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Abstract

The Cu-poor phases Cu(In,Gag and Cu(In,Gapbe play an important role both for under-
standing the Cu-(In,Ga)-Se material system andgfowing high-efficiency Cu(In,Ga)e
thin film solar cells. Using extended X-ray absaptfine structure spectroscopy, we have
studied the element-specific short-range structofeCu(In,Ga)Sg Cu(ln,Ga)Se;, and
Cu(In,Ga}Seg; alloys spanning the entire compositional rangee faterials feature different
local atomic arrangements and the element-speaifierage bond lengths remain nearly
constant despite significant changes of the lattarestants with increasing In to Ga ratio and
decreasing Cu content. In particular, the averagel bengths of Cu-Se and Ga-Se are almost
identical while the average In-Se bond length gnisicantly longer in all three phases. The
distance between lattice sites with mixed site pation therefore corresponds to the
weighted average of different element-specific blemgjths rather than to the individual bond
lengths themselves. Furthermore, the increasingbeurof vacancies with decreasing Cu
content lead to both a significant unit cell cooti@n and a slight bond length expansion. The
crystallographic long-range structure and the efgrspecific short-range structure thus

describe different structural aspects that areacdytinterrelated but obviously not identical.

Keywords
semiconductors, atomic scale structure, EXAFS, lssotoon radiation, order-disorder effects,
CIGS



1. Introduction
Thin film solar cells with a Cu(ln,Ga)gabsorber prepared by co-evaporation have achieved
a record efficiency of 22.6 % [1], thus closing theg to silicon-based technologies. During a
typical three-stage co-evaporation process, therbbs material evolves from (In,G&g to
Cu(In,Ga}Se; (1-5-8 phase), then to Cu(ln,G&& (1-3-5 phase), and finally to Cu(In,Ga)Se
(1-1-2 phase) [2,3]. The composition of the comgadedbsorber layers is typically Cu-poor [1]
but within the stability region of 0.8 Cu/lll = Cu/(In+Ga)< 1.0 of the 1-1-2 phase [4,5].
Nevertheless, the Cu(ln,Ga}3hin films may contain small precipitates of th&8-b phase as
probed by neutron diffraction measurements [6]. Turelamental understanding of the Cu-
poor phases, Cu(In,G®e (Cu/lll = 0.20) and Cu(In,Gag$e (Cu/lll = 0.33), is thus
important for the growth of high-efficiency Cu(lrase thin film solar cells.
The 1-1-2 phase crystallizes in the chalcopyrifgetgrystal structure (space grol#2d)
shown in Fig. 1 [7-10]. For the 1-3-5 phase, botateagonal structure with space grat42c
[11-13] and the stannite type crystal structurea¢spgroupl42m) [10,14-19] have been
reported. Furthermore, the studies vary with relsfie¢he occupation of the different cation
sites within the stannite type structure shownim E [14,15,17]. For the 1-5-8 phase, both
the tetragonal stannite type crystal structurel@,8-20] and a hexagonal crystal structure
[13,19,20] were observed. Despite the differencetsvéen the various structures reported,
especially regarding the long-range ordering ofdagon sites, they all feature a tetrahedral
coordination of both cation and anion sites. Thiguite remarkable given that the number of
cations is clearly smaller than the number of amitor the Cu-poor phases. Consequently,
they feature a significant amount of cation vacas@nd are also referred to as “vacancy
phases”. Theoretical studies proposed a long-randering of vacancies and related defect
pairs based on energy minimization [21,22]. Whoens contradicting results were obtained
from previous experimental studies [24] more redewéstigations using X-ray and neutron
diffraction conclude that no evidence for long-ramgydering of defects could be observed
[10,17].
In the 1-3-5 and 1-5-8 phase, respectively, 202tébo of the cation sites are vacant whereas
the anion sites are fully occupied by Se. Thus¢aions are bound to four Se anions and the
nearest neighbor environment of the cations doéscimange significantly with varying Cu
content. This has been confirmed both experimgnéadt theoretically for the pure Cu-In-Se
system with 0.2< Cu/lll £ 1.0 [18,22-26]. In contrast, the Se anions areosmded by
different nearest neighbor configurations, which t& classified by the number of valence
electrons £): two Cu and two In or Ga atoms £ 8), one Cu atom, one vacancy, and two In
3



or Ga atomsy = 7), or one vacancy and three In or Ga atoms ) as shown in Fig. 2
[14,22,27]. In the stoichiometric 1-1-2 phase, dhigk = 8 configuration occurs, whereas the
1-3-5 phase can be represented by 20 $68, 40 %« = 7, and 40 % = 9 configurations.
Similarly, the 1-5-8 phase corresponds to 5& &7 and 50 % = 9 configurations. The local
environment of the Se anions therefore stronglyeddp on the Cu/lll ratio, as confirmed for
the pure Cu-In-Se system with G2Cu/lll < 1.0 [18,24,27]. Theoretical studies of pure Cu-
In-Se compounds have further shown that for a g@ercontent the difference in total energy
of different crystal structures or polytypes is #n@s long as they feature the same local
configurations [22,24,28,29]. The short-range d$treeis thus well-defined in terms of the
different nearest neighbor configurations while tleeupation and long-range ordering of the
crystallographic cation sites may sensitively depen the sample preparation and history, as
indicated by the different crystal structures régdin the literature [24].

Interestingly, the Se atoms in Cu® and CulgSe are displaced from the crystallographic
lattice site depending on the specific cation qunfation surrounding them [24]. The crystal
structure thus represents the long-range averagpoS#ion but not the location of one
particular Se atom. The same behavior was alsaradséor Cu(ln,Ga)Sg where the mixed
occupation of the group lll lattice site with Incaia atoms leads to different local cation
configurations and thus to different Se displacasatepending on the nearest neighbor
environment [30,31]. This structural inhomogenesty the subnanometer scale affects the
local element-specific electronic states and thedbgap energy of the material [30-32]. For
the Cu-poor alloys Cu(In,G#&8e and Cu(In,GaSes, both the change in stoichiometry, i.e.
the Cu/lll ratio, and the change in compositios, the In/lll = In/(In+Ga) ratio, lead to an
even larger variety of local cation configuratio®udying the short-range structure of these
Cu-poor alloys is thus interesting also from a rifie point of view and provides a
benchmark for theoretical calculations, which néedeproduce both the crystallographic
long-range structure and the element-specific sfamge structure to correctly predict the
electronic properties of the material [32].

In this paper, we present a comprehensive studyugin,Ga}Se, and Cu(ln,GaPSe; alloys
spanning the entire compositional range. Elemeetifip bond lengths and bond length
variations were determined by extended X-ray aligorpfine structure spectroscopy
(EXAFS). Comparison with our previous studies of(I6iGa)Se [30,33,34] provides a
systematic investigation of the effects of both position and stoichiometry on these local
structural parameters. A significant difference wen the crystallographic long-range

structure and the element-specific short-rangectira becomes evident, contributing to a
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better understanding of the different structuraltdees observed in these complex multinary
material systems.

2. Experimental

2.1 Material synthesis

Cu(In,Ga)Se;, powders spanning the entire compositional rang® af In/lll < 1.0 were
synthesized by solid state reaction from the plements [16,17]. The reactions took place in
evacuated silica glass tubes at a temperatureGff°@with an excess of elemental selenium
to prevent anion deficiency. Chemical and stru¢turamogeneity were achieved by
mechanical grinding and subsequent annealing at@30r five weeks. Cu(In,Ggpe
powders also spanning the entire compositionalgari@< In/lll < 1.0 were synthesized in a
similar fashion. The material composition was deiaed by X-ray fluorescence analysis and
inductively coupled-plasma mass spectrometry yigjdhe In/lll and Cu/lll ratios with an
uncertainty ot 0.02. For the 1-3-5 phase, the measured Cu/ibgaange from 0.31 to 0.37
with an average of 0.340.02 in good agreement with the nominal value.880For the 1-5-

8 phase, Cul/lll ratios between 0.18 and 0.24 weraswred with an average of 022.02,
again in good agreement with the nominal Cu/llloratf 0.20. A qualitative phase analysis
was performed by X-ray diffraction while detailedutron diffraction and anomalous X-ray
diffraction experiments provided the crystal stuset lattice constants, anion position, and
site occupation factors [16,17]. The materials kitlthe stannite-type crystal structure over
the whole compositional range but with mixed oc¢igue of the cationic Wyckoff sites (see
Fig. 1). Cu and vacancies are present at the 2avitle the 2b and 4d sites are occupied by
Cu, Ga, and In. No evidence of long-range ordeahgacancies or defect complexes was
observed and the lattice constants increase lynedth increasing In/lll ratio in agreement
with Vegard’s Law.

The Cu(In,Ga)Sepowders with O< In/lll < 1.0 and 0.& Cu/lll < 1.0 studied previously
were also synthesized by solid state reaction fitwenpure elements in a very similar manner
[4,5,35] making them directly comparable to the I6akSe and Cu(ln,GaSe materials
studied here. The 1-1-2 samples exhibit the chgliteptype crystal structure with Cu on the
4a site and Ga and In on the 4b site (see Fignd)ilze lattice constants a and ¢ also show a

linear increase with increasing In/lll ratio.

2.2 Measurements



Suitable samples for EXAFS transmission measuresnamdre prepared by thoroughly
grinding the powders together with cellulose inadl mill. The mixture was then pressed into
pellets with a diameter of 13 mm. The effectiveckiniess of the pellets was chosen between
one and two absorption lengths above the Cu and-@dges for one set of samples and
between one and two absorption lengths above the-ddge for a second set of samples.
Measurements of the Cu, Ga, and In K-edge wereopedd in transmission mode at the
GILDA CRG beamline (BM08, now LISA) at the Europegaynchrotron (ESRF) in Grenoble,
France [36]. The monochromator was equipped wii{313) crystals. Mirrors with a Pd
coating (Euwff ~ 18 keV) were used for the Cu and Ga K-edges ambdring (Buwsr ~ 31
keV) was used for the In-K edge. The spectra wemdrded at approximately 100 K to
minimize thermal vibrations of the atoms. A refaenfoil or compound kept at room
temperature in a second chamber was measured airealisly to allow a precise alignment
of the energy scales for different spectra.

The 1-1-2 samples studied previously were measargdnsmission mode using BN-diluted
powders pressed manually into suitable sample ®[@©,33]. Spectra of the Cu, Ga, and In
K-edge were recorded at a temperature of 17 K atntiee C of HASYLAB (DESY) in
Hamburg, Germany. In the framework of the presdntlys three 1-1-2 samples were
prepared and measured at the ESRF in exactly the say as the 1-3-5 and 1-5-8 samples

to ensure the comparability of the measurementemeed at different beamlines.

2.3 Data analysis

The data were processed and analyzed using tti# tefle [37] and the corresponding user
interfaces Athena and Artemis [38]. After backgrdwsubtraction, the spectra were Fourier
transformed over a photoelectron wave number rarige = 3 — 14 A' using a Hanning
window with a tapering parameter of dk = 2.AThe nearest neighbor scattering contribution
was then fitted over a non-phase-corrected radisje of R = 1.4 — 2.9 A for Cu and Ga and
R = 1.5 — 3.0 A for In, applying multiple k-weight$ 2, 3, and 4. Phase shifts and scattering
amplitudes were calculated usingeA® [39]. As mentioned above, the 1-1-2 phase
crystallizes in the chalcopyrite type crystal stane whereas the 1-3-5 and 1-5-8 phases
crystallize in a stannite type crystal structuréhwnixed occupation of the cation lattice sites
(see Fig. 1). In contrast to X-ray or neutron @iffion, EXAFS is a very local probe and the
details of the long-range ordering of the cationsndt affect the nearest neighbor Se signal
measured at the Cu, Ga, or In K-edge as long aethécoordination is similar. Therefore, a

central cation absorber surrounded by four tetrallgdbound Se nearest neighbors was
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chosen as simplified structural model that is aafiie to all cation edges and all phases
studied. To check the validity of this approach, also performed tests using structural
models based on clusters of 35 atoms and a sperytal structure, such as chalcopyrite or
stannite. In all cases, we obtained the same velatifferences for structural parameters
determined for a given cation species and the aftesolalues remained within the
experimental uncertainty. Furthermore, applicatdrthe simplified structural model to the
EXAFS data of the 1-1-2 phase acquired previousfyraduced the results reported in
[30,33]. This clearly justifies the use of a commmarest neighbor model for all phases.

The coordination number was fixed to four throughtbee fit since the cation to anion ratio is
smaller than or equal to one for all phases an@rvaes are expected predominantly on the
cation lattice sites. A common amplitude reductiactor $* and threshold energyBvere
set for all spectra measured at the same catioe. &lgch bond species, such as Cu-Se, Ga-
Se, and In-Se, exhibits a distance distributiohaathan a single bond length due to thermal
vibrations and static variations, the latter causgdlifferent local configurations, defects, or
strain. EXAFS probes this element-specific distandistribution, which is usually
parameterized by the mean value R (average borgthlenthe standard deviatioo or
variance ¢ (bond length variation), and the asymmetry paramef3 [40,41]. For
temperatures well below room temperature, the nitgtadistribution can be assumed to be
Gaussian and, therefore, the asymmetry parameteke@t at zero throughout the analysis.
Fitting the nearest neighbor scattering signal tyietds the element-specific average bond
length R and bond length variatiof.

The magnitude of thermal vibrations increases witeasing temperature. This leads to an
increase of the average bond length R and the bemgth variationc®. Therefore, the
structural parameters previously obtained for the-2l phase at 17 K [30,33] had to be
adjusted to be comparable to the results obtaioethé 1-3-5 and 1-5-8 phase at 100 K. A
correction ofARyerma= 0.002 or 0.001 A was added to the average Cor&a-Se and In-Se
bond lengths, respectively. The values were derfv@ul the difference in the average bond
lengths of 1-1-2 samples measured previously & aidd room temperature together with the
typical temperature dependence of the average Wbemgth for tetrahedrally coordinated
semiconductors [41]. The correction for the bondgth variation was estimated using a
correlated Einstein model [40,42] and amount&d®nema = 0.45, 0.13, and 0.18 x $0A?

for Cu-Se, Ga-Se, and In-Se, respectively. Thesifices in the values, particularly for Cu-

Se compared to Ga-Se and In-Se, stem from theralifdoond ionicity and the resulting



differences in bond strengths [30,31]. A small revimg difference between the values of
the 1-1-2 samples measured at ESRF and HASYLAB®In 100 K and room temperature
most likely stems from the different sample preparaand beamline setup. It was therefore
subtracted from all ESRF data to facilitate the parability of the results. The overall
uncertainties of the structural parameters werenastd by thoroughly testing all individual
sources of uncertainty, including the choice of &nd kg, data processing, parameter
correlations in the fit, temperature corrections] aeproducibility. The resulting uncertainties
varied for each source and absorption edge but ineabnost all cases smaller than or equal
to + 0.003 A andt 0.3 x 10° A? for the average bond lengths and bond length tiams,
respectively. For the sake of simplicity, theseueal were thus chosen as the overall
uncertainty of the results derived from all speatnaasured at the ESRF. For the 1-1-2
samples measured at HASYLAB, an overall uncertairity 0.002 A andt 0.2 x 10> A? for
the average bond lengths and bond length varigti@spectively, was previously estimated
[33].

3. Results

3.1 Average bond lengths

The average Cu-Se, Ga-Se, and In-Se bond lengibisQRi(In,Ga)Sg Cu(In,Ga)Se;,, and
Cu(In,Ga}Se; are plotted as a function of composition in FigF8r all three phases and all
three types of bonds, the average bond lengthdiexhsmall increase with increasing In/lll
ratio. The dependence is roughly linear and thpeslcare similar within the experimental
uncertainty for all phases and bonds. Furthermdhe, average Cu-Se bond lengths
systematically increase when going from the 1-d-the 1-3-5 and then to the 1-5-8 phase. In
contrast, the average Ga-Se and In-Se bond leaggharger for the 1-3-5 phase than for the

1-1-2 phase but remain similar for the two Cu-poloases.

3.2 Bond length variations
The Cu-Se, Ga-Se, and In-Se bond length variatiérsf Cu(In,Ga)Sg Cu(ln,Ga)Se;, and
Cu(In,GajSe; are plotted as a function of composition in Fig. There is no clear or
pronounced dependence of the bond length variatonthe In/lll ratio within the
experimental uncertainty for all phases and alletymf bonds, in good agreement with
previous observations for tetrahedrally coordinatde/ and 1I-VI ternary alloys [31].
Furthermore, the Cu-Se bond length variation exhibnly a small change with changing Cu
content, being slightly higher for the Cu-poor pFsthan for the 1-1-2 phase. In contrast, the
8



Ga-Se and In-Se bond length variations show a prmoeex and systematic increase when
going from the 1-1-2 to the 1-3-5 and 1-5-8 phabledge that for the 1-1-2 samples, the Cu/lll
ratio varies between 0.8 and 1.0, leading to aceatile variation of the” values for Ga-Se

and In-Se as discussed in Sect. 4.2.

4. Discussion

4.1 Dependence of the structural parameters on the composition

As already mentioned above, the lattice constamteease mostly linearly with increasing
In/lll ratio for each stoichiometry, namely 1-1-2;3-5, and 1-5-8 [8-10,12,17,20,43].
However, the slope of this increase is differemtdaand c in all three phases. Therefore, the
tetragonal distortiomm = c/2a also changes with changing In content. ther sake of
simplicity, we thus consider an effective latti@nstant g defined as V =& = 2as", where

V denotes the unit cell volume. Going from the pGi@e compound to the pure In compound,
aff iINncreases by almost 4 % for the 1-1-2 phase [83]&Gnd by about 5 % for the 1-3-5 and
1-5-8 phases [12,17,20] as shown in Fig. 5. Thenef-specific average bond lengths,
plotted in Figs. 3 and 5, also exhibit a small @ase with increasing In/lll ratio that is similar
for all types of bonds and phases. However, thasigh amounts to only 0.6 to 0.7 %, which
iIs a factor 6 or 7 less than the change of thece¥fe lattice constant. Consequently, the
composition dependence of the element-specificaaebond lengths clearly deviates from
that of the unit cell volume.

Comparing CulnSe with CuGaSg the increase of the effective lattice constant is
accompanied by a decrease of the relative Se positix direction of approximately 0.025
[7,10]. The distance between the 4a (Cu) and 81l tBes thus increases by less than 0.5 %
while the distance between the 4b (In or Ga) andi®s increases by more than 7 %, in good
agreement with the average Cu-Se, Ga-Se and Imi&klbngths determined for CulnSend
CuGaSe by EXAFS [30,33]. The Se anion hence relaxes postion that keeps the Cu-Se
distance almost constant despite the change ofititecell volume. In the mixed system
Cu(In,Ga)Sg the distance between the 4a and 8d and betweedlthand 8d lattice sites
changes continuously with In/lll ratio from the Ca&® to the CulnSgvalues [35]. Such a
continuous change is indeed observed for the agetagSe bond length as determined by
EXAFS measurements [30,33]. In contrast, the aw@g-Se and In-Se bond lengths are
found to be very different from each other as shomwrrig. 5. Furthermore, they remain

nearly constant over the entire compositional rastgenging by only one tenth of what would

9



be expected from the change of the 4b-8d lattimedistance. This behavior originates from
the fact that bond stretching requires significantiore energy than bond bending [33]. As a
consequence, the lattice mismatch in the alloyesyss accommodated mostly by bond angle
relaxation and only to a small extent by bond langliaxation. The Se anions thus relax to
positions for which the element-specific distancemain close to those of the parent
compounds. This characteristic behavior has beesersbd for numerous tetrahedrally
coordinated semiconductor alloys [31] and demotedrathat the element-specific bond
lengths generally differ from the distance

between the crystallographic lattice sites in makewith a mixed site occupation.

For Cu(In,G&jSe, the lattice constants and anion position and theglistances between the
crystallographic lattice sites also change lineaiiyh changing In/lll ratio [17]. However, the
relation between the crystal structure and thel latmanic arrangements is even more complex
for the 1-3-5 phase than for the 1-1-2 phase dine€b and 4d sites of the stannite structure
are occupied not only by Ga and In but also by TA).[No anion position or site occupation
factors have been reported for Cu(In,£&®), but a behavior similar to that of the 1-3-5 phase
may be expected. Nevertheless, the EXAFS resultthéo 1-3-5 and 1-5-8 phase plotted in
Fig. 5 demonstrate that the average Ga-Se and bofe lengths exhibit the same behavior
as for the 1-1-2 phase. In particular, they arg dgferent from each other and remain nearly
constant over the entire compositional range degpi pronounced change of the unit cell
volume. At the same time, the average Cu-Se an8é5bend lengths are nearly identical for
all three phases. This clearly demonstrates thatotlance between bond length relaxation
and bond angle relaxation is very similar for th&-2, 1-3-5, and 1-5-8 phase and that the
element-specific bond lengths remain close to tHeiatural” values independent of
composition, stoichiometry, and site occupatione T®u-poor phases Cu(ln,G&% and
Cu(In,GajSe; are thus characterized by strong bond angle tishsr and severe atomic
displacements leading to a structural inhomogenaitythe subnanometer scale. Similar to
Cu(In,Ga)Se this inhomogeneity can be expected to affectdrad gap bowing and thus the
electronic properties of the materials [30,31].

As discussed above, element-specific bond lengtits lattice site distances may differ
strongly in materials with mixed site occupatiorevdrtheless, they are intrinsically related.
In fact, the distance between two lattice sitegmeined by diffraction equals the average of
the element-specific bond lengths weighted by tteeaccupation factors for these elements
on the particular lattice sites. In the presenect®e 8d and 8i sites are always fully occupied
by Se. For the 1-1-2 phase, the 4a site is poglistéely by Cu such thaf%, = 1, where

10



4%, denotes the fraction of 4a sites occupied by Gerdfore, the 4a-8d lattice site distance
can be expressed ag.s= f*°cu Reu.se= Reu-sein agreement with previous studies [30]. The
4b site is populated randomly by Ga and In atonth shat %, = In/lll = x and f°s, = 1-
In/lll = 1-x. The 4b-8d lattice site distance cang be expressed as,Bq= *°ca Reaset
Rin-se = (1-X) Rsa-set X Rn-se @gain in good agreement with previous studie§ [30

For the 1-3-5 phase, neutron diffraction and anommlX-ray diffraction measurements
showed that 20 % of the 2a sites are occupied bwi@le the rest is vacant such th&:f =

0.2 and /s = 0.8 [17]. Thus, Rusi = %y Reu-se+ Pac Rvac-se= 0.2 Ruse+ 0.8 Riac.se AS
can be seen in Fig. 6, the distance between then@a8i sites, calculated from the crystal
structure parameters reported in [17], is signifttasmaller than the average Cu-Se bond
length determined by EXAFS. This can only be realiif the distance Rc.se between a
vacant 2a site and the neighboring Se anions isfisigntly smaller than R..se The Riac-se
values calculated fromRgjand Ry.sefor the given site occupation are also plotte&im 6.
They are 6 to 7 % shorter than the average Cu-8e leogths. This is in excellent agreement
with the experimental findings for pure Cu$® [15] and is intermediate to the predicted
shortening of 3 and 10 % from theoretical calcoladifor pure Cu-In-Se compounds [22,44].
This clearly demonstrates the strong lattice rdlaraaround vacant 2a sites. The 2b and 4d
sites are occupied by 20 % Cu and 80 % Ga or |h that %, = 0.2, f**%, = 0.8 (1-x),

and £/

n = 0.8 x [17]. As shown in Fig. 6, the calculatestance between a cation site with
these occupation factors and the 8i sitgycR 0.2 Ryse+ 0.8 (1-X) Raset 0.8 X Ri-se
agrees very well with the 2b-8i and 4d-8i distancakulated from the crystal structure
parameters reported in [17]. In contrast, assuraisge occupation of 10 % Cu and 90 % Ga
or In or of 30 % Cu and 70 % Ga or In yields a slgp the calculated lattice site distance
with increasing In/lll ratio that is clearly tooestp or too flat, respectively (see Fig. 6). The
comparison of the element-specific average bondthsndetermined by EXAFS and the
lattice site distances determined by neutron diffom thus confirms the site occupation
factors previously determined for Cu(In,g3¢. The combination of diffraction
measurements and X-ray absorption spectroscopgftiterprovides an alternative approach

to determine site occupancies in multinary compsuart alloys.

4.2 Evolution of the structural parameterswith changing stoichiometry

Going from Cu(In,Ga)Seto Cu(In,GajSe; and Cu(In,Gae;, the stoichiometry changes
from 1.00= Cu/lll = 0.80 to Cu/lll = 0.33 and 0.20, respectively. Tthecrease in Cu content
is accompanied by a decrease of the lattice cotsstaand ¢ [10-17,20,35]. Similar to the
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effect of changing composition discussed in Sedt, the two lattice constants decrease by
different amounts such that the tetragonal disiomj also changes with varying Cu/lll ratio.
For the sake of simplicity, Fig. 7 therefore plthe change of the effective lattice constant
O0astt = an(Cu/lll) — ax(Cu/lll=1.00) for the pure Ga and In containing g@munds. The
decrease ofea with decreasing Cu/lll ratio is already observeithim the stability range of
the 1-1-2 phase and continues to the 1-3-5 an® Jpbases. Comparing the latter with the
stoichiometric 1-1-2 phase, the effective lattiomstant decreases by about 2 % for the Cu-
Ga-Se system and by almost 1 % for the Cu-In-SeisysThis significant contraction of the
crystal structure is caused by the increasing nurabgacancies, which occur on 20 and 25
% of the cation sites in the 1-3-5 and 1-5-8 phaespectively. The number of atoms
contained in the unit cell thus significantly deases and, as a consequence, the lattice
shrinks.
The element-specific average bond lengths detedninem EXAFS measurements also
exhibit a slight change with changing Cu/lll ratie described in Sect. 3.1. To evaluate this
change with stoichiometry, a linear dependencehefliond lengths on the In/lll ratio was
assumed with the same slope for all atomic paigspinases. The difference between the bond
lengths of the different phases then becomes imdkgre of the In/lll ratio and can be
expressed byR = R(Cu/lll) — R(Cu/llI=1.00). The values obtainft the Cu-Se, Ga-Se, and
In-Se bond are plotted in Fig. 7. For the 1-1-2gehdhe Cul/lll ratio of the samples varied
between 0.80 and 1.00, however, no difference visgroed for the element-specific bond
lengths within the experimental uncertainty [30,33¢r the Cu-poor phases, tbR values
increase for all three types of bonds correspondingn expansion of the average bond
lengths by 0.2 to 0.5 %. This change is one orflenagnitude less than the change observed
for the effective lattice constant. The elementesipe average bond lengths thus remain
nearly unchanged despite a significant reductiaefunit cell dimensions.
This behavior is again an expression of the sttendency towards bond length conservation
observed in all tetrahedrally coordinated semicatwlg [31]. The energy of a given structure
is dominated by the distortion energy associatatl wichange of the element-specific bond
lengths. This has two important implications. Fysthe system tries to minimize bond length
distortions. Changes of the lattice dimensions doea change of composition or
stoichiometry are thus accommodated mostly by bamgle relaxation. Therefore, the Cu-
poor alloys feature different anion displacementspahding on the local atomic
configurations rather than one unique anion pasigs suggested by the crystal structure
[24,31]. Secondly, the energy of a given structisedominated by nearest neighbor
12



interactions. Theoretical studies of Cu-In-Se coumus report that the differences in total
energy between different crystal structures ofvegistoichiometry are very small if the local
atomic environments are similar [22,24,28,29]. Rennore, nearest neighbor anion-cation
clusters are found to be more stable than secoaksteneighbor cation-cation clusters [29].
The short-range structure is thus well determingdhle maxim of bond length conservation
while the long-range order often depends on sagmoieth and history [24].

Previous studies of Cu-poor Cu-In-Se compoundsrtegaan average Cu-Se bond lengths
constant within the uncertainty of 0.005 A [22,24]an average Cu-Se bond lengths that is
about 0.01 to 0.02 A larger for the 1-3-5 and 1-ph&ses than for the 1-1-2 phase [18,19,
23,25]. The change of the average In-Se bond lengtis mostly found to be within the
uncertainty of about 0.005 A [23,24,26] or 0.01 22] and only one study reported a
reduction of the average In-Se bond lengths by sir@d®?2 A for the 1-3-5 and 1-5-8 phase
compared to the 1-1-2 phase [18]. No studies haea lbeported for Cu-poor Ga compounds
or alloys.

The results presented in Fig. 7 are derived fromedansive set of samples with eight to ten
different In/lll ratios for each of the three difémt phases. The data clearly show a small
increase of the bond lengths with decreasing Ctiecdiby about 0.005 A for Ga-Se and In-
Se and by slightly more than 0.01 A for Cu-Se. Bhbavior of the element-specific average
bond lengths is thus opposite to that of the chyatice. This can again be understood by
considering the significant amount of cation vagas@resent in the Cu-poor phases. In the
1-3-5 and 1-5-8 phase, 80 and 100 % of the Se arf@ature a neighboring cation vacancy,
respectively [22,27]. The coordination number of Be anions thus decreases from four in
the 1-1-2 phase to only three in the 1-5-8 phas$g [This reduced coordination leads to a
weakening of the bonding and thus to an increagbenhverage bond lengths. Furthermore,
the vacancies provide more space inside the staicliogether with the weakening of the
bonds this facilitates atomic motion and hencentiavibrations. Stronger vibrations of two
neighboring atoms relative to each other could thls® contribute to the bond length
expansion observed by EXAFS measurements [31,46-42]

Interestingly, the bond length expansion seemtslightly more pronounced for Cu-Se than
for Ga-Se and In-Se. In the 1-1-2 phase, every@a & surrounded by two Cu and two In or

Ga atoms corresponding to= 8 valence electrons. In the 1-5-8 phase, 50 %h@fSe atoms

! Note that relative vibrations parallel to the baticection affect the bond length variation but ttwe average
bond length. In contrast, relative vibrations peieular to the bond direction do lead to an inseeaf the
average bond length measured by EXAFS.
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are surrounded by one Cu atom, one vacancy, andntwoGa atomsi(= 7) while the other
50 % of Se atoms are surrounded by one vacancyhaeel In or Ga atom = 9) [22]. In or

Ga atoms are present in both configurations. Thezethe nearest neighbor Se to an In or Ga
atom has a 50 % chance to be inthe 7 configuration and a 50 % chance to be inkthed
configurations. The average number of valence mpstfor the Se atoms neighboring an In
or Ga atom is thus stik = 8, even though the coordination number is reduoethree. In
contrast, Cu atoms are present only in the 7 configuration. The number of valence
electrons for Se atoms neighboring a Cu atom isetbee onlyk = 7. Although all Se atoms

in the 1-5-8 phase have a coordination of three, 3@ atoms neighboring a Cu atom have a
lower number of valence electrons and are thus mveskly bound than the average of the Se
atoms neighboring an In or Ga atom. This could @&xpthe more pronounced increase of the
average Cu-Se bond length compared to the avera§e bnd Ga-Se bond lengths apparent
in Fig. 7. In conclusion, the large number of catimcancies in the Cu-poor phases affects
the short- and long-range structure in very diffiérevays. While the unit cell volume
significantly decreases, the element-specific ayeerbond lengths slightly increase with
decreasing Cu/lll ratio.

This also has implications for the band gap enefgire material. Comparing the 1-5-8 phase
to the stoichiometric 1-1-2 phase, the band gageases by 0.2 to 0.3 eV and by 0.1 to 0.2 eV
for the Cu-In-Se and Cu-Ga-Se system, respectiMe&lyl9-22,24,26,29]. Considering only
the crystal structure, one might be tempted toampbart of this increase by the decreasing
unit cell volume, which would correspond to an ease of the band gap by approximately
0.05 and 0.2 eV based on the deformation potemiafSulnSe and CuGaSe respectively
[45]. However, the interatomic distances do notrelase but remain nearly constant for all
Cu/lll ratios and thus the element-specific lodaictronic states do not change significantly
either [32]. If anything, the slight bond lengthpaxsion by about 0.2 % would lead to a
decrease of the band gap energy by roughly 0.004&#deV for the Cu-In-Se and Cu-Ga-Se
system, respectively. The increase of the band azerved experimentally is therefore
caused by a change of the stoichiometry rather séhetmange of the structural parameters. As
discussed in [22], the decreasing Cu content léadsweakening of Sp — Cud interband
repulsion and thus to a lowering of the valencedbaaximum and hence an increase of the
band gap. This clearly demonstrates the importafidenowing both short- and long-range
structural details in order to correctly interpited electronic properties of the material.

The element-specific bond length variations areepahdent of the In/lll ratio but vary

significantly for the different phases, as desatibeSect. 3.2. This is further demonstrated in
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Fig. 8, which plots the Cu-Se, Ga-Se, and In-Selblength variations” as a function of the
Cu/lll ratio. For the 1-1-2 phase, the data pofotsindividual samples are plotted since the
Cul/lll ratio of these samples varies between 0@ B0 [33]. For the 1-3-5 and 1-5-8 phase,
the Cu content is similar for all samples (see .S&&) and hence the average Cu/lll ratio and
bond length variation has been calculated forathgles of a given phase. The uncertainties
represent the corresponding sample standard davsati

For the 1-1-2 phase, the element-specific bondtiergriations follow the relation?.se <
0%Ga-se< O°cu-sefor all Cu/lll ratios between 0.8 and 1.0. Furthere, the Ga-Se and In-Se
bond length variations increase with decreasingc@utent whileo®c,.sc remains constant
within the uncertainty for all Cu/lll ratios. Foné 1-3-5 and 1-5-8 phase, the increase of the
Ga-Se and In-Se bond length variations with deargaSu content observed for the 1-1-2
phase is continued to Cu/lll = 0.34 and Cu/lll 22D.with basically the same slope
corresponding to an increase of 65 to 80 % forlt#se8 phase compared to the stoichiometric
1-1-2 phase. The Cu-Se bond length variation islairfor the 1-3-5 and 1-5-8 phase and is
only slightly larger thano®c..se for the 1-1-2 phase, corresponding to an increafse
approximately 15 9%.

The bond length variation originates from thermidrations of the atoms relative to each
other, even at low temperature, and from staticatians due to defects, different local
configurations, or lattice distortions. The thernwantribution can be estimated using a
correlated Einstein model, which contains the redunas$. of the atomic pair and the bond
stretching force constant las characteristic parameters [40,42]. For a gteemperature, an
increase i or k'l leads to a decrease of. For the 1-1-2 phase, the bond stretching force
constant of the Cu-Se bond is significantly smalhem those of the Ga-Se and In-Se bonds
[30,31,46] while the reduced mass of the In-Se gasignificantly larger than those of the
Cu-Se and Ga-Se pairs. Therefore, the thermalibatitn toc? follows the relation In-Se <
Ga-Se < Cu-Se at low temperatures [33]. Similalgofter bond will respond more to stress
and strain created by defects and lattice distastinan a stiffer bond. A larger static bond
length variation is thus expected for bonds withaken bond stretching force constant [33].
Furthermore, a larger amount of Ga related detbets In related defects can be assumed for
the 1-1-2 phase given the difference in radii anddolengths of Cu and Ga compared to In

[34]. Therefore, the static contributiondd is also expected to follow the relation In-Se < Ga

2 Note that a linear increase ot.,.s. from Cu/lll = 1.0 to Cu/lll = 0.22 would also bersistent with the data
within the uncertainty.
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Se < Cu-Se. The relatiadfin-se < 0°ca-se< O°cu-seObserved in Fig. 8 for 0.8 Cu/lll < 1.0
thus originates from the differences in the reducess of the atomic pairs, the strength of
the bonds, and potentially the nature and amoudefgcts in the 1-1-2 phase.

Interestingly, the Ga-Se and In-Se bond lengthatians strongly increase with decreasing
Cu content for all three phases while the Cu-Sealbbength variation remains nearly constant.
With decreasing Cu/lll ratio in the 1-1-2 phases tlumber of Cu vacancies and In on Cu
antisites (and presumably Ga on Cu antisites) asge However, this does not directly affect
the Cu-Se bond length distribution since no Cu at@me involved in these point defects.
Furthermore, theoretical calculations have showty mme Cu-Se distance for CuBg
consistent with the fact that Cu is contained anlyghex = 7 configuration [19,24,28]. The
static contribution to the Cu-Se bond length vasiatan thus be expected to be similar for all
three phases. The small increasestd,.sc by about 15 % for the 1-3-5 and 1-5-8 phases
compared to the 1-1-2 phase most likely stems from anease of
the thermal vibrations facilitated by the large amioof vacancies present in the structure as
discussed above. In contrast, the number of diftdecal configurations involving In and Ga
atoms significantly increases with decreasing Cufitio and thus an increasing static
variation of the Ga-Se and In-Se bond lengths @exXpected. In fact, theoretical studies of
CulnsSe; observe strong variations in the bond lengthdhefdifferent In-Se pairs contained
in thek = 7 andk = 9 configurations [19,24,28]. The strong increafe®.sc and presumably
also ofo’casewith decreasing Cu/lll is thus mostly caused byiramease of the static bond
length variation due to an increasing number ofalloatomic configurations in Cu-poor
Cu(In,Ga)Seas well as Cu(In,G&e and Cu(ln,Gabe:.

5. Conclusions

Element-specific average bond lengths and bondtHewgriations were determined for the
Cu-Se, Ga-Se, and In-Se bonds of Cu(Is&&) and Cu(ln,GapBe alloys using low-
temperature EXAFS measurements. The results argamaoh to those of a similar study
previously conducted for Cu(In,Ga)Saloys. For all three series, the average Cu-8eGar

Se bond lengths are nearly identical whereas tleeage In-Se bond length is significantly
larger, despite the fact that Ga and In sharedheedattice site. Furthermore, the average Cu-
Se, Ga-Se, and In-Se bond lengths exhibit a smalease with increasing In/lll ratio,
however, the change is about one order of magniegtethan the corresponding increase of
the unit cell dimensions. The present study theesftemonstrates that alloying of In and Ga
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leads to the same bond length behavior in all tidedIn,Ga)-Se series irrespective of the
Cu/lll ratio.

Comparing the structural parameters as a functidheoCu content, a significant decrease of
the unit cell volume for decreasing Cu/lll ratioswabserved in the literature. In contrast, the
element-specific average bond lengths obtained floenextensive set of samples in this
study clearly exhibit a slight increase with desieg Cu/lll ratio. This can be understood in
terms of the strongly increasing number of cati@tancies in the structure. While the
decreasing number of atoms within the unit cellite® a shrinking of the unit cell, the under-
coordination of the Se anions results in a wealgninthe bonds and hence in a slight bond
length expansion. The vacancies thus affect thg-lamd short-range structure in a rather
different manner.

Both, alloying of In and Ga and changing the Cwgtbichiometry lead to significant changes
of the lattice constants and to mixed occupatidrihecation lattice sites. The latter results in
different local cation configurations involving vawms arrangements of Cu, Ga, In, and
vacancies. Interestingly, this study shows that ¢le@ment-specific average bond lengths
remain almost the same independent of compositimh stoichiometry and only the bond
length variations increase with decreasing Cu cunihis trend of bond length conservation
originates from the fact that a change of the blendths requires significantly more energy
than a change of the bond angles. As a consequiiiec&e anion relaxes to a position that
keeps bond length distortions to a minimum. Thetpwsof one particular Se anion therefore
depends on the individual configuration of neighbgrcations and is typically different from
the average Se position given by the crystal strectFurthermore, the distance between two
lattice sites is different from the element-specifiond lengths if one of the lattice sites
features a mixed site occupation. However, it carexpressed as the average over different
element-specific bond lengths weighted by the epwading site occupation factors.
Comparing element-specific bond lengths obtainednfEXAFS and lattice site distances
obtained from diffraction thus provides a powerfoethod to verify the site occupation
factors in multinary compounds and alloys, as destrated in this work.

For Cu(In,Ga)Sg Cu(In,GajSe;, and Cu(In,Gape; alloys, the crystallographic long-range
structure and the element-specific short-rangecstra therefore describe different structural
aspects that are clearly interrelated but not idehtFor a comprehensive understanding of
these material systems both aspects must be coedidace the electronic states and thus
important material properties are affected by ttystallographic long-range structure and by

the element-specific short-range structure.
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Fig. 1: Schematic of (a) the chalcopyrite type and (b) the stannite type crystal structure.



k=17 K=8§ K=9

Fig. 2. Schematic of the different local cation configurations, where k denotes the number of
valence electrons. In the aloys, each group Il atom can be either In or Ga leading to three
different k = 7 configurations, three different k = 8 configurations, and four different k = 9

configurations [29,30].
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Fig. 3: Average (a) Cu-Se, (b) Ga-Se, and (c) In-Se bength R as a function of the In/llI
ratio for Cu(ln,Ga)Sge (1-1-2, red squares), Cu(In,G&& (1-3-5, green triangles), and
Cu(In,GajSe; (1-5-8, blue circles) at 100 K. The data for th&-2 phase were originally

measured at 17 K [33] and have been adjusteddémpdrature of 100 K as described in Sect.
2.3.
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2.3.
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Fig. 5: Comparison of the average Ga-Se and In-Se bawgthe (full symbols, left scale) as
a function of In/lll ratio for Cu(In,Ga)Sg1-1-2, red squares), Cu(In,G&g (1-3-5, green
triangles), and Cu(In,GgBe; (1-5-8, blue circles). The data for the 1-1-2 ghare calculated
from [33] as described in Sect. 2.3. On this sddle,uncertainty of the data is smaller than
the size of the symbols. Additionally, the effeetilattice constant.@ (open symbols, right
scale) is plotted for the 1-1-2 phase as calculated [43], for the 1-3-5 phase as calculated
from [17], and for the 1-5-8 phase as calculateinf[20]. The effective lattice constant is
defined by V = & = 2as*, where a and ¢ denote the tetragonal lattice aatstand V

represents the unit cell volume. All lines are alguo the eye.
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Fig. 6 Comparison of the element-specific average Cuc@eSe, and In-Se bond lengths
determined by EXAFS (full symbols and lines) anel distance between the 2a and 8i, 2b and
8i, and 4d and 8i crystallographic lattice sitetedained by neutron diffraction [17] (colored
solid lines) for Cu(in,Gape. The calculated vacancy bond length (distance detwa
vacancy on the 2a site and the neighboring Se sniopen symbols and line) and the
calculated distance between a cation lattice siteipied by 20% Cu, 80% In or Ga and the 8i
site (black solid line) are also shown. The cal@dadistance between a cation lattice site
occupied by 10% Cu, 90% In or Ga or by 30% Cu, T0%r Ga and the 8i site (black dashed

lines) are plotted for comparison.
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guide to the eye. Note the different scales in |safag and (b).
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Highlights “Short-range versus long-range structue in Cu(In,Ga)Se,
Cu(In,Ga)sSe;, and Cu(In,GakSe”

Haubold et d.

» Lattice constants increase with increasing In/Garatio and Cu content.

* Incontrast, element-specific average bond lengths remain nearly constant.

* Vacancieslead to unit cell contraction but slight bond length expansion.

» Lattice site distances deviate from element-specific bond lengths for most sites.

» Atomic short-range structure differs from crystallographic long-range structure.



