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Abstract

The stoichiometry and phase homogeneity of the kesterite type compound Cu2ZnSnS4 play a key 

role in its efficiency in solar cells. In this work, CuCl2, ZnCl2 and SnCl2 were applied as solvents in 

the Cu2ZnSnS4 crystal growth for the first time. The multiphase ingot was obtained by a direct 

fusion of the stoichiometric batch composed of constituent elements. Compared to that, the material 

recrystallized in SnCl2 presented the single phase Zn-rich kesterite with composition 

Cu1.94Zn1.06SnS4 and unit cell parameters a = 5.4324(3) and c = 10.8383(2) Å. The crystal structure 

of Cu1.94Zn1.06SnS4 was determined by a single crystal X-ray diffraction analysis. The integral phase 

purity of the crystals grown with the use of SnCl2 solvent was verified by a powder X-ray 

diffraction analysis and Raman measurements. In the Raman spectrum, the FWHM value of the 337 

cm-1 line was as low as 9.6 cm1, and that indicates the minimal lattice disorder.

Keywords: kesterite; crystal growth; flux; crystal structure; Raman
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1. Introduction

At the present time, Cu2ZnSn(S,Se)4 (CZTSSe) compounds of the kesterite type structure 

are extensively investigated as promising absorbers in thin-film photovoltaic devices due to their 

large absorption coefficient (104 cm−1), appropriate bandgap (1.0-1.5 eV) and earth abundant 

constituent elements [1-5]. It can be noted that, recently, similar absorber properties were also 

reported for the compounds with a general formula Cu2HgSn(Ge)S(Se)4 [6-9]. To date, the CZTSSe 

thin-film solar cells with a 10-12.6% conversion efficiency have been realized, and a further 

improvement of the CZTSSe-based solar cells can be assumed to reach their high theoretical 

efficiency of ~30% for single junction structures [10-14]. This further progress, however, is 

possible on the base of detailed investigation of physical and chemical properties of 

Cu2ZnSn(S,Se)4 compounds. 

In thin film technologies, when the temperature is comparatively low and the compound 

layer is formed under essentially non-equilibrium conditions, the crystallinity, real defect structure 

and composition homogeneity are strongly determined by the deposition conditions, including the 

heating/cooling rates, reagents, geometry of an experimental setup and so on [1,2,12,15-17]. 

Respectively, the optimal deposition conditions should be determined to reach the film 

characteristics appropriate for the device structure optimization. As a rule, the best way for such 

optimization is the comparison of physical and chemical properties of the complex compound in the 

film form with those obtained for the same compound in the bulk crystal state, where the optical 

and electrical parameters can be measured as a function of crystallographic orientation.   

In the CZTSSe-based thin-film solar cell production, one should account for the influence of 

inter diffusion between different deposited layers [18,19]. However, considering the absorber layer 

material, the crucial effect is brought about by the components with differing volatility and 

following nonreproducible stoichiometry [20-24]. In the case of kesterite film analysis, the 

comparison with the bulk crystal properties is particularly significant and, respectively, the high-

quality of CZTSSe crystals growth is extremely valuable. In recent years, many technologies were 
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tested for the preparation of kesterite crystals [25-32], and the crystal growth from molten halide 

fluxes seems to be among the most promising methods [33]. In this technique, the crystallization 

temperature is significantly below the decomposition point known for CZTSSe compounds 

(Cu2ZnSnS4, ~500C) [34-36]. Thus, the preparation of relatively big crystals, commonly without 

foreign phase capture, becomes possible with the use of KI or CdI2 solvents [33,37]. However, in 

this case, the incorporation of foreign cations into the kesterite structure is possible [34]. To avoid 

this factor, the present work is aimed at the use of constituent element chlorides, CuCl2, ZnCl2 and 

SnCl2, for the Cu2ZnSnS4 crystal growth. The chloride-based solvents seem to be more suitable 

than iodide compounds from the technological point of view because of their lower hygroscopicity 

and simple chemical preparation. With this approach, only chlorine may be a potential foreign 

impurity in the resulting kesterite compound, which will obviously decrease the number of factors 

to control the solar cell device production.

2. Experimental

All synthesis and flux crystallization procedures were carried out in fuzed quartz ampoules, 

since it is necessary to protect the molten material against oxidation. The ampoules were washed up 

with HNO3 acid and bidistilled water. The starting materials were elementary Cu, Sn, S (Wuhan 

Xinrong New Materials Co. Ltd, 4N), Zn (Fox Chemicals, 4N) and CuO (Ural Chemical Reagent 

Plant, 99.9%). Initially the polycrystalline CZTS was synthesized. The CZTS ingot was prepared by 

the slow heating to 1050°C of the Cu, Zn, Sn and S materials mixed at the stoichiometric ratio. For 

homogenization, the melt with the formal CZTS composition was treated at 1050°C for 20 h and 

then cooled with the switched off furnace. The resulting ingot was crushed and the product was 

taken for three experiments with different fluxes. The flux components were prepared just before 

the ampoule sealing in order to minimize the water vapor capture from the air. SnCl2 was obtained 

by heating SnCl2·2H2O (Alphaservice, 99.99%) in a ceramic cup at 200°C during 3 h. Zinc chloride 

and copper chloride (II) were obtained by dissolving  metallic Zn and CuO, correspondingly, in 
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high purity chloric acid (Sigma Tek, 38%) and the following evaporation at 200°C in the air, and at 

100°C under vacuum. The obtained SnCl2 and ZnCl2 products were white and CuCl2 was brown. 

The phase composition of the synthesized metal chlorides was controlled by the powder XRD 

analysis (not shown).

For recrystallization experiments, 5 g of CZTS batches were put in three separate silica 

ampoules with dimensions 1x30 cm. In each case, the amount of added solvent was calculated on 

the base of 1/1 molar proportion to the CZTS quantity.  The ampoules were sealed at residual 

pressure 5×10-3 Torr and heated in a horizontal muffle furnace to 900°C. After this, the ampoules 

were slowly cooled to 500°C with the ramp 1 K/h and then cooled down naturally with the switched 

off furnace. After breaking the ampoule, to remove the solvent component, the product was rinsed 

by water and ethanol. The undissolved precipitate was examined by X-ray diffraction, microscopic, 

EDS SEM and Raman analyses. In what follows, the samples obtained with the use of CuCl2, ZnCl2 

and SnCl2 are designated as I, II and III.

The chemical analyses were performed on a Tescan MIRA 3 LMU scanning electron 

microscope coupled with an INCA EDS 450 microanalyser. The SEM pattern of the sample applied 

in the Raman experiment was recorded with the use of a Hitachi SU8220 device.

The phase composition of grown crystals was obtained by the powder XRD analysis. The 

XRD patterns were recorded with the use of a Shimadzu XRD-7000 diffractometer (CuK-alpha 

radiation, Ni – filter, 2θ = 5-70°, 0.03° 2θ step, 1s per step). A polycrystalline sample was slightly 

ground with hexane in an agate mortar, and the resulting suspension was deposited on the polished 

side of a standard quartz sample holder to form a smooth thin layer after drying. The precision scans 

were performed for the sample obtained in ZnCl2 and SnCl2 fluxes: diffraction angle range 2θ = 10-

120°, step 0.03° 2θ, 10s per step. Indexing the diffraction patterns was carried out using the data for 

the compounds reported in the PDF database [38]. The unit cell parameters were refined by using 

the Topas Academic v.6 software [39]. The peak profiles were described by the pseudo-Voigt 

function in the diffraction angle range of 2 = 90120. 
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The single-crystal X-ray diffraction data for the selected sample grown with the use of SnCl2 

were collected on a Bruker Apex DUO CCD diffractometer equipped with the graphite 

monochromated MoK (  = 0.71073 Å) radiation at 293(2) K. The  -scan technique was 

employed to measure intensities. The absorption corrections were applied empirically using the 

SADABS program [40]. The structure was solved by the direct methods of the difference Fourier 

synthesis and further refined by the full-matrix least squares method using the SHELXTL package 

[41]. The atomic thermal parameters for all atoms were refined anisotropically. The structure 

refinement shows the cooperative occupation of Cu and Zn atom positions. The self-occupancy 

factor (SOF) for Cu and Zn atoms in position Cu(2) was refined from the difference electron density 

maps and fixed at the ratio of 1.94/0.06 according to the chemical composition analysis.

The Raman experiment was performed at room temperature in the backscattering geometry 

by using a solid-state laser Millenia (Spectra Physics) with wavelength 532.1 nm and Raman 

spectrometer Trivista 777. The spectral resolution of the spectrometer was ~1 cm-1. A neon-

discharge lamp was used for the spectrometer wavelength calibration. A spherical lens with focal 

length 40 mm was used for focusing the laser beam onto the sample and collecting scattered light as 

well. The incident laser beam intensity at the sample was about 60 mW. 

3. Results and discussions

To see the result of the CZTS synthesis, the obtained ingot was cut length wise and its inner 

surface was polished. Then, the polished surface was observed with an optical microscope Olympus 

BX53P with the illumination by white reflected light. The CZTS ingot obtained after the synthesis 

at 1050°C was visually inhomogeneous, as shown in Figure 1a. The presence of four phases was 

detected as a result of microscopic examination of the polished section and the phases were 

identified according to their chemical compositions determined by EDS measurements. The 

dominant part of the sample surface was occupied by the Cu2ZnSnS4 phase, and the remaining part 

- by ZnS, Cu2SnS3 and SnS. The lack of the contact between the ZnS and SnS grains is worth 
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noting. The structure of the quasi-binary ZnS-Cu2SnS3 diagram is known [42] and the relics of the 

ZnS and Cu2SnS3 phases can be explained by the incomplete peritectic reaction ZnS + L = 

Cu2ZnSnS4. However, a noticeable amount of the SnS phase in some parts of the ingot indicates a 

large deviation from equilibrium in the system, probably due to the component redistribution 

through the gas phase. Such an uneven distribution of the components in the ingot makes it difficult 

to obtain a single phase product, even with a very long subsequent solid phase annealing. It is 

known that the presence of a foreign phase significantly affects the performance of CZTS batteries 

[22]. As for the chemical composition of the CZTS phase, the measured cation ratios Cu/(Zn + Sn) 

~ 1.03 and Zn/Sn ~ 1.05  (Table 1) lie outside the field of the desired CZTS compositions [23].

Therefore, the reduction of crystallization temperature and vapor pressure of the volatile 

components with the use of a flux seems to be a promising approach. In the growth experiments, the 

CZTS ingot pieces were sealed in separate ampoules with the constituent metal chloride salts. It 

could be mentioned that the melting points of the chlorides are significantly different: CuCl2 

(498C), ZnCl2 (318C) and SnCl2 (247C) [43]. Respectively, the spontaneous crystallization on 

cooling is also assumed at different temperatures.

First, to reveal the most promising solvent type, the phase analysis of grown crystals I, II 

and III was implemented with the use of available literature information.  In the case of CuCl2 

(Figure 1S), the Cu2ZnSnS4 phase formation was not detected. The presence of CuS (PDF 010-78-

2121 [44]), ZnS (PDF 010-71-5976 [45]) (or CuCl (PDF 010-82-2114 [46]) and the phase 

isostructural to Cu1.8S (PDF 010-70-9132 [43]) were found in the washed sediment I. ZnS and CuCl 

crystals have the same symmetry (space group F-43m) and almost the same cell parameters. For this 

reason, the selection of the phase present in sample I is not possible by the methods of XRD 

analysis. Besides, it is not possible to identify the phase containing tin. Probably, it turned into a 

water-soluble form and then it was removed during the sample processing. Thus, the CuCl2 solvent 

is not appropriate for the CZTS crystal growth.
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The diffraction pattern of II (Figure 2S) first appeared to be close to that of Cu2ZnSnS4 

(PDF 010-75-4122 [48]). However, it should be taken into account that the X-ray diffraction 

patterns of Cu2ZnSnS4 and Cu2SnS3 are very similar and can differ quite correctly only at higher 

diffraction angles 2θ. With the precision scanning in the wide range of 2θ = 90-120°, it is found that 

sample II contains the CZTS and Cu2SnS3 (PDF 010-89-4714 [49] phases. The microscopic 

examination of the polished section revealed some inclusions of the ZnS phase. This suggests that 

there is no chemical reaction between CZTS and the ZnCl2 flux with the Cl ion incorporation. On 

the other hand, the coexistence of three phases CZTS, Cu2SnS3 and ZnS suggests that the beginning 

of crystallization with the taken CZTS/solvent ratio is still above the CZTS peritectic 

decomposition temperature. Thus, it can be reasonably assumed that the Cu2ZnSnS4-ZnCl2 system 

is appropriate for the CZTS growth and the phase pure crystals could be obtained at optimal 

conditions.

The XRD pattern of sample III is shown in Figure 2. All diffraction peaks at the 2 = 10-

70° range can be successfully attributed to the known structure of Cu2ZnSnS4 [48]. Small 

unindexed peaks were revealed only at high diffraction angles 2 = 90-120°. Thus, it can be 

supposed that sample III contains phases with similar parameters or their structure is slightly 

different from the known one. The absence of foreign phase inclusions is confirmed by the 

microscopic examination of crystal III polished sections in scanning electron and optical 

microscopes. The images are shown in Figures 1b and 1c, respectively. In both cases, the contrast is 

uniform, and it verifies the uniform element distribution over the crystal bulk. According to EDX 

measurements, the internal distribution of chemical components in the grains of III is homogeneous 

with the constituent element ratios Cu/(Zn + Sn) ~ 0.96 and Zn/Sn ~ 1.11 (Table 1). It should be 

mentioned that the obtained cation ratio lies in the field of CZTS compositions showing the highest 

solar energy conversion efficiency [23]. Also one should note that the use of SnCl2 as a solvent does 

not affect the tin content in the final product (see Table 1). It can be assumed that the change in the 

concentrations of other cations is caused by the peculiarities of their dissolution coefficients in 
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SnCl2. Generally, the best result in the crystal quality is obtained for the solvent with a relatively 

low melting temperature (SnCl2, 247C), and this parameter may be among the key factors for the 

optimal solvent selection. 

The selected crystal III was used for the crystal structure determination by the X-ray 

structure analysis under the constrained chemical composition Cu1.94Zn1.06SnS4, as obtained by 

EDX measurements. The main crystallographic parameters and refinement details are presented in 

Table 2. Formally, Cu1.94Zn0.06SnS4 crystallizes in disordered kesterite-type structure [50]. This 

tetragonal structure could be composed from the cubic sphalerite–ZnS type structure by doubling 

the sphalerite unit cell along axis c, with unit-cell parameters close to a = 5.44 and c = 10.85 Å [51]. 

Cationic layers are alternating along the c-axis: Cu/Sn located at z = 0 and z =1/2 (2a and 2b 

Wyckoff positions, respectively) and Cu/Zn at z = 1/4 and z =3/4 (4d sites), separated by sulfur 

layers (see Figure 3). The possibility of disordered kesterite-type structure formation for Cu2-

xZn1+xSnS4 was established [52]. Because Cu2+ and Zn2+ cations have very close atomic scattering 

factors, it is definitely impossible to distinguish the ordered and disordered kesterite structures from 

X-ray diffraction experiments, even on single crystals. The extra-content of Zn in this Zn-rich 

crystal was proved by the EDX determination and it provides the structure refinement with a low R-

factor (Table 2). The supplementary data CCDC 2025030 contain the crystallographic data 

determined for the Cu1.94Zn1.06SnS4 sulfide. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or e-mail: 

deposit@ccdc.cam.ac.uk.

The structural data revealed by the single crystal X-ray diffraction analysis were used for the 

Rietveld refinement of the XRD pattern recorded for sample III. The difference pattern is shown in 

Figure 2. All diffraction peaks were successfully attributed to the Cu1.94Zn1.06SnS4 phase. The cell 

parameters refined by Rietveld method are a = 5.4324(3) and c = 10.8383(2) Å (Rexp = 1.74%, Rp = 
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3.67%, Rwp = 6.03%). Some difference between experimental and calculated patterns may be 

caused by preferential orientation of microcrystals.

The phase purity and homogeneity of sample III were additionally tested by Raman 

measurements.  For this purpose, the biggest plate-like crystal was selected. The SEM image of this 

crystal is shown in Figure 3S. The homogeneous contrast observed for the plate indicates the 

uniform chemical composition even for the mm-sized crystal. The Raman spectrum of the CZTS 

single crystal obtained in the frequency range from 100 cm-1 to 450 cm-1 without selection in 

polarization is shown in Figure 4. This spectrum looks qualitatively similar to the kesterite spectra 

measured in [27,51,54]. In the spectrum, one can see strong Raman lines at 167, 289, 338, 375 cm-1 

and relatively weak peaks at 256 and 348 cm-1. According to [53], the lines at 289 and 338 cm-1 can 

be interpreted as A symmetry modes and peaks at 167, 256 and 348 cm-1 can be attributed to E and 

B symmetry modes. The line at 375 cm-1 can be assigned as the LO component of B symmetry 

modes [23,50]. By applying the polarized excitation beam, a Raman line intensity redistribution was 

observed for different spatial points of the CZTS plate. This suggests a domain structure on the 

scale of 50 μm (beam diameter). In general, the Raman spectrum shown in Figure 4 looks very 

similar to those presented in [27,53,54], taking into account the possible variation of 

crystallographic orientation. The observed Raman line positions, together with those reported in the 

literature, are listed in Table 4 [23,49-51]. It is known that the statistical disorder in the cation 

sublattice is accompanied by a Raman line shift from 337 to 331 cm-1 [56]. Thus, the lack of 331 

cm-1 line contribution to the Raman spectrum of our sample (Figure 4) proves the true kesterite 

structure of the CZTS sample III. Another parameter of this line related to disorder is its line width. 

It is believed that the line width is related to phonon localization due to lattice disorder [57]. The 

line full width at half maximum (FWHM) being 11-14 cm-1 was reported for CZTS thin films and 

10-11 cm-1 - for single crystals [57]. In sample III, the 337 cm-1 line FWHM was as low as 9.6 

cm1, and that corresponds to the lowest known room-temperature value for CZTS crystals, to the 

best of our knowledge. Thus, the minimal lattice disorder can be reasonably assumed in CZTS 
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crystal III.

4. Conclusions   

In the present work, the homogeneous CZTS crystals were obtained from the SnCl2-based  

flux. The chlorine incorporation in the crystal bulk was not observed, while tin is a constituent of 

the CZTS crystal. The small grown crystals are characterized by high structural quality. However, 

the big crystals may be twinned and the optimization of growth conditions seems to be topical to 

reach big-sized single crystals. This approach may favor the progress of CZTS production for 

sputtering targets and “monograin” solar cells. On the other hand, the microscale domain structure 

should be well studied in order to reveal its effect on the electrophysical performance.
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Table 1. Chemical compositions of CZTS phase obtained by direct fusion and from SnCl2 flux.

Cu, at. % Zn, at. % Sn, at. % S, at. % Cu/(Zn+Sn) Zn/Sn

Direct synthesis 25,49 12,59 12,05 49,87 1,03 1,05

SnCl2 flux 24,43 13,38 12,06 50,13 0,96 1,11
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Table 2. Crystal data and structure refinement for Cu1.94 S4SnZn1.06

Empirical formula Cu1.94 S4SnZn1.06

Formula weight 439.49
Crystal system Tetragonal
Space group I-42m

Unit cell dimensions a = b = 5.4383(2) Å
c = 10.8455(5) Å

Volume 320.76(3) Å3

Z 2
Density (calculated) 4.550 M/cm3

Absorption coefficient 15.276 mm-1

Crystal size 0.12 x 0.10 x 0.02 mm3

Theta range for data collection 3.757 – 32.630°
Index ranges -8  h  6

-5  k  8
-15  l  16

Ihkl coll. 1592
Ihkl   2I (Rint) 335 (0.0294)

Completeness to theta = 25.25° 99.1 %
Data / restraints / parameters 335 / 0 / 15

Goodness-of-fit on F2 1.053
R (I > 2I) R1 = 0.0092, wR2 = 0.0224

R  (Ihkl coll.) R1 = 0.0092, wR2 = 0.0224

Absolute structure parameter 0.02(4)
Largest diff. peak and hole 0.352 and -0.488 e/Å3
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Table 3. Wavenumber and mode assignment of Raman peaks of the Cu2ZnSnS4 sample III and 

related literature data

This work

(cm-1)

Symmetry Ref. [49]

(cm-1)

Ref. [23]

(cm-1)

Ref. [50]

(cm-1)

Ref. [51]

(cm-1)

167 E/B 166 167 165.9 160162

256 E/B 252 250 252.1 245255

289 A 287 287 283.2 285

338 A 337 338 336.3 334

348 E/B 347 347 241353

375 B(LO) 374 375.9
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Captions

Figure 1. (a) CZTS sample obtained by the direct fusion of elementary compounds and after the 

recrystallization with the SnCl2 flux (b,c). The images are obtained in optical (a, b) and scanning 

electron (c) microscopes.

Figure 2. X-ray diffraction data for CZTS obtained from SnCl2: a) comparison of experimental 

(black) and Rietveld refined (red) data, b) difference curve.

Figure 3. Fragment of the structure of Cu1.94Zn0.06SnS4. The unit cell is outlined. The lone metal 

atoms are omitted for clarity.

Figure 4. Raman spectrum of the Cu2ZnSnS4 sample. The Raman lines are marked with arrows.
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Figure 3
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Figure 4
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Single crystal growth of Cu2ZnSnS4 in SnCl2-based flux. 

Page 27 of 27 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 C
ar

le
to

n 
U

ni
ve

rs
ity

 o
n 

11
/2

8/
20

20
 2

:1
2:

32
 P

M
. 

View Article Online
DOI: 10.1039/D0CE01264E

https://doi.org/10.1039/d0ce01264e

