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4 Chaire de Simulation à l’Echelle Atomique, Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland
5 Deutsches Elektronen-Synchrotron DESY - A Research Centre of the Helmholtz Association, 22607 Hamburg, Germany
6 Helmholtz-Zentrum Berlin für Materialien und Energie, Hahn-Meitner-Platz 1, 14109 Berlin, Germany
7 Institut für Geologische Wissenschaften, Freie Universiẗat Berlin, Malteserstr. 74-100, 12249 Berlin, Germany
8 Author to whom any correspondence should be addressed.

Keywords: EXAFS, kesterite, anion position, hybrid functional, alloying, band gap energy

Supplementary material for this article is available online

Abstract
Kesterite based materials gain more and more relevance in the pursuit of affordable, efficient and
flexible absorber materials for thin film photovoltaics. Alloying Cu2ZnSnSe4 with Ge could allow
controlled band gap engineering as already established for Cu(In,Ga)(S,Se)2 based solar cells. This
study investigates the local atomic arrangements of Cu2Zn(Sn,Ge)Se4 alloys by means of low
temperature Extended x-ray Absorbtion Fine Structure Spectroscopy. The element specific bond
lengths are used together with x-ray diffraction data to derive the anion positions of the different
local configurations. Ab initio theoretical calculations are performed to predict the influence of
structural parameters such as anion position and lattice constants on the band gap energy.
Combining the results of the experimental and theoretical studies suggests that the overall
influence of the structural changes on the band gap bowing due to alloying is significant yet smaller
than the total non-linear change of the band gap energy. Consequently, it is concluded, that band
gap bowing stems from both structural and electronic changes.

1. Introduction

Cu2ZnSnS4 and Cu2ZnSnSe4, typically referred to as kesterites, are well investigated quaternary
semiconductors. Their optical and electrical properties generate interest in several fields, amongst which
photovoltaics may be the most prominent [1–3]. Kesterites usually consist of earth abundant and non-toxic
elements, which increases their value to a market that until today relies on sometimes toxic, rare earth
materials. However, the current record of 12.6% conversion efficiency [4] is still well below the theoretical
limit of around 30% [5]. This gap in performance mostly stems from a severe open circuit voltage deficit and
may have several different reasons, including the bulk structure of the kesterite absorber itself [6]. Various
studies have shown that the best kesterite devices are usually Cu poor and Zn rich [1]. However, secondary
phases and compositional fluctuations are typical features of non-stoichiometric kesterites and could likely
be detrimental to the conversion efficiency [7]. The Cu-Zn disorder, another characteristic feature of
kesterite materials [8], has also been discussed as the source of the open circuit voltage deficit [9].
Furthermore, different types of point defects have been observed experimentally [10] and Sn in particular is
a potentially multivalent element, that has been predicted to create deep defects, thus reducing the
conversion efficiency by increasing the recombination rate of charge carriers [11–13].

Research on Cu(In,Ga)(S,Se)2 based solar cells has shown that replacing or mixing of elements on certain
lattice positions may improve the device performance drastically by enabling precise band gap engineering.
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Partially or completely replacing any element in the kesterite structure may also have beneficial effects on
device performance and several different methods are investigated to drive development of marketable
kesterite solar cells [14]. While the current record device has a Cu2ZnSn(S,Se)4 absorber, there are many
promising approaches to replace different amounts of Sn with Ge, ranging all the way from fine doping up to
complete substitution [15–19]. One of these approaches with a Ge content (Ge/Ge+Sn) of 0.22 even enabled
a conversion efficiency of 12.3% [19] being very close to the current record of 12.6% [4].

Germanium is a non-toxic and arguably earth abundant element [20], but its atomic and ionic radii are
about 15% and 25% less than those of Sn [21]. Therefore, a significant change in both the local atomic
structure and the long range crystallographic structure can be expected. Pure Cu2ZnGeSe4 also crystalizes in
the kesterite structure (space group I4) but with about 3% smaller lattice constants than Cu2ZnSnSe4 [22].
In Cu(In,Ga)Se2 and Cu(In,Ga)S2, the different radii of the substituting elements further have a strong effect
on the local atomic arrangements around the Se or S anions [23, 24]. This atomic scale structure, specifically
the anion displacement, is a key factor for the band gap energy not only for Cu(In,Ga)Se2 and Cu(In,Ga)S2
[25, 26] but also for kesterite materials [27]. Hence, a detailed knowledge about the local atomic
arrangements around the Se anions is mandatory to understand the changes imposed by replacing Sn
with Ge.

This work combines Extended x-ray Absorbtion Fine Structure Spectroscopy (EXAFS) and ab initio
theoretical calculations to determine the atomic scale structure of Cu2Zn(Sn,Ge)Se4 alloys as a function of
the Ge content and to estimate the impact of the different structural changes on the band gap energy. EXAFS
provides element specific average bond lengths and bond length variations and has already been successfully
used to study numerous ternary semiconductor alloys [28], Cu(In,Ga)Se2, Cu(In,Ga)S2 and related
materials [23, 24, 28, 29] and Cu2(Zn,Fe)SnS4 [30]. The dependence of the band gap energy on the anion
position has previously been calculated by density functional theory based methods for CuInS2 and
CuInSe2 [25] and for Cu2ZnSnS4 [27].

2. Experimental

Six different Cu2Zn(Sn,Ge)Se4 powder samples with Ge/(Ge+Sn) (GGS) between 0 and 1 were synthesized
by solid state reaction of pure elements as described for pure Cu2ZnGeSe4 in [22]. The first step of synthesis
places the samples at 700 ◦C for 240 h , followed by a homogenization and another 240 h annealing step at
700 ◦C. Both synthesis and annealing are performed in vacuum. During the in weigh 2% Selenium shot is
added to the ampoule, to account for the possible evaporation during the sealing of the tube. No additional
powders of Se or SnSe are added at any further step. The resulting material was characterized with x-ray
diffraction (XRD), wavelength dispersive x-ray spectroscopy, back scatter electron micrographs, Raman
spectroscopy and for the pure Cu2ZnGeSe4 with neutron powder diffraction [22]. All samples are single
phase and exhibit the kesterite structure. Prior to the EXAFS measurements, the powder samples were
diluted with graphite , milled in a ball mill and pressed into pellets with 5 mm diameter, to ensure
mechanical stability and to enable handling during the experiments. For each sample, two sets of pellets were
prepared with the amount of sample material optimized for measurement of either the Cu, Zn, and Ge
K-edges or the Sn K-edge.

Low temperature EXAFS measurements took place at the P65 beamline of PETRA III at DESY in
Hamburg, Germany [31]. Spectra were taken at the Cu, Zn, Ge and Sn K-edge (8979 eV, 9659 eV, 11103 eV
and 29200 eV, respectively) in transmission mode. A liquid helium flow-through cryostat ensured the
stability of the measurement temperature of 18 K to better than 1 K. Low temperature was chosen, to ensure
the best possible signal to noise ratio and the highest precision for the determination of the structural
parameters. The energy scales of different measurements were aligned using the reference spectra measured
simultaneously with the main samples. The reproducibility of measured data was confirmed for at least one
sample at each edge by remeasuring with identical set up.

Primary data processing including background subtraction and normalization was carried out with the
Demeter software package [32]. The data quality allowed a Fourier transformation window in k-space
starting at 3 Å−1 and extending up to 15 Å−1 for Zn and Ge and 14 Å−1 for Sn. At the Cu edge the upper
limit is given by the Zn edge starting beyond 12 Å−1. The tapering parameter of the window function was 2
Å−1 in all cases. Phase shifts and scattering amplitudes were calculated using Feff9 [33]. Final fitting in
R-space of the mean value d (average bond length) and the width σ2 (bond length variation) of the nearest
neighbour distance distribution was achieved through the scripting library Larch [34]. The higher (≥ 3)
cumulants were tested and identified to be negligible and were thus set to zero. For final results, the fits were
carried out with multiple k-weights of k2, k3 and k4. The R-window was [1.4 Å, 2.8 Å] at the Cu-edge, [1.6 Å,
2.7 Å] at the Zn-edge, [1.4 Å, 2.7 Å] at the Ge-edge and [1.6 Å, 2.8 Å] at the Sn-edge with a tapering
parameter of 0.5 Å for Zn and Ge and 0.6 Å for Cu and Sn. For the amplitude reduction factor S20 and the
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Figure 1. Element specific average bond lengths as functions of the Ge content. Most error bars are about the size of the symbols
or smaller and are therefore not visible. The solid lines depict the linear fit of the average bond length for each bond species.

energy threshold E0 the average value over all samples at one edge was determined and both values were fixed
accordingly. Furthermore, all the above parameters were systematically varied to test their individual
influence on the fitting parameters. Additionally, the influence of the Fourier transformation parameters on
the results was investigated. The dependencies of the fitted average bond length on these analysis settings was
then used to estimate the overall uncertainties of the final results.

3. Theoretical calculations

Values of band gaps in excellent agreement with experiments can be obtained using the
Heyd-Scuseria-Ernzerhof (HSE06) [35, 36] hybrid functional, as implemented in the Vienna ab initio
simulation package (Vasp) [37, 38]. The selected exchange-correlation functional yields band structures of
kesterites in excellent agreement with experiment [27]. We performed here calculations of the fundamental
band gap at Γ for Cu2ZnSnSe4 and Cu2ZnGeSe4 (as well as Cu2ZnSnS4 and Cu2ZnGeS4), starting from the
experimental geometry, and then varying one by one the x, y, z coordinates of the anion position, the volume
V, and the tetragonal distortion η = c

2a . We used the PAW [39, 40] datasets of version 5.2 with a cutoff of 520
eV and Γ-centered k-point grids, as dense as required to ensure an accuracy of 2meV/atom in the total
energy.

The variation of the band gap with changing structural parameters can be written as

∆Eg =
∂Eg

∂x
∆x+

∂Eg

∂y
∆y+

∂Eg

∂z
∆z (1)

+
∂Eg

∂V
∆V+

∂Eg

∂η
∆η,

assuming that the linear approximation is valid for small structural deformations. The range of validity of
the linear approximation and the values of the partial derivatives can be directly extracted from the
calculations of Eg .

4. Element specific bond lengths

The element specific average bond lengths obtained from the EXAFS measurements are depicted in figure 1.
The data and fits for all samples are shown in the supplementary material (stacks.iop.org/JPENERGY/
02/035004/mmedia). The estimated overall uncertainties, containing the influence of all analysis parameters
and the reported uncertainty of the fit, are smaller than 0.002 Å for all four cations and therefore not visible
in figure 1. The only exceptions are the Ge-Se bond length for the sample with the least amount of Ge and the
Sn-Se bond length for the least amount of Sn, their error bars are about 0.003 Å due to the low signal from
the respective element. For each bond species, the average bond length decreases with increasing Ge content.
This trend is well represented by a linear function in all cases. However, the individual average bond lengths
only change less than 0.5%, while the global lattice constants are reduced by about 3% when going from the
pure Cu2ZnSnSe4 to the pure Cu2ZnGeSe4 [22, 41, 42]. This behaviour is well known for numerous ternary
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Figure 2. Unit cell of the kesterite structure with the coordinate system used (a), first nearest neighbour shell around Se
containing Ge (b) or Sn (c) and local atomic arrangement up to second nearest neighbour shell around Zn (d).

and quaternary alloys of tetrahedrally coordinated compounds and indicates the preference of bond angle
changes over bond length changes to accommodate the lattice mismatch between the parent materials [28].

XRD measurements of the end materials Cu2ZnSnSe4 and Cu2ZnGeSe4 yield lattice positions [10, 22],
whose distances are in agreement with the EXAFS results. The latter further show that the average Ge-Se
bond lengths are about 0.15 Å smaller than the average Sn-Se bond lengths in the Cu2Zn(Sn,Ge)Se4 alloys,
despite the fact that Sn and Ge share the same lattice site. This difference in the element specific average bond
lengths induces significant variations of the local atomic arrangements, depending on whether a Ge or a Sn
cation is present. In the kesterite structure, depicted in figure 2, each cation is surrounded by a first nearest
neighbour shell of four Se anions. For Ge and Sn, the second nearest neighbour shell only contains Cu and
Zn but no group IV element, as can be seen in figure 2(a) by considering the group IV atoms at the bottom
and top of the unit cell. Therefore, Sn and Ge feature a single, well determined local atomic environment. In
contrast, the second nearest neighbour shell of Cu and Zn contains four group IV elements. For Cu, this local
environment can be seen around the central Cu atom of the unit cell in figure 2(a) and for Zn it is shown in
figure 2(d). In the mixed materials, these four group IV elements can be any combination of Ge and Sn. This
leads to five different principal configurations, where the number of Ge atoms ranges from zero to four. It
has to be expected that the individual Cu-Se and Zn-Se bond lengths are different in each configuration and
hence that there is a substantial difference in the local atomic scale structure depending on the type of group
IV elements. However, these different configurations can not be distinguished experimentally by EXAFS.
Therefore, the Cu-Se and Zn-Se bond lengths determined from the EXAFS measurements are average values
of the different local configurations.

5. Anion positions

To model the atomic scale structure of the different local configurations, in particular the anion position, a
small subunit of the kesterite structure has been considered. This subunit is a tetrahedron with Se in the
center and two Cu, one Zn and one group IV atom as first nearest neighbours. It is shown in figure 2(b) and
(c) for Ge and Sn as group IV element. The entire kesterite structure is made up of these two types of
tetrahedra. Without loss of generality, we chose the tetrahedron in the lower left of the unit cell, resulting in
the cation lattice positions Cu (0,0,0) and ( 12 ,0,

1
4 ), Zn (0,

1
2 ,

1
4 ) and Sn or Ge on (

1
2 ,

1
2 ,0).

The assumptions of the model are similar to those used by Balzarotti et al for the description of ternary
III-V and II-VI zincblende alloys [43]. It is assumed, that all cations are fixed to their lattice positions. It is
consequently assumed in this model, that the anion position and the lattice constants are the only structural
parameters changing with the Ge content. The lattice parameters a and c have been determined by XRD as a
function of Ge content. Consequently, the position of the Se within the tetrahedron is the only variable of the
model.

For each composition the model consists of two tetrahedra, one with Ge and one with Sn (see figure 2(b)
and (c)). The two Cu-Se bonds occurring within one tetrahedron were assumed to be equal in length, thus
imposing a symmetry constraint on the Se position. The distance between a cation position and the Se
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Figure 3.Modelled bond lengths for the tetrahedra containing Sn (squares) and Ge (diamonds) as a function of the Ge content.
The individual bond lengths are depicted by full symbols while their weighted average is plotted as open symbols for Cu-Se and
Zn-Se. The solid lines are linear fits of the Cu-Se and Zn-Se modelled bond lengths . The dashed lines represent the linear fits
from figure 1.

position is called the modelled bond length for this bond species and the tetrahedron considered. To model
the anion position in each of the two tetrahedra, the Se positions were varied until the deviation between the
measured average bond lengths and the corresponding modelled bond lengths was minimized. As mentioned
before, the measured Cu-Se and Zn-Se bond lengths represent a weighted average of both possible
tetrahedra. Therefore, the GGS weighted average of the modelled bond lengths of the two tetrahedra was
compared to the experimental value for Cu-Se and Zn-Se. The optimal modelled bond lengths are plotted
and compared to the experimental bond lengths in figure 3. The modelled Sn-Se and Ge-Se bond lengths are
in good agreement with the linear fit of the measured values. As expected the Cu-Se and Zn-Se bond lengths
split up for the two tetrahedra and these modelled bond lengths do not match the respective measured ones.
However, their GGS weighted average does fit the measured data. The modelled bond lengths therefore show
excellent agreement with the measured data. All modelled bond lengths decrease with increasing GGS in
accordance with the decrease in the global lattice parameters. Cu-Se and Zn-Se react far stronger to the
change in GGS, which shows that these are softer bonds due to their higher ionicity compared to the IV-Se
bonds. Similar findings are reported for Cu-Se and In-Se or Ga-Se in Cu(In,Ga)Se2 [23]. This highlights the
importance of considering the very local atomic arrangement since the GGS weighted average Cu-Se and
Zn-Se bond lengths decrease less than the Ge-Se and Sn-Se bond lengths and would thus, erroneously,
suggest stiffer Cu-Se and Zn-Se bonds.

Due to the difference of the individual Cu-Se and Zn-Se bond lengths, the Se positions, which are shown
in figure 4, differ significantly for the Ge and Sn tetrahedron. In all cases the x and y coordinates are< 0.25
for the Sn and≥ 0.25 for the Ge tetrahedron. This is a direct result of the Ge-Se bond being smaller than
nearly all the other bond lengths, while Sn-Se is the largest bond length in the system. The dashed lines in
figure 4 are the projections of the body diagonal of the quasi-cube spanned by the cations of the tetrahedra,
shown in magenta. In figure 4(a) y is smaller than x, since the Cu-Se bond lengths are smaller than the Zn-Se
bond length. In figure 4(b) the data points fall on the dashed line and hence z=− 1

2 · x+
1
4 , which is a direct

consequence of the symmetry imposed by the two equal Cu-Se bonds in each tetrahedron. Apart from these
overall observations, the Se position further shifts with changing Ge content for both tetrahedra. This shift is
parallel to the dashed line demonstrating that the Se positions evolve parallel to the body diagonal of the
quasi-cube. Therefore, the relative distance to the group IV atom is changed and the relative distances to all
other cations are adjusted accordingly. At first glance, it might be counterintuitive that all bond lengths in
figure 3 decrease with increasing GGS whereas the Se position in figure 4 shifts away from the group IV atom.
This is because the positions in figure 4 are relative to the tetrahedron. Looking at the Sn tetrahedron for
GGS= 0, all bonds have their natural length of the Cu2ZnSnSe4 kesterite structure. When GGS rises, the
tetrahedron gets smaller as the lattice parameters shrink. The Sn-Se bond is stiffer than the Cu-Se or Zn-Se
bonds and therefore decreases less with GGS than the others. As a result, the relative Se position is closer to
Cu and Zn and further away from Sn, even though all three types of bonds decrease. For the Ge tetrahedron
it is the other way around. Its ideal state is GGS= 1 where all bond lengths are at their desired low. With
decreasing GGS, the tetrahedron increases in size, and therefore all bonds have to stretch. As Ge-Se is stiffer
than Cu-Se and Zn-Se, it does not stretch as much and therefore, the relative position of Se becomes closer to
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Figure 4. Projection of the relative anion position on the xy (a) and the xz plane (b) for the Ge (red) and Sn (blue) tetrahedron.
The Ge content increases from right to left as indicated by the black arrows. The dashed line is the projection of the body diagonal
of the quasi-cube spanned by the cations of the tetrahedron (thick magenta line in the inset images).

Table 1. Change in relative anion position x, y and z from the modelled data, change in unit cell volume V and change in tetragonal
distortion η = c

2a
from XRD measurements,all when increasing GGS from 0 (Cu2ZnSnSe4) to 1 (Cu2ZnGeSe4). Furthermore, the

calculated dependence of band gap energy Eg on these different structural parameters is listed corresponding to increasing GGS.

IV ∆x ∆y ∆z ∆V (Å3) ∆η
∂Eg

∂x (eV)
∂Eg

∂y (eV)
∂Eg

∂z (eV)
∂Eg

∂V (eVÅ
−3)

∂Eg

∂η
(eV)

Ge −0.003 5 −0.003 6 0.001 7 −20.03 −0.013 20.66 15.95 −23.78 −0.01 −3.51
Sn −0.003 8 −0.004 1 0.002 0 −20.03 −0.013 17.80 12.29 −14.41 −0.01 −1.80

Ge than to Cu and Zn. Following increasing GGS, this creates the same qualitative behaviour for Ge and Sn,
only differing in starting positions.

6. Band gap energy

The calculated dependence of the band gap energy on the anion position (x, y, z), on the unit cell volume V
and on the tetragonal distortion η is presented in figure 5. Both starting values are marked as circles and
represent pure Cu2ZnSnSe4 or Cu2ZnGeSe4 in good agreement with experimental values from literature
[1, 44]. The calculated band gap energy changes linearly with all structural parameters. Only the tetragonal
distortion creates a non linear trend in band gap energy for values of η≥ 1, especially for Cu2ZnSnSe4 (see
figure 5(e)). As all samples in this study exhibit values of η lower than 1, the linear fit in figure 5(e) was
restricted to η≤ 1. The slopes determined for estimating the change in band gap energy∆Eg are summarized
in table 1. For increasing x and y and decreasing z values, so for positions closer to the group IV element, the
band gap energy increases. The reduced distance between Se and the group IV atom increases the repulsion
between Sn or Ge s and Se p orbitals, thus shifting the conduction band minimum to higher energies [45]. At

6



J. Phys. Energy 2 (2020) 035004 K Ritter et al

Figure 5. Band gap energies for Cu2ZnGeSe4 (red) and Cu2ZnSnSe4 (blue) from theoretical calculations as a function of anion
position x (a), y (b) and z (c) and as a function of the unit cell volume V (d) and tetragonal distortion η = c

2a
(e). The circles

mark the experimental values derived from XRD measurements. Calculations were performed for deviations of± 4% from these
values. The red and blue lines are linear approximations of the respective data.

Table 2. Contribution of each structural parameter to∆Eg in eV, when increasing GGS from 0 (Cu2ZnSnSe4) to 1 (Cu2ZnGeSe4).

IV ∆Ex
g ∆Ey

g ∆Ez
g ∆EV

g ∆Eη
g ∆Eg

Ge −0.072 −0.057 −0.041 0.27 0.045 0.14
Sn −0.067 −0.051 −0.029 0.19 0.023 0.06

the same time, it can be expected that the valence band maximum is shifted upwards by repulsive interaction
between the Cu d and Se p states, a behavior well known for Cu(In,Ga)Se2 [46]. Increasing the Cu-Se
distance reduces the p-d repulsion and thus lowers the valence band maximum. Both effects result in the
increase of the band gap energy as the anion position is shifted towards the group IV atom. An increase in
unit cell volume decreases the band gap energy. This behaviour is well known, for example from the
dependency of the band gap energy on pressure or temperature [47]. Increasing tetragonal distortion also
reduces the band gap energy. In all cases, the change is larger for the Ge environment than for the Sn
environment since the interaction between the different orbitals is stronger for Ge than for Sn [45].

Values for∆x,∆y and∆z in equation (1) are derived from figure 4 by extrapolating the anion positions
to GGS= 0 for the Ge tetrahedron and GGS= 1 for the Sn tetrahedron and calculating the respective
differences.∆V and∆η in equation (1) are derived from the lattice parameters obtained by XRD
measurements for each value of GGS. In table 1 the values of all these parameters are displayed. All five
parameters are linear functions of GGS.

With this data and equation (1), the contribution for each structural parameter and the overall change in
the band gap energy were calculated and are listed in table 2. Both η and V decrease with increasing GGS,
which in turn increases the band gap energy. The influence of V is significantly stronger and dominates the
change of the entire band gap energy. In contrast, the change in anion position does decrease the band gap
energy. The combined influence of all three anion coordinates, is significant but still insufficient to
compensate the influence of V.

The band gap energy of Cu2Zn(Sn,Ge)Se4 alloys can be described by a quadratic dependence [45, 48, 49]

Eg = GGS · EGeg,0 +(1−GGS) · ESng,0 (2)

− b ·GGS(1−GGS)

were EGeg,0 and ESng,0 denote the band gap energy of pure Cu2ZnGeSe4 and Cu2ZnSnSe4 and b is the so called
bowing parameter. Alternatively, the band gap energy of the alloy can be conceived as the weighted average of
the band gap energies of Ge and Sn containing material with structural properties corresponding to the alloy
composition

Eg = GGS · EGeg +(1−GGS) · ESng . (3)

7
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Following equation (1), these composition dependent band gap energies can be expressed as

EIVg (GGS) = EIVg,0 +∆EIVg (GGS). (4)

Since all structural parameters change linearly with alloy composition and since the band gap energies
depend linearly on the structural parameters, equation (4) can be written as

EGeg (GGS) = EGeg,0 − (1−GGS) ·∆EGeg (5)

ESng (GGS) = ESng,0 +GGS ·∆ESng (6)

where∆EGeg and∆ESng denote the overall change of the band gap energy of Ge and Sn containing material,
respectively, when increasing GGS from 0 (Cu2ZnSnSe4) to 1 (Cu2ZnGeSe4) as given in table 2. Inserting
equation (5) and (6) into equation (3) yields

Eg = GGS · EGeg,0 +(1−GGS) · ESng,0 (7)

− (∆EGeg −∆ESng ) ·GGS(1−GGS).

Comparison with equation (2) yields the bowing parameter b=∆EGeg −∆ESng = 0.08 eV. This is smaller
than most of the bowing parameters determined both experimentally and theoretically ranging from 0 up to
0.29 eV [15, 45, 48–51]. The difference between the values obtained in this study and the values reported in
the literature most likely stems from the fact, that here only changes of the band gap energy were considered
that result from changes of the structural parameters. However, the band gap bowing originates from both
structural changes and electronic changes as discussed in detail for ternary semiconductor alloys with
zincblende structure [47, 52]. The electronic changes result from charge redistribution between the anion
and the different cations upon alloying and in combination with the changing structural parameters.
Additionally Cu-Zn disorder has been shown to affect the band gap energy [9, 53, 54]. If the degree of Cu-Zn
disorder depends on the Ge content, this could further contribute to the non linear change of the band gap
and would thus represent another structural contribution to the band gap bowing, which cannot be accessed
by our methodology. The bowing parameter estimated in this work clearly demonstrates that structural
changes due to alloying give rise to a significant fraction of the overall band gap bowing while additional
effects such as electronic changes and varying Cu-Zn disorder must account for the rest.

7. Conclusion

The local atomic scale structure of Cu2Zn(Sn,Ge)Se4 kesterite alloys has been studied as a function of the Ge
content, by means of low temperature EXAFS measurements. All average bond lengths in this study decrease
with increasing Ge content. Yet Sn-Se and Ge-Se have far lower slopes than Zn-Se and Cu-Se, as shown in a
model of the local atomic structure. Anion positions resulting from said model, are vastly different
depending on the type of group IV element present in the local structure around Se. They are shifted in the
direction of the IV-Se bond, again showing Sn-Se and Ge-Sn to be the stiffer bonds. Ab initioHSE
calculations show, that the band gap energy changes linearly with all structural parameters. The resulting
slopes together with the anion positions allow for an estimation of the structural part of the band gap bowing
parameter due to alloying as 0.08 eV.
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