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ABSTRACT

The deviation from stoichiometry and the understanding of its consequences are key factors for the application of kesterites as solar cell
absorbers. Therefore, this study investigates the local atomic structure of off-stoichiometric Cu,ZnSnS, (CZTS), Cu;ZnSnSes (CZTSe) and
CuyZnGeSes (CZGSe) by means of Extended X-ray Absorption Fine Structure Spectroscopy. Temperature dependent measurements yield
the bond stretching force constants of all cation-anion bonds in stoichiometric CZTS and CZTSe and nearly stoichiometric CZGSe. Low
temperature measurements allow high precision analysis of the influence of off-stoichiometry on the element specific average bond lengths
and their variances. The overall comparison between the materials is in excellent agreement with measures like ionic/atomic radii and bond
ionicities. Furthermore, the small uncertainties allow the identification of systematic trends in the Cu-Se and Zn-Se bond lengths of CZTSe
and CZGSe. These trends are discussed in context of the types and concentrations of certain point defects, which gives insight into the
possible local configurations and their influence on the average structural parameters. The findings complement the understanding of the
effect of off-stoichiometry on the local structure of kesterites, which affects their electronic properties and thus their application for solar
cells.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0169755

I. INTRODUCTION by politics e.g. the European Commission.” The most common
kesterites are Cu,ZnSnS4 (CZTS) and Cu,ZnSnSey (CZTSe), but any
of the elements in these materials has also been replaced by suitable

candidates in a multitude of studies.*

Kesterite type materials, often just referred to as kesterites, are
a group of materials that in their basic form are made up of at
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least four elements in a I,-II-IV-VI; composition. These materi-
als are promising for application as absorbers in both photovoltaics
and photochemistry.”” Their main advantages in any of the pos-
sible applications are the abundance of the required elements and
the stability of the resulting solids. Typically the used elements are
also non-toxic and not amongst the critical raw materials as defined

In their ability to convert sunlight into electrical power the
main disadvantage of kesterites is evident in their conversion
efficiency of 12.7%."° The difference between this record and the
theoretical limit of around 30%’ is mostly attributed to a low open
circuit voltage present in devices throughout the literature."” The
root cause of the low efficiency as compared to other solar cell
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absorber materials, however, is still under debate. All high perfor-
mance devices share a deviation from the original stoichiometry
towards a Cu poor and Zn rich regime. While it was proven that
these compounds usually still adopt the kesterite structure,” their
compositional deviations cause an increased amount of certain point
defects. The amount and type of these defects have been discussed
regarding their influence on device performance.’

The abundance of routes for the synthesis of kesterite absorber
layers is accompanied by an abundance of challenges and specific
obstacles. Together with the importance of general characterisation
and profound influence of composition a wide variety of methods
is necessary for the investigation of kesterite type materials. This
effect is further fueled by the increasing interest in environmentally
friendly energy harvesting technologies. In conjunction with X-ray
diffraction (XRD) and wavelength dispersive X-ray spectroscopy
(WDX), X-ray absorption spectroscopy (XAS) has proven its
potential to contribute to the understanding of the fundamental
effects of compositional variations on kesterite type materials.'’"”
For example, for the partial or complete replacement of an element
like Sn by Ge in Cu,Zn(Sn,Ge)Sey, extended X-ray absorption fine
structure spectroscopy (EXAFS) showed the changes of the local
atomic structure with composition.!’ Further studies on techno-
logically relevant thin film samples hinted at several details in the
results of alloying that can only be identified with very local struc-
tural information.'! This study, hence, aims to investigate the effects
of smaller compositional variations, namely the deviation from sto-
ichiometry, on the atomic scale structure of CZTS, CZTSe and
CuZnGeSey (CZGSe) powder samples. Low temperature measure-
ments allow the probing of subtle differences in element specific
average bond lengths and their variances depending on the degree of
off-stoichiometry. Furthermore, temperature dependent measure-
ments of the basic stoichiometric compounds yield static disorder
and the bond stretching force constants for all cation-anion pairs
in the three materials. The results are discussed in terms of the
local atomic configurations and relevant point defects in these three
different kesterite materials.

Il. EXPERIMENTAL

Kesterite powder samples from the study by Valle Rios et al.’®
based on CZTSe and CZTS, a stoichiometric CZTSe powder
sample from Gurieva et al.'* and a stoichiometric CZTS powder
sample from Schorr et al.'> were used in this work. Additionally,
kesterite powder samples from the study by Gunder et al.'
based on CZGSe as well as a nearly stoichiometric CZGSe by
Gurieva et al.'” were analyzed. They were all prepared by solid
state reactions with the details described in the respective works. All
materials were well characterized with XRD and WDX. The powders
chosen for this study are all single phase and exhibit the kesterite
crystal structure. Their lattice constants as well as their respective
defect types are published in the above studies. The composition of
all samples used in this study is shown in Fig. 1 by plotting the Zn/TV
ratio vs the Cu/(Zn + IV) ratio which are the two typical cation ratios
used to describe the composition of a kesterite type compound. The
CZTS and CZTSe samples are all Cu poor and Zn rich and, on
average, the Zn/Sn ratio increases with decreasing Cu/(Zn + Sn)
ratio.® In contrast, the CZGSe samples are both Cu and Zn rich
and the Zn/Ge ratio mostly increases with increasing Cu/(Zn + Ge)
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FIG. 1. Cation ratios of the single phase samples from.>'>'® Gray lines labeled by
capital letters indicate the defect types as described in.’

ratio.'® From these results it can be concluded, that the local atomic
arrangement will be different from the ideal arrangement in a
kesterite type structure for less than 4% of the nearest neighbour
environments.

To facilitate EXAFS measurements, the powders were milled in
a ball mill together with graphite. This mixture was then pressed into
pellets for optimized mechanical stability and handling. The amount
of kesterite in the pellet was chosen for optimal signal to noise ratio
at each investigated cation absorption edge.

Low temperature EXAFS measurements were performed at
beamline BM08 (the LISA beamline) of ESRE.'®"” The Cu, Zn and
Sn cation edge (8979, 9659 and 29200 eV, respectively) spectra of
all CZTS and CZTSe materials discussed in this study were taken
in transmission mode. Samples were cooled to 15+ 1 K by a cold
finger liquid helium cryostat with the sample under vacuum condi-
tions. This ensured optimal signal to noise ratio and, hence, highest
precision of the measurements.

Low temperature EXAFS measurements of the CZGSe
materials and temperature dependent EXAFS measurements of sto-
ichiometric CZTS, CZTSe and CZGSe were conducted at beamline
P65 of PETRA III, DESY.”’ Cooling to 15 + 1 K (low temperature)
and to different intermediate temperatures up to room temperature
was achieved with a liquid helium flow through cryostat. It has two
heating elements at the He inlet and the base of the sample holder
and the samples are immersed in the cold He gas. For the CZGSe
samples, the Cu, Zn and Ge cation edges (8979, 9659 and 11103 eV,
respectively) were probed at 15 + 1 K for the same reasons as men-
tioned above. Additionally, the samples closest to stoichiometry for
all three materials as well as the second closest in case of CZTS were
measured at all cation edges at 15, 50, 80, 110, 140, 170, 200, 230,
260 and 295 K (room temperature). All spectra were recorded in
transmission mode.

In all experiments, elemental metal foils were measured in
series with the actual sample to serve as reference for energy align-
ment. The stoichiometric CZTSe sample was measured at both
beamlines at 15+ 1 K to ensure comparability. For all measure-
ments except those at the Cu K-edge, the k-window for Fourier
transformation of the data was 3-15 A™'. For the Cu K-edge, the
upper limit had to be set to 12 A™" due to the Zn K-edge starting
slightly beyond this value. The tapering parameter was 2 A™". Scat-
tering amplitudes and phase shifts were calculated with the FEFF9
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software.’! Fitting of the average bond length (mean value) and the
bond length variance (variance of the distance distribution, ¢%) in
R-space was carried out with the scripting library LARCH.”” Higher
cummulants (>3) were tested and identified to be neglectable for
the low temperature data and, hence, were set to zero. For the
temperature dependent data, at least the third cumulant C3 would
have to be included in the fit in order to obtain meaningful bond
length values. In this study, however, only the temperature depen-
dence of the variance o” is of interest and the fitting results for
it are independent of the inclusion of C3 within the uncertainties,
confirming that these amplitude- and phase dependent parameters
are not strongly correlated.”” Therefore, C3 and all higher cumulants
were set to zero for the temperature dependent data and only o* was
then evaluated as a function of temperature. Final results were based
on fits with multiple k-weights (2,3,4).

Uncertainties in this study represent the tested influence of
all parameters of data analysis such as the window parameters etc.
given above. For the presented data sets, the fitting uncertainty
proved dominant. The highest precision was achieved for the CZTSe
results.

lll. LOCAL CONFIGURATIONS

All of the samples analysed in this study™'® adopt the
kesterite type structure (space group I4). It is tetragonal and con-
sists of differently rotated tetrahedra of cations around the anions
and vice versa. This basic tetrahedron around an anion is shown for
the three analysed kesterites on the left of Fig. 2. As all cations are
surrounded by four anions, which in turn are the center of four local
configurations as displayed in Fig. 2, any cation is part of four such
tetrahedra.

16,17,24

Z Cu
VCu VCu
S VI VI
Cu Sn
Zn Cu
Incy Cuy,
Se VI N VING
Cu Sn
Z Cu
ZnIV CuGe
Se VI
Cu Ge

FIG. 2. Left: Local atomic configuration around a central anion for CZTS, CZTSe,
CZGSe. Right: Local atomic configurations around a central anion containing a
point defect as indicated above each anion.
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In all configurations shown on the left of Fig. 2, the stoichio-
metric ratio of Cu:Zn:Sn = 2:1:1 is kept and, hence, any change in
composition resulting in point defects will require additional tetra-
hedra with different local atomic arrangements. The defects that
appear in these materials were determined by analysis of neutron
diffraction data and were communicated by the authors of.*'*'*'"*!
The resulting new configurations are shown on the right of Fig. 2.
Whenever any defect is present in different materials, the respective
anion or group IV cation is shown as a dark grey or purple place-
holder, respectively. The only defects that are not displayed here are
interstitials of Zn and Cu. These occur in minor concentrations com-
pared to the other defects”'*'®'"** and will thus influence the local
structural parameters on a far less significant scale.

Changing the configuration of cations around an anion will
mostly result in a shift of the anion position within the tetrahe-
dron as has been discussed for kesterites'”'" and other compound
semiconductors.”””® The qualitative shift of the respective anion in
any of the defect configurations can be described by the change
of its distance to the cations. As for example the previous results
for Cu,Zn(Ge,Sn)Sey alloys have shown, the relative anion position
shifts mostly along the direction to the defect site.'” The extent of
change in any local configuration is based on the strain resulting
from the replacement of a cation with a differently sized species and
from the force constants of the individual cation-anion bonds.

With any cation being part of four local atomic configura-
tions, the V¢, defect results in two tetrahedra, each of the two kinds
is shown in Fig. 2. Since a vacancy does not create any compres-
sive stress and only relatively weak tensile stress on the remaining
bonds, these local configurations will not significantly change the
overall bond lengths for the compositional range investigated in
this study, as already demonstrated for Cu(In,Ga)Se, with varying
Cu content.”*" The next two defects displayed in the middle of
Fig. 2 are the Znc, and Cugz, antisites. Note that for Znc, two
configurations will result as in the case of Vcu. However, they are
both just rotated versions of one another and hence only one is
shown in Fig. 2. Together, Znc, and Cuz, constitute the well known
Cu-Zn disorder."”” If both of these defects are within one and the
same tetrahedron, the effects will be cancelled out and the resulting
tetrahedron will be identical to the standard one with the ideal 2:1:1
ratio. If any of the defects is in an environment of its own, the result-
ing tetrahedron will be configured as shown in Fig. 2 with either
an additional Cu or Zn cation. Znc, keeps the degree of symmetry
identical to the original tetrahedron, with two identical cations and
two types of single cations. Cuz, as well as Znyy and Cug. remove
one type of cation and, hence, change the symmetry. They also only
create one possible local configuration each.

While it is not possible to individually probe the local config-
urations of a defect type, the basic configurations can be studied in
the stoichiometric materials. Any deviation in the off-stoichiometric
samples must then substantially be due to the combined influence of
the respective defect configurations.

IV. FORCE CONSTANTS

The temperature dependent EXAFS measurements on the most
stoichiometric samples from CZTS, CZTSe and CZGSe yield the
variance of the distance distribution ¢® as a function of tempera-
ture (T) from 15 K to room temperature. The distance distribution
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arises from thermal vibrations of the atoms, governed by the stiff-
ness of the respective bond, and from static disorder due to defects
or mechanical strain in the material. The temperature dependence
can be fitted with an Einstein model in harmonic approximation®
via the force constant f and a static disorder term o2

o*(T) = Z\;WCOth(ZkZT\/Z)JrUSZ (1)

Herein y is the reduced mass of the respective cation-anion pair, 7
denotes the reduced Planck constant and kg the Boltzmann constant.

Experimental data of ¢*(T) for the Cu-Se bond in CZGSe
and the respective fit via Eq. (1) are displayed as an example in
Fig. 3. All other kesterite samples and cation-anion pairs showed
qualitatively similar behaviour. Data and fit are in excellent agree-
ment and show the increase of o with increasing temperature. The
nearly constant value at temperatures below 50 K is larger than the
static component o7 as the thermal contribution does not completely
vanish, even at 0 K. Furthermore, it approximately doubles the vari-
ance of the distance distribution when reaching room temperature.
Low temperatures increase the precision of EXAFS measurements
as less thermal movement of the atoms leads to less attenuation of
the fine structure and, thus, to a better signal to noise ratio. Conse-
quently, the uncertainties decrease with decreasing temperature and
become smaller than the symbol size below 150 K. Hence, they are
not visible in this range in Fig. 3. Moreover, the nearly stoichiomet-
ric CZGSe sample was measured twice at each temperature and the
reproducibility is excellent. Only the two room temperature values
show visible differences.

The fit values for both the force constants as well as the static
components of all investigated samples can be found in Table L
The force constants are also shown in Fig. 4 to facilitate easier
comparison. Results for the two different CZTS based materials
only differ within their respective uncertainties. In general and for
all materials, the Cu-VI bonds exhibit smaller force constants and
hence are softer than the Zn-VI bonds, which in turn are sig-
nificantly smaller in f than the IV-VI bonds. The latter are thus
much stiffer than both the Cu-VI and Zn-VI bonds. These findings
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FIG. 3. Variance of the distance distribution o2 (bond length variance) as a function
of temperature T for the Cu-Se bond in nearly stoichiometric CZGSe. The line
represents a fit of the data via Eq. (1).
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TABLE . Results of fitting o2 as a function of temperature with a harmonic Einstein
model [Eq. (1)]. Parameters of the fit were the force constant (f) and a sum-
mand (o?) representing static disorder. CZTS, CZTSe and CZGSe denote the
respective samples closest to ideal stoichiometry while CZTS Il is characterized by
Cu/(Zn + Sn) = 1.01 and Zn/Sn = 1.03.

Material Pair f (N/m) o2 (107 A%
Cu-S 52+ 2 0.48 + 0.08
CZTS 7Zn-S 86+ 3 1.0+ 0.1
Sn-S 153 £ 10 0.8 £0.1
Cu-S 52+ 2 0.44 + 0.08
CZTS1I Zn-S 88+3 1.0+ 0.1
Sn-S 155+ 10 0.8+0.1
Cu-Se 56 +2 1.27 £ 0.08
CZTSe Zn-Se 80+3 1.3+£0.1
Sn-Se 139 + 10 0.7+0.1
Cu-Se 58 +2 1.32 +£ 0.08
CZGSe Zn-Se 84+3 0.9 +0.1
Ge-Se 151 +4 0.80 £ 0.06

are in good agreement with the general understanding that more
ionic bonds are softer than more covalent bonds, as reported in
the literature.”*” For a given type of bond, e.g. III-VI or II-VI,
the force constants also show a small but systematic trend with
the constituting elements, namely decreasing for increasing size and
hence increasing atomic number.”* When comparing the different
kesterites in Fig. 4, the force constants for a given type of bond are
very similar with differences being in the order of the experimen-
tal uncertainty in most cases. Nevertheless, considering the IV-VI
bond, the f values are similar for Sn-S in CZTS and Ge-Se in CZGSe
but higher than the f value for Sn-Se in CZTSe, as expected.”"
Similarly, the Zn-S bond in CZTS exhibits a slightly larger force con-
stant than the Zn-Se bond in CZTSe and CZGSe, again as expected.
Only the Cu-S bond in CZTS exhibits a slightly lower force constant
than the Cu-Se bond in CZTSe and CZGSe contrary to expectation.

Cu-VI Zn-V1I Sn-VI

CZTS

CZTSe

CZGSe

0 25 50 75 100 125 150
force constant (N/m)

FIG. 4. Force constants from Table | of the CZTS, CZTSe and CZGSe samples
closest to ideal stoichiometry while CZTS Il is characterized by Cu/(Zn + Sn)
=1.01and Zn/Sn = 1.03.
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Interestingly, the Cu-S bond in both CZTS samples also yields a sig-
nificantly lower static disorder term than any other bond in Table L.
The origin of this unexpected behaviour of the Cu-S bond in CZTS
is, however, not clear yet.

V. VARIANCE OF THE DISTANCE DISTRIBUTION

The variance of the distance distribution for all cation-anion
bonds in all three types of materials resulting from the low
temperature measurements of the off-stoichiometric samples is
displayed in Fig. 5. Results are shown as a function of Cu/(Zn + IV)
ratio. The following conclusions are also obtained when choosing
the (Zn/IV) ratio as the x-axis instead. The mean value of ¢? is
indicated by a dashed line for each cation species in each material.
Compared to their uncertainties, there is no clear trend with
composition visible in any of the probed types of bonds. Similar
findings have been reported for the Cu-Se bond in Cu(In,Ga)Se;
thin films and powders.l‘\"” Nevertheless, in these studies the vari-
ance of the In-Se and Ga-Se bond lengths increased with decreasing
Cu content.”*”""> EXAFS studies on CZTS thin films** and nano-
crystals’ have shown an effect of disorder on the variance of the
distance distribution similar to their uncertainties. Kesterites in an
optimal range of the cation ratios exhibit a lower variance of the
distance distribution than those in unfavourable areas. The exam-
ined range of composition is larger than in the present study and
absolute values are higher as the measurements were conducted at
significantly higher temperatures. All differences in o* for a given
bond in a given material in the present data are within their respec-
tive uncertainties, with the exception of Cu-Se and Sn-Se in CZTSe.
These two bonds exhibited a significantly higher data quality and,
hence, lower uncertainties due to better fits. While they seem to
indicate slightly increased values of o> towards ideal stoichiometry
[Cu/(Zn + Sn) = 1], there is only a limited data set and the scatter is
at least within the same magnitude as the supposed trend. Overall,
the deviation from stoichiometry and hence the different types and
concentrations of point defects do not have a profound influence
on the variance of the element specific bond lengths in the present
study.
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FIG. 5. Variance of the distance distribution ¢ (bond length variance) for off-
stoichiometric CZTS, CZTSe and CZGSe powder samples as a function of the
Cul/(Zn + IV) cation ratio. The mean for each material and cation is shown as a
dashed line. X-axis errorbars are not shown for clarity here but can be seen in
Fig. 1.
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However, the differences of ¢* between the different cation-
anion bonds and between CZTS, CZTSe and CZGSe are quite
significant (see Fig. 5). Comparing the different cation species, one
can see that in any of the three kesterites Cu-VIand Zn-VIare higher
in o® than the IV-VI bonds. The comparatively low values for the
IV-VI bonds can be understood by the significantly higher force
constants presented in Sec. IV (see Table I). The major part of the
variance is still due to thermal effects even at low temperature, as
can be seen by comparing the static disorder contributions in Table I
and the overall variances in Fig. 5. Higher force constants and hence
stiffer bonds result in lower variations of the bond length from both
thermal vibrations of the atoms and static disorder and thus yield
lower ¢ values. Comparing Zn and Cu, the Zn-VI bond features
a higher force constant than the Cu-VI bond in any of the three
kesterites. Consequently, the ¢* values should be lower for Zn-VI
than for Cu-VIas indeed observed for CZTSe and CZGSe. The larger
difference for CZGSe most probably results from the difference in
static disorder for Cu-VIand Zn-VIin this material, whereas the Cu-
VIand Zn-VI bonds in CZTSe feature the same static component o7
within the uncertainty (see Table I). For CZTS, however, the Cu-S
values are lower than the Zn-S ones despite the higher Zn-S force
constant. This is obviously related to the much lower static disorder
term for the Cu-S bond as already discussed in Sec. I'V.

Differences in the bond length variance can also be observed
when comparing a given cation species for the different kesterite
materials (see Fig. 5). For the IV-VI bonds, the CZTSe results are
on average slightly lower than those of the other two kesterites,
although mostly still within the uncertainties. Since the static
disorder contribution is basically identical for the IV-VI bonds in all
three materials (see Table I), any differences in 0% must arise from
the thermal (vibrational) contribution. CZTSe exhibits the lowest
IV-VI force constant of the three materials, suggesting a higher
thermal contribution in contrast to the experimental results.
However, the thermal vibrations are also influenced by the reduced
mass of the bond as shown in Eq. (1), leading to decreasing ¢* for
increasing p. The Sn-Se bond in CZTSe has the highest reduced
mass of all IV-VI bonds in this study, resulting in a smaller
thermal contribution compared to Sn-S in CZTS and Ge-Se in
CZGSe. Similar observations have been made for In-Se and Ga-Se
bonds in Cu(In,Ga)Se;,”> which have similar reduced masses and
force constants as Sn—-Se and Ge-Se.” For the Zn-VI bonds, CZTS
exhibits the highest o* values, CZTSe shows intermediate values
and CZGSe has the lowest ¢ (see Fig. 5). The latter two materials,
namely CZTSe and CZGSe, both feature a Zn-Se bond with the
same reduced mass and comparable force constants (see Table I).
Therefore, the thermal contribution to ¢* is very similar but the
static contribution is higher for CZTSe than for CZGSe leading
to the observed difference of the overall ¢® values as already
discussed above. The Zn-S bond in CZTS is characterized by a
slightly higher force constant and comparable static disorder, but in
this case the significantly lower reduced mass compared to the Zn-Se
bond results in the highest overall o values. For the Cu-VI bonds,
the variance is the same within the uncertainty for all three materi-
als (see Fig. 5). This agrees well with the expectation for CZTSe and
CZGSe as they both feature a Cu-Se bond with the same reduced
mass and similar force constants and static disorder terms. For Cu-$
of CZTS, however, much higher o values would be expected based
on the significantly lower reduced mass of this bond compared to
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Cu-Se. Yet, the much lower static disorder obviously leads to overall
o” values comparable to those of the other kesterites.

In summary, the variances of the interatomic distance distribu-
tions for the different cation-anion bonds and the different kesterite
materials are mostly governed by the bond stretching force constants
and reduced masses of these bonds while the deviation from sto-
ichiometry has no notable effect within the studied compositional
range.

VI. AVERAGE BOND LENGTH

The average bond lengths of all cation-anion bonds in the
off-stoichiometric CZTS, CZTSe and CZGSe kesterites resulting
from low temperature EXAFS measurements are shown in Fig. 6.
Similar to Sec. V, the element specific average bond lengths are
displayed as a function of Cu/(Zn + IV) ratio. Changing to the Zn/IV
ratio does not affect the conclusions drawn in the following. On
the displayed scale, which allows a comparison of all materials and
cation species, the uncertainties in average bond length (y-axis) are
not visible, as they are smaller than 2 x 107> A. The compositional
uncertainties are obtained from the WDX analysis of the samples
by Valle Rios et al.” and Gunder et al.'® Especially for CZTS with
the highest number of samples, they create a significant overlap of
the data. Overall, none of the element specific average bond lengths
of any of the cation species in any of the materials exhibits a clear
trend with composition on this scale. A major reason for this are
the defect concentrations in the probed kesterites. With one point
defect in a volume of several unit cells, their influence on an average
measurement like EXAFS is very low.

In all three materials the average Cu-VI bond length is smaller
than the average Zn-VI bond length. Furthermore, the average
Ge-Se bond length in CZGSe is smaller than Cu-Se by about the
same amount. In CZTS and CZTSe, the Sn-VI bonds are larger than
the other two bonds by more than twice the difference between
Cu-VI and Zn-VI. All these relations are in good agreement with
measures of the size of the elements like ionic or covalent radii.’
With a larger Se anion in CZTSe compared to S in CZTS, all bond
lengths are shifted upwards but keep their order. As the lattice has to
accommodate the larger anion, it has to expand, which is apparent
in the lattice constants as well.® The position of the anion, however,
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< Cu-Se
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2 2.40 1 Eaaaseaan Cu-Se O resere:  re
< e il gl
éf’ ' Ge-Se
% 2.35 A
Cu-S
—o— rooangyen—
T T T T T T
0.9 1.0 0.9 1.0 1.0 1.1 1.2

Cu/(Zn+Sn) Cu/(Zn+Sn) Cu/(Zn+Ge)
FIG. 6. Element specific average bond lengths for off-stoichiometric CZTS, CZTSe
and CZGSe as a function of Cu/(Zn + IV). Y-axis errorbars are about the size of

the symbols and are therefore not visible.
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is very similar in both materials since the order of the average
bond lengths for the three cations is very similar. The same
similarities have been shown when replacing S with Se in CulnS,
or CuGa$,.”> Between CZTSe and CZGSe, there is a significant
change in the size of one of the cations which is clearly reflected
by the large difference between the average Sn-Se and Ge-Se bond
lengths. Again, this results in a corresponding change of the lattice
constants.”’” The absolute value of the average bond length for
Cu-Se and Zn-Se, however, is highly similar in these two materi-
als, resulting in significantly different anion positions as discussed
in detail in Ref. 10. The behaviour is qualitatively the same as that
reported for the comparison of CulnSe; and CuGaSe; or CulnS; and
CuGaS,.”""

As mentioned before, the uncertainties of the data and potential
subtle differences between the average bond lengths of the different
samples are not visible on this scale. To analyse the data in more
detail, the following subsections show the same data on an enlarged
scale for each material on its own. To allow a continued compar-
ison of the materials, the absolute range in average bond length
(the y-axes interval) is identical for each figure.

A. CZTS

The element specific average bond lengths for CZTS are plot-
ted vs both cation ratios in Fig. 7. There is no trend to be identified
as all differences between the different compositions are well within

1 4

2.312 1 Cu-S Cu-S
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2.341 1
2.339 1
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average bond length (A)

2.414 +
2.412 +
2.410 1 {

2.408 1

{il

2.406 4 Sn-S Sn-S

0.95 1.00 1.00 1.05 1.10
Cu/(Zn+Sn) Zn/Sn

FIG. 7. Element specific average bond lengths for off-stoichiometric CZTS as
a function of Cu/(Zn + Sn) (left column) and Zn/Sn (right column). X-axis
uncertainties are not displayed for clarity.
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the uncertainties. The only clear exception to this is the stoichio-
metric sample at Zn/Sn=Cu/(Zn + Sn) = 1. It has a significantly
lower Cu-S$ average bond length and a slightly lower Zn-S average
bond length. The two data points at the same composition indicate
two separate measurements, highlighting the excellent reproducibil-
ity. This shows that the different bond lengths in the stoichiometric
sample are not an artefact of the single measurement. Instead this
sample was from another study with significantly longer annealing
times and smaller lattice constants.'” The fact that the Cu-S bond is
affected the most and the Sn—S bond shows no significant difference
can result from the higher bond stretching force constant of the Sn-S
bond compared to the Cu-S bond as discussed above (see Table I).
Nevertheless, all average bond lengths are in good agreement with
previously published EXAFS results for CZTS.”*

B. CZTSe

Figure 8 displays the element specific average bond lengths
from the low temperature measurements for the CZTSe samples
as a function of both cation ratios. On this scale, one can clearly
see that the uncertainty is significantly smaller than for the CZTS
samples. This is mostly due to the heavier Se creating a stronger
fine structure than the lighter S. While the differences in average
bond lengths are only slightly smaller than for CZTS, they are mostly
significant against the lower uncertainty, especially for the Cu-Se
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Cu/(Zn+Sn) Zn/Sn

Sn-Se

FIG. 8. Element specific average bond lengths for off-stoichiometric CZTSe
as a function of Cu/(Zn + Sn) (left column) and Zn/Sn (right column). X-axis
uncertainties are not displayed for clarity.
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bond. The average bond lengths for stoichiometric CZTSe are in
good agreement with EXAFS results found in literature.’ "

For the five investigated samples, an increase of the average
Cu-Se bond length with increasing Zn/Sn ratio is evident. Although
slightly less clear, the trend is also visible as a decrease with increas-
ing Cu/(Zn + Sn). This is due to an anti-correlation of Zn/Sn and
Cu/(Zn + Sn) in the CZTSe samples (see Fig. 1). Zn-Se exhibits
the largest uncertainties of the three bonds but a slight decrease
of the average bond length with increasing Zn/Sn can still be
perceived. As a function of Cu/(Zn + Sn), the samples at higher
values alternate in their bond lengths and any perceived trend
upwards is only based on the value of the most off-stoichiometric
sample. Nevertheless, the direction of these trends is the same as that
reported for CZTS nanocystals.”* In the Sn-Se bond lengths, no clear
trend with any of the cation ratios is evident.

The prior defect analysis, based on neutron diffraction stud-
ies, reported the typical Cu-Zn disorder with an increasing excess of
Znc, defects as well as an increase of Zns, defects with increasing
off-stoichiometry (decreasing Cu/(Zn + Sn) and increasing Zn/Sn)
of these CZTSe samples. While two samples did show V¢, defects,
these are not expected to influence the bond lengths, as discussed
in Sec. I11. Local atomic arrangements for all the mentioned defects
are displayed in Fig. 2. Table II summarizes the influence of each of
the point defects on the respective cation-anion bonds. An upwards
arrow indicates an elongation of a bond, while a downwards arrow
indicates a compression, both in relation to the ideal configuration
of two Cu, one Zn and one Sn around the central Se. The impact of
a defect on the surrounding bonds can be deduced from the average
bond lengths as shown in Fig. 6. The average Zn-Se bond length
is larger than the average Cu-Se bond lengths. Therefore, Zncy
induces compressive strain on all surrounding bonds. In contrast,
Cuzn, and Zns, induce a stretching of all bonds because the average
bond length is smaller for Cu-Se compared to Zn-Se and for Zn-Se
compared to Sn-Se. Furthermore, EXAFS measurements average
over all instances of an element in the analyzed sample. Therefore,
the number of arrows indicates the number of the affected bonds
within the defect configuration as a weighting factor for this aver-
age. In absolute terms, the change in bond lengths will depend on
the difference in bond length between the original and the replac-
ing element and on the force constants of each individual bond (see
Sec. IV). Since the Zn-Se bond is slightly stiffer than the Cu-Se
bond, it will respond somewhat less to the compressive or ten-
sile strain induced by replacing one element with a different one.
Similarly, the Sn—-Se bond will be much less affected than the Cu-Se
and Zn-Se bonds due to its higher force constant.

TABLE 1. Qualitative influence of each defect on each cations average bond length
to the anion in CZTSe. An 1} indicates a stretching of the bond, a |} a compression
and a - indicates no influence. The number of arrows indicates the number of the
respective type of bond in the defects local configuration as shown in Fig. 2.

Defect Cu Zn Sn
Zncu [} W U
Cuzn [ e f
Zngn ﬂﬂ ﬂﬂ
Veu .. -
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Regarding the average Sn-Se bond length, only two of the
defect types introduce strain on the Sn-Se bonds, namely Zncy
and Cuzy, and these have opposing effects. With increasing devi-
ation from the ideal stoichiometry [decreasing Cu/(Zn + Sn) and
increasing Zn/Sn], Zncy exists in increasing excess compared to
Cuzn, which causes a surplus of shorter Sn-Se bonds. Nevertheless,
their influence on the average Sn-Se bond length is limited by the
low amount of defects compared to the total number of atoms, by
the stiffness of the Sn-Se bond and by the fact that for each defect
only one Sn-Se bond is present in the corresponding local environ-
ment. As a result, there is no conclusive trend expected or observed
with composition.

Zn-Se bonds are present in the local environments of both
Zncy, and Znsy, where they are compressed and stretched respec-
tively. For each of the two defects, there are two Zn-Se bonds in
the corresponding local configuration. The difference in bond length
and, hence, the strain on the local environment is much higher when
replacing Sn by Zn as compared to replacing Cu by Zn. Therefore,
the resulting change of the bond lengths is expected to be larger for
Zns, than for Zncy. However, the defect concentrations were found
to include about two to five times more excess Zncy than Znsy. Since
here only the Znc, defects in excess of Cuz, defects are regarded,
their effect on the average Zn-Se bond length cannot be cancelled
by Cuz, defects in the same local configurations (Cu-Zn disorder) as
discussed in Sec. I1I. Thus, if any change of the average Zn-Se bond
length occurs at all, a small decrease with increasing Zn/Sn ratio is
expected due to the much larger Zncy concentration compared to
Znsy, which is in good qualitative agreement with the results shown
in Fig. 8.

Cu-Se is the softest bond in CZTSe and is influenced by all
three relevant defects present in the given sample set. With two Cu
cations in the standard CZTSe configuration, this number rises to
three when adding an extra Cu instead of Zn in Cuz, and is reduced
to one when replacing one of the two Cu with Zn in Znc,. The
two defects with the higher amounts of Cu-Se bonds both con-
tribute longer Cu-Se bond lengths to the overall average while Zncy
contributes shorter than average Cu-Se bond lengths. As discussed
above, Cuz, and Znc, within the same tetrahedron do not lead
to a change in bond lengths. However, even for the Cu-Zn disor-
der, some Cuz, and Znc, defect configurations as shown in Fig. 2
will remain. Despite the excess of Zncy, the longer bond lengths of
Cuz, and Zng, result in an overall increase of the average Cu-Se
bond length with increasing degree of off-stoichiometry as seen in
Fig. 8.

C. CZGCSe

The CZGSe samples are in a different region of off-
stoichiometry, being both Zn and Cu rich.'® In these samples, higher
Cu/(Zn + Ge) ratios typically correspond to lower Zn/Ge ratios (see
Fig. 1). The element specific average bond lengths for CZGSe on the
enlarged scale can be seen in Fig. 9. No clear trend as function of
either cation ratio is observed for the Zn-Se or Ge-Se average bond
lengths. The uncertainties for these two bonds are similar to those
for the CZTS data, however the spread of the Ge-Se bond length is
larger than that of Sn-S or that of Sn-Se in CZTSe, but still without
any systematic correlation to the sample composition. In contrast
the Cu-Se bond length exhibits a distinctive decrease with increasing
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FIG. 9. Element specific average bond lengths for off-stoichiometric CZGSe
as a function of Cu/(Zn + Ge) (left column) and Zn/Ge (right column). X-axis
uncertainties are not displayed for clarity.

Cu/(Zn + Ge). Except for the sample closest to the ideal stoichiomet-
ric ratios of Zn/Ge = 1 and Cu/(Zn + Ge) = 1, this corresponds to an
increase of the average Cu-Se bond length with increasing Zn/Ge.
However, the difference between the two samples with Zn/Ge ~ 1
yet Cu/(Zn + Ge) of 1.04 and 1.20 clearly shows that in this
case the Cu content is the decisive compositional property. The
absolute change in average Cu-Se bond length is nearly twice that for
CZTSe and as the change in Cu/(Zn + IV) is also nearly twice that of
CZTSe, their slopes are similar. Nevertheless, the CZGSe sample also
exhibit about twice as high uncertainties for the individual average
bond length values.

Besides the Cu-Zn disorder, mostly Cuge and Znge defects
were reported for these samples. Ge is significantly smaller than
Sn, as evident from the Ge-Se and Sn-Se bond lengths in CZGSe
and CZTSe, respectively (see Fig. 6). The Ge-Se bond length is even
smaller than the Cu-Se and Zn-Se bond lengths. Nevertheless, the
stiffness of Ge-Se is even higher than that of Sn-Se, which is clear
from their respective force constants shown in Table I. The number
of bonds resulting for the different defect configurations and their
length change relative to the configuration without point defects is
presented in Table III. The difference between Zn-Se and Cu-Se
average bond lengths is similar in CZGSe and CZTSe, hence, all
arguments about the qualitative changes for Znc, and Cuz, are the
same as for CZTSe (see Table II). In contrast to Zns,, however,
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TABLE lll. Qualitative influence of each defect on each cations average bond length
to the anion in CZGSe. An {} indicates a stretching of the bond, a || a compression
and a - indicates no influence. The number of arrows indicates the number of the
respective type of bond in the defects local configuration as shown in Fig. 2.

Defect Cu Zn Ge
chH U UU U
Cuzn [Nl - f
Znge il A e
Cuge Uy |

replacement of Ge by either Zn or Cu leads to a compression of all
surrounding bonds due to the size differences discussed above.

For the Ge-Se bonds, the changes caused by the Cu-Zn dis-
order defects cancel if they are part of the same local configuration
or still counteract each other if they are not part of the same tetra-
hedron as discussed above for CZTSe. Therefore, no change of the
average Ge-Se bond length is expected for similar concentrations of
Zncy and Cuz,. Only the sample with Zn/Ge < 1 and Cu/(Zn + Ge)
= 1.20 features an excess of one of these two defects with nearly twice
as many Cuz, as Zncy. Nevertheless, the Ge-Se bond length of this
sample is still well within the spread of the data, probably because
the very stiff Ge-Se bonds do not change much even in the defect
configurations, similar to what was observed for the Sn-Se bonds in
CZTSe.

Zn-Se as the longest bond in CZGSe is compressed in any of
the local configurations with a point defect, however, it still does not
exhibit any trend with changing stoichiometry. A possible reason
for the behaviour could be that the total concentration of all point
defects together is similar for all samples, even the one closest to the
ideal stoichiometry, and that the combined impact of these defects
on the average Zn-Se bond lengths is thus similar for all studied
samples.

Cu-Se bonds are present in the local configurations of all point
defects reported for this material. Cuz, defects with the highest con-
centration and three elongated Cu-Se bonds are counteracted by all
other defects, which contain one to three compressed Cu-Se bonds.
The overall result in this case is the decrease of the average Cu-Se
bond length with increasing Cu/(Zn + Ge) seen in Fig. 9.

VII. CONCLUSIONS

Element specific bond stretching force constants of stoichio-
metric CZTS and CZTSe and nearly stoichiometric CZGSe pow-
der samples were determined by temperature dependent EXAFS
measurements. The Cu-VI bond exhibits the smallest force constant
and is thus the softest bond in any of the three materials. The Zn-VI
bond has a slightly higher force constant and is thus somewhat
stiffer while the IV-VI bond features a much higher force con-
stant and is thus by far the stiffest bond in all three materials. This
agrees very well with the known fact that bonds become softer with
increasing ionicity and stiffer with increasing covalent character.
Subtle differences in the force constants between the different
kesterite materials match the trend of decreasing bond stiffness
with increasing size and hence atomic number of the constituent
elements. The only exception to this known behaviour in the present
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study is the Cu-S bond in CZTS, which exhibits an unexpectedly low
force constant as well as the lowest static disorder of all bonds and
materials.

The variances of the element specific bond length distribu-
tions and their average values were determined for series of off-
stoichiometric CZTS, CZTSe and CZGSe powder samples by low
temperature EXAFS measurements. The bond length distribution
arises from thermal atomic vibrations that are present even at low
temperature and from static disorder originating from defects or
strain in the material. The variance of the bond length distribution
does not show significant trends with composition for any of the
cation-anion bonds. For IV-V], the variance is much lower than for
Zn-VI and Cu-VI due to the higher force constants of the IV-VI
bonds. For Zn-VI and Cu-VI, the force constants are more sim-
ilar, such that the actual differences observed for the variance are
also governed by static disorder contributions. Subtle differences in
the variances between the different kesterite materials can further be
explained by the influence of the reduced mass of the cation anion
pair. In summary, the variances of the bond length distributions are
mostly governed by the bond stretching force constants and reduced
masses of the bonds while the off-stoichiometry has no notable effect
within the studied compositional range.

Significant differences are observed for the element specific
average bond lengths. Cu-S is the shortest bond in CZTS, followed
by Zn-S and with a larger difference by Sn-S as the longest bond.
The same sequence is found for CZTSe, only with bond lengths
shifted to higher values due to the larger Se anion. Zn-Se and Cu-Se
bond lengths are nearly identical in CZGSe and CZTSe, yet, Ge-Se
is the shortest bond in CZGSe. All these findings are in excellent
agreement with previous studies of kesterites and similar materials.
On a scale where the uncertainties of the derived element specific
average bond lengths become relevant, CZTS does not show any rel-
evant trends of the bond lengths with composition, except for the
nearly stoichiometric sample, which was prepared under different
experimental conditions. In CZTSe, the Cu-Se bond length shows
a substantial trend with composition, the Zn-Se bond length still
shows a noticeable but less pronounced trend and the Sn-Se bond
does not exhibit any systematic dependence in the analysed compo-
sitional range. This is in good agreement with the defect types and
concentrations in these samples and with the expected changes of
the bond lengths in the defect environment. The latter are governed
by the size mismatch of the elements and by the force constants of
their bonds. Given the significant changes of bond length and the
low number of defects compared to the number of atoms, this clearly
shows that the bond lengths around point defects must significantly
differ from those of the defect free configurations in order for them
to influence the averaging EXAFS results. This obviously needs to
be taken into account for precise theoretical modelling of the elec-
tronic and optical material properties of kesterites. For CZGSe, only
the Cu-Se bond length shows a trend, which is significant compared
to the uncertainties, resulting from the combined effect of differ-
ent defect environments on the average value of the bond length
distribution.

In summary, the present study has investigated different
properties of the element specific atomic scale structure of stoichio-
metric and off-stoichiometric CZTS, CZTSe and CZGSe kesterites.
Some of these structural parameters are found to change with
changing composition while others do not. As known for many
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compound semiconductors, including chalcopyrites and kesterites,
these local structural parameters affect other important material
properties.'”'"”* Understanding and controlling all influences
caused by off-stoichiometry is therefore key to improving the
application and efficiency of kesterite type solar cell materials.
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