CulnsSg 204 and Cy.7.,Se 220 overlap at Peak-A). The re ections of Cu,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, 197% and can be overlapping
with other re ections, e.g. Cw, «Se 111 with (In,Ga)Se 101, Culp «GaSe 112 or
Cu(ln; yGay)3Se 112. This made the assignment of Peak-A and the shoulder to a
speci ¢ phase di cult.

Earlier studies with a similarin 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 Cu ,Se Mainz et al., 20158. Cu, 4Se can transform
to CuSe below 377C. CuSe crystals were found on top of a Im bySEM and EDX
[Vieweg, 2007. Cu-Se binaries were also found by others during selenization of metal/Se
Ims [ Hergert et al., 2003 or in H,Se Hanket et al., 2007. Therefore it is concluded,
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Figure D.6.: EDXRD spectrum at 474°C for di erent energy ranges in a) and b). The
signals can be described by a) four and b) three re ections with a Gaussian pro |&
linear background is subtracted for the t. Some reference peak positions are indied
with numbers.

that Peak-A and the shoulder correspond to Cu,Se. The composition is deduced
to be Cu;.7,Se by use of Vegard's law and literature values fronTgnejc et al., 1975
Tonejc, 1980. Fig. D.6 shows, that this assumption is su cient to completely describe
the signal and the evolution ofic, « .

Evaluation of depth position of 1=2-CugGay at T »

The e ect of the position of the -,-CuyGa, phase in the stack is studied at the
instance of a few selected stacks. This will lead to the likeliest depth positiori o
1=2-CugGay and decrease the number of plausible permutations from generally 24 to 6.

For simplicity, the possible Cu concentration range of 64at.% Cu in 1-,-CusGay is
set to the average value of 64 at.% Cu, for the moment. The-,-CuyGa, phase consists
of Cu and Ga. It exhibits 92 % of the total Ga amount. The main di erence to all
other phases is the high share of Ga. Hence, thg, « Is a measure for the evaluation
of calculated uorescence intensities with varying depth position. Fig. D.7) shows,
that the calculated I, « signi cantly increases with ,-,-CuyGa, phase positioned
closer to the surface. Only the position of ;-,-CugGay at the back contact exhibits an
lca k Matching the experimental value. The stacking order above is irrelevant for
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Figure D.7.: a) Stacking sequences with di erent positioning of 1-,-CusGa, (64 at.%
Cu) and b) corresponding calculated uorescence intensities of Ga and Cu for each
stack in contrast to the measured values at 44T (dashed lines). The colors correspond
to the element species as indicated at the left and right axis. The colored baockgnd
ranges indicate the maximum uncertainty of the experimental values @ %).

lca k and also the other uorescence intensities. The position of-,-CuysGa, at the
back contact is consistent with the presented reasons in Sec. 4.2.2.2.

Evolution of calculated uorescence intensities in the more surface sensit ive
detector:

Teun ! °C

,In/a.u.
‘n'e /as ‘0A 40 |

Int. of Cu,

to t

1 t2_ .
Process time t/ min

Figure D.8.: Experimental evolution and calculated uorescence intensities for the
respective stacking sequences (Fig. 4.11a) Bt,, of T;=388°C (t1), T,=447°C (t,)
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
Fig. 4.11b.
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Figure D.9.: Evolution of intensities of phase re ection and uorescence peaks over
process time during selenization of a Cu-In-Ga multilayer precursor. a) Substratente
perature Ty, and b) time-resolvedEDXRD/ EDXRF signals over time. The intensity
os color coded (as indicated on the right side). Points in time with characteristsignal
intensities or changes are marked with dashed lines de ned gsand t, de nes the
start of the selenization process. The negative time indicates the process prei@n
beforety. The measurements taken between 0 and 12 min (gray rectangle) are plotted
in an extended scale in Fig. 4.12.
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of the metallic alloys over process time,
extracted from the EDXRD/EDXRF data
in Fig. 4.12. a) Tgwp and re ection in-
tensities of Cug(In,Ga)g 110/102 (red), -
Cug(In,Ga)4 330 (blue, green, black) and b)
correspondingdsse. The dashed lines in b)
represent thedsso of selected -phases cal-
culated as function ofT g,,, based on their
value at RT and thermal expansion coe -
cient, given in literature (see sup. Tabs. E.2
and E.3).
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Figure D.12: Time evolution of the in-
tegral intensity and associated/related
lattice plane distance of the (In,Ga)Se
004 re ection assigned in Fig. 4.12. a)
Tsup and b) lattice plane distance (dot-
ted, left axis) and intensity (line, right
axis) of the observed (In,Ga)Se 004. The
dashed lines represent théeyy, of InSe,
GaSe from literature taking Ty, into
account. (Ing.75Gag.25)Se is linearly in-
terpolated. Initially (In,Ga)Se is nearly
Ga free and increases its Ga content
to (Ing.95Gag.ps)Se at its maximum 004
di raction intensity at 457 °C (t,). Dur-
ing the decreasing g4, its composition
remains the same. Compare phase dia-
gram of InSe-GaSe in Fig. E.7.

Detailed composition of the -Cug(In,Ga)4 phase for the di erent amounts
of Cu assumed and calculated regarding the lattice plane distance of the 330 re eatio
at certain substrate temperatures (su), as described on page 157.

Tsw ti  Cu concentration composition of
/°C [ at.% Cu -Cug(In,Ga) 4
66 Cw(Ino.27Gag.73) 4:64
388 t; 67.5 Cw(Ino.28Gag:72) 2:33
69 Cw(Ing.290Ga0.71) 4:04
66 Cwy(Ino.36Gao64) 4:64
457 t, 68 Cw(Ino.37Gag63)4:24
70 Cw(Ino.38Gan62)3:86
66 Cw(Ino.43Gan:57) 4:64
501 t3 68 Cw(In¢.44Gag:56) 4:24
70 Cwy(Ino.45Gag;ss5)3:86
506 t, 61 Cw(Ino.42Gag:s8)s:75
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Figure D.13.. Possible permutations of the stacking sequence with&X(1G) ;S phase at a)T,,=457 °C (t,) and at b) T¢,,=501°C

(t3). c-d) Corresponding calculated uorescence intensities (each with six valuegsrh lower to upper limit of the CIS thickness).
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Figure D.14.: Calculated uorescence intensities for the second detector of the
respective stacking sequences (Fig. 4.22a) for the points in time Bf,,=388 °C (t,),
Tsup=457 °C (t2), Tsup=501°C (t3), Tsu=506°C (t4) and T¢,,=549°C (ts5) are shown
together with the measured uorescence intensities. The corresponding for dettar 1
are shown in Fig. 4.22.

The Ga homogenization occurs at a temperature of 50C, which is close to the
temperature roughly approximated from theex situ experiments to be above 52TC
in the atmospheric selenization tool$chmidt 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) 3Ses phase instead of a
Cu(In,Ga)Se , phase

Here, the phase mixture afTl ¢,,=457 °C (t,) consists of -Cug(In,Ga)4, (In,Ga)Se, CIS
and CIGS. The linear equation system can be solved for 66 at.% Cu and 68 at.% Cu
in  -Cug(In,Ga)4, 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 byn situ EDXRD. The re ection intensity of -Cug(In,Ga)4
330 was similar to before afl 4 ,;,=388 °C (t,). 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 0.0%3S for 66 at.%
Cu. And the range of fraction for 68 at.% Cu is narrowed down between 0.008ca
0.017. The relative phase amount ofIS at T¢,,=388°C was concluded to be 0.06.
This can not be used to reduce the range here, becau3ks might have incorporated
Ga and changed to theCIGS phase. But the total sum of bothCIGS phases should
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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 ofCIS results in very similar uorescence intensities
for the stacking sequences A, C and and, as well as for B, D and F, respectiveiglit
side in Fig. D.15c).

The stacking sequence with the best matchingc, ¢ is E in Fig. D.15c but its

di erence for lga k is much higher than for B, which is outweighing. Stacking
sequence E is unlikely.

At T4,p=501°C (t3), the linear equation system can only be solved for 66 at.% Cu
in  -Cug(In,Ga)4 (and not for 68 at.% Cu and 70at.% Cu). This is also the case for
assuming a lowelCGlI of 0.9 instead of 1 in the chalcopyrite phases. The same loss of
In as in Sec. 4.3.2 is assumed.

At Tsup=457 °C, the only stacking sequence witlCIGS slightly matching the measure-
ment was sequence B. It would be reasonable, if @t ,=501°C it is the same here
as before. But the stacking sequence B shows no good accordance. The cakedlat
Imo k IS always above the measured one, in contrast to the calculations for all other
Tew With a Iy, k  Smaller the measured one.

The set of solutions is between 0 bis 0.025&H8S, with a phase fraction of CIGS
decreasing to O for the upper limit of 0.0258€IS. The uorescence intensities closest
to the measured values with maximumCIS amount is stacking sequence A, but it
exhibits no CIGS amount and is therefore also unlikely, Fig. D.15d.

Overall, the maximum phase amount ofCIS is only half the size it was found at
Tsu=388°C (t1). The re ection 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 t of the CIS + CIG_S signal is accurate.

The decreasing |, k , as measured, might indicate the time frame for the observed
loss of In, thus, assuming a decreasing In amount, decreasgs xk and increases
Imo k ,» Which is increasing the di erences of the results even more. Onlly, ¢ is
getting closer to the measured value, but can not outweigh the other di erences thie
uorescence intensities.

No stack could be found withCIGS to reproduce the evolution of the measured
elemental uorescence intensities al ¢,,=457 °C and T,,=501 °C.
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D. Supplementary for Ch. 4

D.5. Supplementary for Sec. 4.5

D.5.1. Inuence of total pressure on the Im evolution
during selenization

The in uence of the total pressure on the selenization is evaluated by applying vacuum
and atmospheric (N) 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 re ection and u@scence
signals during selenization processes with a starting pressure of a) 100 mbay) (&hd

b) in vacuum at 10 >mbar. The process with initial pressure of 100 mbar is raising
its pressure during heating to nearly atmospheric pressure. Both processes result in
similar nal uorescence and re ection intensities. The nal spectra of both procsses
exhibit a CIS 112 re ection and aCIGS 112 re ection. No fundamental di erence was
observed. In case of the vacuum-based process, QK S re ection is getting slightly
closer to theCIS 112 re ection. In summary, both processes resulted in Ga segregation.
The kinetics are not fundamentally di erent by a di erent background pressure.
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Figure D.16.: Evolution of re ection and uorescence intensities over process time
during selenization at di erent initial atmospheric (line) and low (dashed) pressure,
extracted from the EDXRD/EDXRF measurement data shown in Fig. D.17. &) sy
and pressure. Integral intensities of b) uorescence as well as c¢) and d) retien peaks.

172



D.5. Supplementary for Sec. 4.5

a)

b)

Figure D.17.: Evolution of re ection and uorescence intensities over process time
during selenization at di erent starting pressures. a) atmospheric and b) vacuum
background pressureT g, and pressure on top of theeDXRD/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:

Cu-Ga (Fig. E.1) Cu-In-Ga at 150°C (Fig. 1.5a)
1=2-3-CUgGa, a vs. Ga at.% (Fig. E.2a) Cu-In-Ga at 550 °C (Fig. 1.5b)
1=0-CugGay a vs. T (Fig. E.2b) Cu-In-Se at 300 °C (Fig. 1.6a)

Cu-In (Fig. E.3) In,Se-Cu,Se (Fig. 1.6b)

Cu-In-Ga (Fig. E.4)
Cu-Se (Fig. E.5)
In-Se (Fig. E.6)
InSe-GaSe (Fig. E.7)

Figure E.1.. Phase diagram of Cu-Ga, various;-CuyGa, phases. is denoted as g
during this work, [Subramanian and Laughlin, 1992].
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E. Data from literature

Figure E.2.: a) Lattice parameter for cubic ;; , and 3 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. temperatureHredel, 1994. The corresponding phase diagram of
Cu-Ga is shown in Fig. E.1.

Figure E.3.: Phase diagram of Cu-InBahari et al., 2003. The phase transforms
to -Cuglng, which is not marked. : Cugglng, : Cu, : (Cu,ln);.
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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:
: Cu, ;: dierent CuyGa, (see text and Fig. E.1) with which is denoted as ¢ in
this work, a low (LT) and high (HT) temperature phase of : Cuslng, : Cujilng,
: Cuz78Gagy,. The area of the ternary phase mixture of In+Cuyglng+Cuo(In,Ga), is
colored in gray.
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E. Data from literature

Figure E.5.: Phase diagram of Cu-Se [Chakrabarti and Laughlin, 1981].

Figure E.6.: Phase diagram of In-SeGddeckeet al., 199§ with monotectic reation
at 520 °C and peritectic phases: §Bg (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

versus composition of x in Ga(x)In(1-x)SeNluschinsky and Pawlenko, 1969 and
are mixed crystals. is the unstable component GanSe;. Lattice constants for

di erent x in Ga(x)In(1-x)Se are listed in [Madelung et al., 1998].
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E. Data from literature

Data needed for the program EDXRD t

For use of the program EDXRF t, the amounts of atoms per area (element quani#s)
are needed. They are measured ®x situ XRF (at.%) and transformed to wt.% by
w = **—, with standard atomic weight a for the elements i [Cu (63.54 u), In
( aixi)

(114.8.|?__1u), Ga (69.72 u), Se (78.96 u)], weight percentage, atomic percentagex;,
avogadro constantN,=6.0221410?® mol 1, density of absorber apsormer and thickness
of absorberD apsorver- The quantity of Mo is calculated from the measured thickness D
in nm, standard atomic weight for element i ofay,=95.94 u: Nyo = D Na  auo.

Area density: N; =  apsorber Dabsorber Wi=& Na (E.1)

Table E.1.: Atomic densities of observed phases for use in the EDXRF t program.
Densities are calculated from the crystallographic data, taken from the mfences.
Both references for CpSe and Cy.gSe use the same space group Fm3m. For a
Cug(In, «Gay)4 phase, the atomic density is weighted with the Ga to In ratio and the
values of {-CugGas and -Cuglng. It is not distinguished between di erent {-CuyGay
(i=0,1,2,3) due to the lack of information. For CugGag, the ratio of CugGas/Cuglng

Is assumed as an approximation.

Phase Vit ce  NO. of Atomic ICDD & Reference
/nm3  atoms per density
unit cell /nm 3

Cugelng 0.096 6 62.5 [Lavest al., 1941], [Mainz, 2008]

-Cuwlng, 0.753 52 69.1 [Che and Ellner, 1992]

i-CugGay 0.669 52 77.7 [Stokhuyzeant al., 1974]
CuGaSe 0.347 16 46.1 [Mandett al., 1977]
CulnSe, 0.389 16 41.1 [Knight, 1992]
CulnzSg  0.382 15.3 40.1 [Mariret al., 1998]
CuGazSe, 0.331 15.3 46.2 [Mariret al., 1998]
CuygSe 0.2023 11.2 55.4 at 360 °C, [Oliveré al., 1988]
Cu,Se 0.2023 12 59.3 at 360 °C, [Olivergt al., 1988]
In 0.052 2 38.5 [Smith and Schneider, 1964]
In (1) 36.1 [Williams and Miller, 1950]
In,Se 0.768 28 36.5 [Hoget al., 1973]
InSe 0.231 8 34.6 [Popoviét al., 1979]
Mo 0.031 2 64.5 [Swanson and Tatge, 1953]
MoSe 0.121 6 49.6 [Ceclet 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 tBBXRD

measurements.

Compound

Spacegroup Lattice const. / A

ICDD & Reference

Cugslng/Cusln - 194

1-CugGay 215
Cuglny (RT) 215
Cuglng (650°C) 215
Cug(lny xGay)s 215

CuGaSe 122
CulnSe 122
CulnsSe 112
CuGazSe 112
Cuy.gSe

Cu,Se (210 °C)

Cu,Se (360 °C)

In (14/mmm)

In,Se; 58

InSe (RT) (P63/mmc)
194

GaSe (RT)

Mo 229

Se 152

a=b=4.2943
c=5.2328

a=b=c=8.7470
a=b=c=9.0970
a=b=c=9.2503

a=b=c=8.95
a=5.614
c=11.022
a=5.7810
c=11.6422
a=b=5.7541
c=11.538
a=b=5.4996
c=10.946
a=5.765
a=5.854

a=5.871

a=3.2512

Cc = 4.9467
a=15.297
b=12.308
c=4.081
a=b=4.0050
c=16.6400
a=b=3.755
c=15.94

a=b=c=3.1472

c=12.9250
a=b=4.3662
c=4.9536

03-065-0704

[Che and Ellner, 1992]
[Stokhuyzenet al., 1974]
[Che and Eliner, 1992]
[Hume-Rotheryet al., 1951]
[Mainz, 2008]
01-076-1735
[Mandelet al., 1977]
01-081-1936

[Knight, 1992]
00-051-1221

[Marinet al., 1998]
[Marinet al., 1998]

[Heyding and Murray, 1976]
01-071-4323

[Oliveria et al., 1988]
03-065-6556

[Oliveria et al., 1988]

00-005-0642

[Smith and Schneider, 1964]
00-051-0808

[Hogget al., 1973]

034-1431
[Popovitt al., 1979]
[Jellinek and Hahn, 1961]

00-042-1120

[Swanson and Tatge, 1953]
00-006-0362

[Swanson, 1954]
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E. Data from literature

Table E.3.: Thermal expansion coe cients , *1: expected value from correlation with
empirical pseudopotential determined from atomic spectra. (Cugln,) is calculated
by the lattice di erence between RT from [Che and Ellner, 1992 and 650°C from
[Hume-Rothery et al., 195]. The values for ;-CuyGa, and -CuysGa, are calculated
from Fig. 3 in [Predel, 1994], which are originally from [Pearson, 2013].

Compound  Temperature

Thermal expansion Reference

range (K) coe cient

Cugelng - - -

1CugGay 300 to 780 K 160 10 °K ! s. caption

CuyGay 780 to 980 K 267 10 °kK ! s. caption
Cuglng RT to 923 K 27.05 10 °K ! s. caption
Cug(In,Ga), 460 to 820 K 302 10 °K ! [Mainz, 2008]
CuGaSe 300 to 958 K 2=1:28 10 K ! [Kistaiah and Murthy, 1985]
CuGaSe 300t0 958 K .=4:18 10 ®K ! [Kistaiah and Murthy, 1985]
CulnSe, 300to 573 K ,=11:0 10 ®K ! [Bruhl et al., 1981]
CulnSe, 300 to 573 K =8:4 10 °k ! [Brihl et al., 1981]
CuGasSe RT a=7:7 10 °K 1 [Orlova et al., 2002]
CuGazSe RT =5:6 10 °%K ! [Orlova et al., 2002]
Culn;Se RT 2=10:4 10 °K ! [Orlova et al., 2002]
Culn;Se; RT =6:0 10 ®K ! [Orlova et al., 2002]
CuU;.72 1.865€ 224 10 °K ! [Tonejc et al., 1975]
Cu;.g6Se 220 10 °K ! [Ogorelec and felustka, 1966]
GaSe at 400+ K .=9:5 10 8K ! [Aliev et al., 1972]
GaSe at 400+ K =11:3 10 ®K ! [Aliev et al., 1972]

In 32 10 °K ! *1 from Fig. 5 in

[Gambino and Seiden, 1970]

In,Se 300 K 21 10 °K ! [Logvinenkoet al., 1975]
InSe at 400+ K a=16:5 10 °K ! [Aliev et al., 1973]

InSe at 400+ K =12:9 10 °K ! [Aliev et al., 1973]
Mo at 853 K 56 10 ° ' from Fig. 2 in

[White and Andrikidis, 1996]

Se - 36 10 °K ! *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
h Planck constant
Photon frequency
Na Avogadro constant
A total atomic cross-section

Abbreviations

ALD atomic layer deposition

AFM atomic force microscope

BESSY B erlin Electron Storage Ring Society for Synchrotron Radiation
CBD chemical bath deposition

CaGl or Culll is the Cu to element Ill ratio: [Cu]/([In]+[Ga])
CIGS Cu(lny xGax)Se

C(IG) 5Ss Cu(Iny xGay)3Se

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 di erential thermal analysis

EDDI experimental station at BESSY Il for Energy DispersiveDI raction
EDX energy dispersive X-ray analysis

EDXRD energy dispersive X-ray di raction analysis

EDXRF energy dispersive X-ray uorescence analysis

Eg band gap energy

EQE external quantum e ciency

Esc escape peak

FF Il factor

GGl 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 Di raction Data
N; general-area-density
oDC ordered defect compound
ovc ordered vacancy compound
PV photovoltaics
PVD physical vapor deposition
RMS root mean square
absorber 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
Tmax maximum temperature during annealing
Tse Se source temperature
T sub substrate temperature
Voc open circuit voltage
Wi weight percentage
Xi atomic percentage
XRD X-ray di raction analysis
XRF X-ray uorescence analysis

WDXRF wavelength dispersive X-ray uorescence analysis
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