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Abstract

With respect to absorber materials in solar céllg;ZnSng (CZTS) has been a focus of
interest in recent years. In this work, a new rdataling to single phase CZTS powders is
presented. For structural characterization X-ray meutron powder diffraction measurements
were performed. Further structural and compositiarealysis of the CZTS powder was
carried out by means of X-ray absorption near esgetroscopy (XANES) and wavelength-
dispersive X-ray spectroscopy (WDS). The obtainedT€ powder with an actual
composition of Chloo@ayZNi.02¢25Mb.99254.00) adopts the kesterite-type structure. A detailed
cation distribution analysis using the average m@uscattering length method revealed a

partial disorder of copper and zinc on the (2c) @) sites.



1 Introduction

The quaternary chalcogenide &ZZoSnS recently gained attraction as a prospective alesariaterial

for thin film photovoltaic applications. As it casts merely of earth-abundant, non-toxic and lowstco
elements, it would be a suitable alternative tceptthalcogenide-based absorber materials such as
CdTe or CIGS (CuliGa:-Se) that are currently used in thin films. It is aedit band gap p-type
semiconductor with an optical band gap energy vafuk5 eV and has a large absorption coefficient
in the order of 18 cm* [1-3]. Up to now record efficiencies of CZTS-baghih films reached values
up to 8.4% [4]. Yet, compared to the currently usdthlcopyrite materials, efficiencies are
significantly lower.

In order to enhance the quality and the efficieatYCZTS thin film photovoltaics it is necessary to
gain a deeper insight into the absorber materygtesnatic analysis of the semiconductor compound
and its structural, chemical, and physical propsrtias been in the focus of interest in the lagt fe
years [5-10]. Due to the formation of secondaryseisait is challenging to prepare phase-pure CZTS
powder, which is important for detailed experimeotsicerning the correlations between structural
and electronic properties. Consequently, the mamtivation of the here-presented research is the
development of a new chemical route for the symshelsphase-pure stoichiometric kesterite powder
and its structural characterization.

CZTS is a quaternary semiconductor belonging to lfH&IV-VI , compound family. It adopts a
tetragonal structure that can be derived from the klende type by doubling the c-axis of the cubic
sphalerite unit cell and by substituting the catiof substitution scheme from binary ZnS to ternary

CwZnSng is shown in Figure 1.
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Figure 1 Cross-substitution steps from binary 11-VI compoy#dS) via ternary I-11-V} (CulnS) to quaternary,HI-IV-VI ,
(CwZnSnS).

The correct crystal structure of CZTS has beenrdrgeersial issue. Two main structure types are

described for quaternary'8"C"X"', compounds, stannite (see Figure 2a) and kes(sete Figure
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2b) [11]. In these types the sulfur atoms form p acray where half of the tetrahedral voids are
occupied by the cation species. The structureslasely connected but differ in the distribution of
Cu', Zr**, and SH'.

First reports on the crystal structure of natumdcsmen suggested the kesterite-type structureespa
group 14 (No. 82) [11], with a complete ordering of Tand Zi*. Cu fully occupies the Wyckoff
position 2a (0, 0, 0) whereas remaining Cu and aupy the positions 2c (0, 1/2, 1/4) and 2d (0, 1/2
3/4), respectively. Thus, the structure can beridest by stacking cation layers Cu/Sn Cu/Zn Sn/Cu
Cu/Zn Cu/Sn along the c-axis. Recently several ggocould confirm that GEnSnS adopts the
kesterite-type structure [5, 12, 13].

Using conventional X-ray diffraction methods, ‘Cand Zi* are not distinguishable due to their
isoelectronic characteristic. As there is a sigaifit difference in the neutron scattering length=b
7.718(4) fm, B,=5.680(5) fm), neutron diffraction is the methodcbbice. Neutron diffraction studies
of CwZnSng powder samples confirm the kesterite-type strectiyet report a partial [14] or
complete disorder [5] of Cu and Zn on the 2c andp@ditions. Kesterite-type phases exhibiting a
statistical distribution of Cu/Zn can be descriiedspace groupd2m (No. 121) with Zn and Cu
occupying the 4d Wyckoff position (1/2, 0, 1/4) whiis called disordered kesterite [15] (see Figure
2c).

It was also suggested b initio calculations [16, 17] that point defectsand Zrz, have very low
formation energies, which underlines the possibftir Cu/Zn disorder. Recent studies on CZTS thin
films determined the critical temperature for trensition from ordered to disordered kesterited@b
260 = 10 °C [18], which is also visible by a kink the temperature dependent lattice parameter
variation [6].
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Figure 2 Unit cells of the (a) stannite, (b) kesterite, #o)ddisordered kesterite structure; Cu(red) Zn(gr&ariblue)

S(yellow)




As four elements are present in the material, tmmétion of secondary phases such as Cugs,Cu
ZnS, SnS, Snand CySnS seems probable. According to theoretical and exmertal work [1, 19]
the homogeneity region of the CZTS phase in theatgr phase diagram is rather small. Due to its
small enthalpy of formation ZnS is likely to formdhas been found to have a detrimental influence
on solar cell performance. [7, 8, 20] Identifioatiand quantification of the secondary phases ZniS a
CwSnS by X-ray and neutron diffraction is difficult becsau of diffraction pattern overlap. As
reported in [7] it is possible to identify the mastportant secondary phases with X-ray absorption
spectroscopy (XAS).

In this study we investigate chemical compositiod atructural properties of a stoichiometric CZTS
powder synthesized by a newly developed mechandacheprocess. Phase purity and composition
was determined by WDS and XANES. X-ray and neutldfraction measurements were used to
identify the crystal structure with a closer loakthe cation distribution of the powder sample. Two

refinement strategies will be discussed.

2 Experimental
2.1 Synthess

The quaternary sulfide with the general formulaZh®ng was prepared by mechanical milling in a
Fritsch Planetary Mono Mill PULVERISETTE 6 startifgm the corresponding binary sulfides CuS,
ZnS, and SnS followed by an annealing step.

Starting chemicals were prepared either by preatipit (CuS), sulfidation of the oxide (ZnS) or doli
state reaction of the elements (SnS). Copper mdfidesuCuS) was precipitated from a 0.1 M
Cu(NGs),-solution (Merck, 99.5%) with t$ (Air Liquide, 99.5%) and annealed at 230 °C i8H
atmosphere for 2 h in a tube furnace. For the pagipa of zinc sulfide (ZnS) reaction of the oxide
ZnO (Merck, 99.5%) in a tube furnace with,34gas at 650 °C for 3 h was performed. Tin
monosulfide (SnS) was synthesized by a solid seatetion of the elements Sn (Merck, 99.9%) and S
(Fluka, 99.99%) in an evacuated and sealed siliopoale in a muffle furnace. Stoichiometric
amounts of tin and sulfur were loaded in a siliogpaule. Due to the significant vapor pressure of
sulfur the sealed and evacuated tube was firsetidat 300 °C to avoid explosion. The temperature
was increased to 800 °C with a rate of 15 °C/h hwedsample was annealed for 30 h. According to
[21] the compound was sublimed three times in theaule (750 °G— 550 °C) to ensure complete
reaction. ldentification of the binary compoundsswiane by powder X-ray diffraction.

For the synthesis of the quaternary sulfide thadyirsulfides CuS, ZnS and SnS were mixed in an
atomic ratio of 2:1:1 without any additional fluedium and filled into an agate jar under Ar
atmosphere in a glove box. A grinding bowl of 80 eapacity is filled with 5 grinding balls with a
diameter of 20 mm. Milling was performed in a highergy planetary ball mill using a rotational
speed of 400 rpm and a milling time of 3 h with iiddal pauses of 30 min every hour to prevent the

jar of heating up. The result of the mechanochelnieatment is a poorly crystalline product.



In order to get a well-crystalline product the séanwas annealed in a conventional tube furnace
equipped with a Si@tube with an inner diameter of 70 mm ipS4atmosphere. The as-milled powder
was placed in a small alumina boat inside the arzeheated under flowing reaction gas for 3 h 8t 50

°C. After reaction the sample was cooled down wittooling rate of 60 K/h.

2.2 Characterization

The product was characterized both by X-ray androeyowder diffraction. A Panalytical X’ Pert
PRO diffractometer (Bragg-Brentano geometry, Gu-kadiation) was used for powder XRD
measurements. Neutron powder diffraction data veslected at the Forschungs-Neutronenquelle
Heinz-Maier-Leibnitz Zentrum (MLZ, Garching) usirthe high resolution powder diffractometer
SPODI (Ge (551} = 154.831 pm) [22]. For neutron experiments thepa was encapsulated in a
vanadium container with 0.15mm wall thickness amdr® inner diameter (Ar atmosphere). Structural
refinements were performed by the Rietveld meth®8] [using the program FULLPROF Suite
Version 2015 [24] by applying a pseudo-Voigt [2dt the X-ray data and a Thompson-Cox-Hastings
pseudo-Voigt function [25] for the neutron dataspectively.

Investigations of the chemical composition werdgrened by electron microprobe analysis (EMPA)
with a JEOL JXA 8200 SuperProbe equipped with 5 elength dispersive X-ray spectrometers
(WDS) and an energy dispersive X-ray spectromeifyS). X-ray absorption near edge structure
measurements (XANES) at the sulfur K-edge (2472 w¥je carried out at the soft X-ray double
crystal monochromatdseamline KMC-1 at Bessy Il (HZB) in transmissiondso The spectra were
recorded with a pre-edge range of 70 eV and a rahg60 eV above the edge. Analysis of the spectra
including energy calibration, background subtractinormalization and fitting was performed with
the IFEFFIT software package [26, 27].

In addition, possible contamination with nitrogemdaxygen were determined by a hot gas extraction

with a LECO TC-300/EF-300 N/O analyzer. Zrénd steel were used for calibration of the system

(accuracy of N/O content%).

3 Results

31 M echanochemical synthesis and annealing

Attempts to prepare single-phase CZTS have beemitievarying levels of success. Up to this time,

bulk material of the quaternary sulfide has beerallg synthesized by solid state reactions of tinep

elements in evacuated and sealed silica ampoules¢drding to the standard technique described in

[28]. Due to the high sulfur vapor pressure ités@ssary to apply a defined temperature program and

homogenization is obtained by a second annealeg &t 750 °C. All these factors result in a long

reaction time and an enhanced possibility of tmm&tion of secondary phases.

As mentioned in the introduction, the main motigatof our work is to develop a new chemical route

for an easier and faster synthesis of phase-pufiesGidwder. The main idea is to create a formation
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process where the annealing temperature of 758 tédreased in order to avoid thermal segregation
and the formation of secondary phases. This caieddezed by a mechanochemical approach and the
synthesis of a precursor where the elements asadirmixed at an atomic level. The first synthesis
step is the reaction of the corresponding binaljdas CuS, ZnS, and SnS in a high energy planetary
ball mill as described in the experimental section.

Additionally, a time experiment following the remct during the milling process was performed
within a time range of 10 min to 180 min. During thilling process a small amount of powder was
withdrawn at time intervals of 10-30 min from thangling bowl. Selected diffraction patterns are
depicted in Figure 3: after 10 minutes of millidge treflections of the binary sulfides are still g@et

in the sample. After 3 hours of milling the refiecis of the binary phases have vanished. Afterwards

the diffraction pattern did not change significgnthus at this stage the powder was further prsaks
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Figure 3 Diffraction patterns of samples milled for 10, @dd 180 minutes, respectively.

In a second step the precursor powder is annealadube furnace in 43 atmosphere at 500 °C. This
crystallization temperature is comparable to thmapterature of actual thin film growth experiments
which are often around 550 °C [29, 30]. The resfilthis annealing step is a product with good
crystallinity. In Figure 4 the diffraction pattewf the as-milled sample as well as the crystalline
sample after the annealing step is depicted. Tisadrstructure of the annealed sample was refined
with the Rietveld method (for details see below)should be mentioned that the milling step is
essential for the synthesis of the above descrijpdiernary sulfide. Annealing of the binary sulfide
without a preceding milling process leads to threnttion of secondary phases such as ZnS and SnS.
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Figure 4 X-ray diffraction pattern of the as-milled (a) aadnealed (b) CZTS sample together with the restittseoRietveld
refinement (kesterite-type structure).

3.2 Chemical composition and phase purity

In order to determine the exact chemical compasitb the synthesized sample, the powder was
analyzed by WDS. A calibration of the microprobsteyn was done by using elemental standards in
order to achieve reliable compositional parametdigh accuracy of the chemical composition could
be obtained by measuring 50 grains of the CZTSephasraging over 30 point measurements within
each grain. The results of the phase analysis shaWw®mogenous composition, no secondary phases
were found. The Cu/(Zn+Sn) and Zn/Sn ratio of timgle phase CZTS sample were determined as
1.00 and 1.03, respectively, thus by taking intocoaot the measurement error of the microprobe
system the sample can be considered as stoichiopprhaps with a tendency of Zn excess resulting
in a slight B-type off-stoichiometry (Figure 5). @$e off-stoichiometric models were first introduced

in [31] and extended by [32]. Finally the integrethemical composition can be calculated as

CUz.00aZ M.02(251b.99(254.00(8)
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Figure5 Cu/(Zn+Sn)-Zn/Sn plot showing the position of thechrenochemically prepared CZTS sample

Furthermore, phase purity was investigated by XANES explained in [7], X-ray absorption near
edge structure analysis at the sulfur K-edge (24Y¥2 gives information about the chemical
environment of the selected atom, in this casaisulfie electronic density of the unoccupied states
and the local crystal structure. It can be considiexrs a fingerprint for the identification of diféat
materials [33]. The spectra of the binary phaseS,@&nS, and SnS as well as that of CZTS are

depicted in Figure 6. As already shown in [7] thera significantly differ from each other.
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Figure 6 Edge stemormalized XANES spectra at the sulfur K-edge of 8zhd corresponding binary sulfides

Therefore it is possible to identify secondary @sasn CZTS samples. To perform a quantitative
analysis of the secondary phases the measuredispesas compared to a reference sample which
can be assumed to be single phase CZTS and waslalneeasured in [7]. The spectrum was fitted

with a linear combination of the reference spectramd the spectra of CuS, SnS, and ZnS. The
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absolute error of the linear combination analygigethds on the fitting details as well as the refsze
sample purity and was estimated to be + 3% [7]hBgectra slightly differ around energies of 2469
eV and 2473 eV. The origin of these differenceddaaso far not be identified. However, with linear
combination analysis the presence of CuS, SnS & iAnsignificant amounts (> 3%) could be
excluded. Additionally, in Figure 7 the CZTS samige&omparison with the CZTS reference sample

is shown.
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Figure 7 Measured and edge step normalized XANES spectfeed®ZTS powder in comparison with the referencepgam

CZTSes

The results of the quantitative analysis by hot g@saction showed that no significant amounts of

nitrogen or oxygen are present in the sample.

3.3 Structural characterization

As mentioned above, the crystal structure of thtl®sized black powder was refined with the help of
the Rietveld method. As structural starting modelwsed the kesterite type (space gropAs the
powder was detected to be stoichiometric withindtamdard deviation the stoichiometric composition
CwZnSng was used for the structural refinement. The X-jpayvder diffraction pattern with the
results of the Rietveld refinement is depicted iguFe 4b. Looking at the difference plot it is obws

that refinement succeeded very well, thus the @xy@atal data are in a very good agreement with the
theoretical ones. Refined lattice parameters asiduel values of the sample are summarized in Table
1.



Table 1 Lattice parameters and residual values of the Rikrefinement of CZTS sample

X-ray diffraction

Structure type kesterite
Crystal system tetragonal
Space group 14 (No.82)

Diffractometer  Panalytical X’'Pert PRO

Wavelength 154.06 pm, 154.44 pm
20 range 10-120 °
z 2
al/pm 543.409(3)
c/pm 1084.210(11)
Rarage / %0 3.89
R/ % 1.98
Rex; | % 1.07
S 1.85

As it is not possible to differentiate between Zw &u with conventional X-ray powder diffraction
methods, this experiment can only be used to disigh between Cu/Zn and Sn. Following
constraints were applied:

* The stoichiometric composition 2nSng was used

e The sum of Cu/Zn on all positions is 3

* The sum of Sn on all positions is 1

» Each cation position has a total occupancy of 1

» For the thermal motion an overall Debye-Waller dastas used

Table 2 lists the final atomic and additional structurargmeters from the X-ray refinement. In
conformity with literature data Sn was found on Wi position 2b (0, 0, 1/2), whereas Cu/Zn is
located on 2a (0, 0, 0), 2c (0, 1/2, 1/4) and 2dL(, 3/4) sites. No Sn was found on positionsu2
2c. However, around 3 % of Sn, that is preseriénsample, is found on 2d site. Missing Sn on the 2

site is replaced by Cu/Zn.

Table 2 Refined structural parameters of CZTS from X-rayrdiffion data. Occ for each cation position (2a,
2c, 2d, 2b) was constraint to 1. Values larger than below 0 are not meaningful and have to beicened as
1 and 0, respectively

Atom Wyckoff X y z B occ

Cuzn  2a 0 0 0 0.991(9) 1.008(2)
Sn 2a 0 0 0 0.991(9) -0.008(2)
cuzn 2 0 1/2 1/4  0.991(9) 1.001(9)
Sn 2c 0 1/2 1/4  0.991(9) -0.001(9)
Cuzn  2d 0 1/2 3/4  0.991(9) 0.967(10)
Sn 2d 0 1/2 3/4  0.991(9) 0.033(10)
cuzn  2b 0 0 1/2  0.991(9) 0.023(2)
Sn 2b 0 0 1/2  0.991(9) 0.977(2)
S 8g  0.755(3) 0.757(3)0.8718(2) 0.991(9) 4

* not refined independently
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Table 3 Lattice parameters and residual values of the Rierefinement from Neutron diffraction data

Neutron diffraction Strategy A Strategy B

Structure type kesterite
Crystal system tetragonal
Space group 14 (No.82)
Diffractometer SPODI
Wavelength 154.83 pm
260 range 1-150 °
al/pm 543.547(2) 543.547(2)
c/pm 1084.438(7) 1084.438(7)
Reragg / %0 1.68 1.76
Rup ! % 2.45 2.45
Rex / % 1.62 1.62
S 1.51 151

With the aim to reveal also the copper/zinc caticaering on the four crystallographic sites, nemtro
diffraction measurements of the product were peréat. Two strategies for the refinement were
tested.

Strategy A:

* The stoichiometric composition &ZnSn3 was applied

» The sum of Cu on all positions is 2

* The sum of Zn on all positions is 1

* The values of Sn were adopted to the values aKRi2-refinement and not refined

» Each cation position has a total occupancy of 1

As described above, the occupancy values for Se Vieed to the values obtained from our X-ray
refinement (Wyckoff positions 2d and 2b) whereas docupancy values of Cu and Zn were refined
on positions 2a (0, 0, 0), 2c (0, 1/2, 1/4), 2d X2, 3/4)and 2b (O, O, 1/2). The neutron powder
diffraction pattern together with the results oé tRietveld refinements is depicted in Figure 8. The
final atomic and additional structural parameters summarized in Table 4. Looking at the site
occupancy factors it can be seen that the 2assipeimarily occupied by Cu with small amounts of
additional Zn. However, within the error of theingiment the Zn content on this position can be
considered as zero. Cu is also the dominant elepretite 2c site whereas the 2d position is mainly
occupied with Zn. This is in good agreement with literature data of ordered kesterite phases where
Cu fully occupies the 2c and Zn the 2d position. 2owas found on the 2b site. This is summarized
in Fig. 8.

11
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Table 4 Refined structural parameters from neutron diff@ctiata (strategy A). *refined values from X-raffrdiction data

Atom Wyckoff X y z Bis occ
Cu 2a 0 0 0 2.28(10) 0.97(4)
zn 2a 0 0 0 2.28(10) 0.04(4)
Cu 2c 0 1/2 1/4 0.9(2) 0.75(7)
Zn 2c 0 1/2 1/4 0.9(2) 0.25(7)
Cu 2d 0 1/2 3/4 0.6(2) 0.26(4)
Zn 2d 0 1/2 3/4 0.6(2) 0.71(4)
Sn 2d 0 1/2 3/4 0.6(2) 0.033*
Cu 2b 0 0 1/2 0.92(8) 0.023(9)
zn 2b 0 0 1/2 0.92(8) 0.001(9)
Sn 2b 0 0 1/2 0.92(8) 0.977*
S 89 0.758(2) 0.751(3)0.8756(10) 0.85(3) 4

Strategy B:

As a second approach the method of the averageonestattering length, which was introduced by

Schorr [34] for determination of the cation disttilon of different semiconductor compounds, was

applied

(strategy B).

For this

refinement

the Hdlig off-stoichiometric composition

Cb.o0@aN1o2(25M.99254.008) WasS used. As starting model the cations wereibliged on the four
lattice sites as follows: Cu on the Wyckoff pogia2a (0, 0, 0) and 2c¢ (0, 1/2, 1/4), Zn on 2dL(D,

3/4) and Sn on 2b (0, 0, 1/2). Refined parameterssammarized in Table 5. The neutron powder

diagram together with the results of the Rietvelihements is depicted in Figure 8.

Table 5 Refined structural parameters from neutron diffoactiata (strategy B)

Atom Wyckoff X y z Bis occ
Cu 2a 0 0 0 2.33(10) 1.02(2)
Cu 2c 0 1/2 1/4 0.8(2) 0.91(3)
Zn 2d 0 1/2 3/4 0.7(2) 1.11(4)
Sn 2b 0 0 1/2 0.96(8) 1.01(2)
S 89 0.750(3) 0.758(2) 0.8757(10) 0.83(3) 4
strategy A strategy B

B | 0 A TREL N REnE e e wn n
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Figure 8 Neutron powder diffraction pattern with resultsRiétveld refinements using the kesterite-type stmgcas starting

model. (left- strategy A, right- strategy B)
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The refined site occupancies are used to calcthatexperimental average neutron scattering lengths

according to Equation 1.

Equation 1
T exp _ .
b,, " = o0ccyq * bey
T exp _ .
b,. " = occye * bey
T exp _ .
b,;”" = o0ccyq *bzy
T exp _ .
b,, " = occyp - bgy

where b®*? is the experimental determined average neutrottesitey length of the sitepcc the
occupancy of the respective site, dnid the scattering length of the particular cafflog,= 7.718 fm,
bzn= 5.680 fm, k= 6.225 fm).

The obtained values for the average neutron stajtdengths are compared with the neutron
scattering lengths of Cu, Zn and Sn. An occurriegiation from the initial value shows that the
cation sites 2c and 2d are not exclusively occupiethe presumed atom. For the calculation of the

cation distribution Equation 2 is used.

Equation 2

by =X; bey+Y; bzn+Z; by
where b; is the average neutron scattering length ofigiéa, 2c, 2d, 2b)X;, Y; andz the fraction of
Cu, Zn and Sn on the respective site, bnd again the scattering length of the cation.hie global
optimization procedure all values were simultangoaptimised and the following conditions have to
be fulfilled: minimisation of the difference betwek®*? andb;; each position is fully occupied; there
is no deviation from the given stoichiometry.
From strategy B following supposition can be mage:is fully occupied by copper. The average
neutron scattering length of the 2c site is sigaifitly lower than compared to full occupancy witl, C
suggesting the presence ofgdmor Sn, antisites. However, significant amounts of-Santisites on
the 2c site were excluded by the X-ray refinemAntindication for Cy, antisites is suggested on the
2d site due to the significantly higher averagetmguscattering length compared to the value of Zn.
The value for Sn on the 2b site would suggest omdy Sn is present on this position. All this is

summarized in Figure 9.
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Figure 9 Experimentally determined values of the averageroauscattering lengtib of the 2a, 2¢, 2d and 2b sites for
strategy A and B and final values resulting fronthbstrategies

From the results presented in Table 3 it is obvithe both refinements succeeded very well.
Comparing the lattice parameters, residual valmgsstructural parameters no significant differences
are observed. However, two deviations of the respiltboth refinements have to be mentioned. Zn
was found in the amount of 4% on the 2a site iatsgy A whereas in strategy B no Zn was found on
this position. By taking into account the errortbé refined parameter Znin strategy A the Zn
content can be considered as zero though. Secdhiglyof ~2% are found on the 2d site in strategy
A, assuming a stoichiometric composition PuSng. Using the  composition
Clb.00aZNw.o225M.99254.008)IN Strategy B, the entire amount of Sn is on thsifh

In Figure 9 the experimentally determined averagatnon scattering lengths for the cation sites for
both refinement strategies and the calculated safy® are compared. It can be easily seen that the
values for both strategies are in good agreemehtesich other.

Independently from the refinement strategy theofeihg statements can be made: cation site 2a is
fully occupied by copper. On the 2c site the preseof Zry, antisites is clearly seen (~28%). An
additional indication comes from the occupancydexbf the 2d site (presence of £ in the order of
~28%). The determined values for the 2b site sugipes within the experimental error this site is

only occupied by tin. This is summarized in Fig@rend Figure 10.
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Figure 10 Cation distribution of the synthesized sample

4 Conclusions

A mechanochemical synthesis route to CZTS was sstadly developed. The synthesis process
includes a milling step, which is essential to progl phase pure powder, and an annealing step at 500
°C. This reaction temperature is favorable as @isiparable to the temperatures actually used glurin
thin films growth and is close to the real techhjm@cess conditions.

WDS measurements confirmed a stoichiometric chdmmaposition of ChloaZN1.0225M.99(2)54.00(8)
and no secondary phases were found in XANES. Theltseof diffraction studies showed that the
powder crystallizes in the kesterite-type structdige cation distribution was determined by neutron
powder diffraction measurements and revealed aapartlisordered kesterite type. The ordering of
the cations should significantly depend on the iogorate of the sample during preparation. For
different cooling procedures we expect a differdigtribution of the cations. In order to investigat
this phenomenon, additional neutron scattering ex@ats are scheduled.

With the developed mechanochemical route it is Ipip®ssible to control the composition of the
synthesized powder. Therefore, additional expertmiemprepare phase-pure off-stoichiometric CZTS
material are planned.
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Highlights

Mechanochemical synthesis of phase pure kesterite powder.
Determination of the cation distribution using neutron diffraction.

Partial disorder for copper and zinc observed.



