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The crystal structure of Cu,ZnSnSe, (CZTSe) has been investigated using two types of structure mo-
dels known as stannite and kesterite. The single crystal X-ray diffraction study has been performed for
two CZTSe single crystals samples obtained by the Bridgman (1) and chemical transport reaction (1)
methods. The best refinement was obtained for the model in the space group 1-42m, which suggests
that cooper and zinc atoms alternate in the d Wickoff position of the space group and statistically oc-

cupy it with equal probability.

Keywords: crystal structure, stannite, kesterite, X-ray diffraction.

VJIK 548
INTRODUCTION

The Cu,ZnSnSe, (CZTSe) compound is known
to be a promising material for absorber layers in thin
film solar cells since it has the optical band-gap
energy of 0.94-1.5 eV and a large optical absorption
coefficient. The CZTSSe-based thin film solar cells
with the efficiency of 10.1% have been recently
manufactured using hydrazine-based solution-
processing [1]. However, despite the extensive in-
vestigations of bulk and thin films of CZTSe com-
pound, to the best of our knowledge, there are no
data on its crystal structure based on single crystal
X-ray diffraction measurements. All current investi-
gations of the crystal structure of this compound are
based on powder diffraction measurements. From
the data obtained earlier elsewhere, two models of
crystal structure of CZTSe can be specified namely,
stannite and kesterite. These structures are closely
interrelated but belong to different space groups:
I1-42m (stannite) and 1-4 (kesterite) and they differ
by cations (Cu and Zn) distribution [2]. First results
of powder X-ray refinement [3] suggest that CZTSe
crystallizes in the stannite structure. The stannite
structure is also confirmed in [4]. However, from X-
ray and neutron diffraction investigations, the keste-
rite structure is considered to be preferable for
CZTSe [5, 6], and, what is more, the anti-sites Znc,
and Cugz, are detected [6]. Theoretical calculations in
[7, 8] predicted that the kesterite structure is the
most stable phase for CZTSe, still little difference in
the total energy and enthalpy of the formation makes
both types of structures possible for CZTSe. In the
present research, we are the first to report the details
and results of the X-ray investigations of CZTSe
single crystals.

EXPERIMENT

Two kinds of single crystals prepared by the
Bridgman method and the chemical transport reac-
tion method were used for the present investigation.

The CZTSe crystals are formed via peritectic re-
actions at 1063K [9], which complicates their prepa-
ration by crystallization of the melt. We have pre-
pared crystals of the CZTSe compound using the
Bridgman method. Synthesis was carried out in an
evacuated and sealed quartz ampoule covered inside
with graphite; Cu-99.9999, Zn-99.9999,
Sn-99.9999, Se-99.999 were used as the initial ele-
ments. In order to avoid a peritectic reaction and
appearance of ZnSe as a secondary phase during the
crystallization process, both the synthesis of CZTSe
from the initial elements and the subsequent crystal-
lization were carried out at the temperature of 50K
below the temperature of a peritectic reaction.
Moreover, the melt composition used for the crystal
growth was slightly displaced from the stoichiome-
try line of CZTSe of the phase diagram Cu,SnSe; —
ZnSe towards Cu,SnSe;. The melt cooling rate was
2 K/h. The samples for X-ray measurements were
selected from the bottom part of the ingot. The pro-
cedure for the preparation of a single crystal using
the chemical transport reaction method was similar
to [10].

The composition of the sample was tested by
EDAX. The content of elements in the samples is
given in Table 1.

Table 1. The content of elements in samples

Element,

At % Cu Zn Sn Se
Sample | 28.91 9.66 13.11 48.32
Sample Il 25.22 12.00 13.37 49.42

The X-ray diffraction data were obtained at room
temperature using an Xcalibur E diffractometer sup-
plied with an EOS CCD space detector and a mono-
chromatic source of MoKa radiation (graphite mo-
nochromator). The data were collected and pro-
cessed using the program CrysAlisPro (Oxford Dif-
fraction Ltd., version 1.171.33.66) and were correc-
ted for the Lorentz and polarization effects and ab-
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Table 2. Results of refinement and experimental details for | and 1 single crystals of CZTSe

Sample I 1
Empirical formula Cu,Se,SnZzn Cu,Se,SnZn
Formula weight 626.98 626.98
Temperature 293(2) K 293(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Tetragonal Tetragonal
Space group 1-42m 1-42m

Unit cell dimensions

a=h=5.6884(3) A
c=11.3472(13) A

a=b=5.6954(17) A
c=11.3475(6) A

c/l2a 0.9974 0.9962
Volume 367.17(5) A’ 368.09(2) A’
Z 2 2

Density (calculated) 5.671 Mg/m’ 5.657 Mg/m®
Absorption coefficient 32.012 mm™* 31.933 mm*

F(000) 548 548

Crystal size 0.10 x 0.06 x 0.03 mm® 0.08 x 0.06 x 0.02 mm®

Theta range for data collection 3.59 to 32.42° 3.59 to 32.49°

Index ranges

-8<=h<=8, -8<=k<=8, -17<=I<=17

-8<=h<=8, -8<=k<=8, -17<=I<=17

Reflections collected

4583

5165

Independent reflections

378 [R(int) = 0.0771]

381 [R(int) = 0.1563]

Completeness to Oax

100.0 % (Opmax = 32.42°)

100.0 % (Omax = 32.49°)

Max. and min. transmission 0.4468 and 0.1420 0.5676 and 0.1844
Refinement method Full-matrix least-squares on F Full-matrix least-squares on F?
Data / restraints / parameters 378/0/14 381/0/16
Goodness-of-fit on F? 1.004 1.000

Final R indices [I>24(1)]

R1 = 0.0234, wR2 = 0.0487

R1=0.0367, wR2 = 0.0913

R indices (all data)

R1 =0.0304, wR2 = 0.0508

R1 =0.0458, wR2 = 0.0991

Absolute structure parameter

0.00(3)

-0.02(4)

Extinction coefficient

0.0426(13)

0.0097(10)

Largest diff. peak and hole

1.221and-1.134e. A3

1.457 and -1.226 . A 3

Table 3. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A?x 10°) for CZTSe

Atom Wickoff X y z U(eq)
position/Site
occupation factor

Cu(2) 2a/0.125 0 0 0 19(1) [21(1)]

Cu() 4d/0.125 0 5000 2500 17(1) [27(4)]

Zn(1) 4d/0.125 0 5000 2500 17(1) [13(3)]

Sn(1) 2b/0.125 5000 5000 0 13(1) [15(1) ]

Se(1) 8i/0.5 7416(1) 7416(1) 6287(1) 12(1)
[7417 (1)] [7417(1)] [6289(1)] [14(1)]

sorption [11]. The structure was refined by the full
matrix least squares method on F? with anisotropic
displacement parameters using the program
SHELXL [12].

RESULTS AND DISCUSSION

Best results of the structure refinement for both
samples were obtained for the model in the space
group 1-42m and are summarized in Tables 2 and 3.

Table 2 shows that the sample prepared from
melt (I) has a c/2a value closer to 1 than sample (1)
prepared using chemical transport. The ideal stannite
and Kkesterite structures should have c/2a ratio
c/2a = 1 [7], thus the sample prepared from melt
corresponds better to the ideal model. Best final R
indices in both cases were obtained on the assump-
tion that cooper and zinc atoms alternate in d Wick-
off position of the unit cell and statistically occupy it




with equal probability and other Cu atoms are situa-
ted in 2a position (Table 3, Fig. 1).
U(eq) are defined as one third of the trace of the

orthogonalized Ul tensor. Data for 1l are given in
square brackets when it differs from I.

As follows from Table 3, the difference in struc-
tural parameters of | and Il do not exceed three
standart deviations.

The data are deposited as CIF files at the Fachin-
formationszentrum

Leopoldshafen,

7247808666; E-mail:
CSD#424774); the data can be obtained by addres-
sing the Fachinformationszentrum and giving the
CSD number.

Karlsruhe,
76344  Germany
crysdata@fiz-karlsruhe.de);

Eggenstein-
(fax:

+49

Table 4. Final R values for different models

Sample |
. Kesterite Kesterit
Model Stannite (Conv.) (Desord.)
iFr:g?!eF; R1=0.0263 | R1=0.0292 | R1=0.0291
. wWR2 =0.0659 | wR2=0.0558 | wR2 =0.0556
[I>2sigma
0]

R indices R1=0.0339 R1=0.0399 R1=0.0399
(all data) wWR2 =0.0693 | wR2=0.0601 | wR2 =0.0599
Sample Il

. Kesterite Kesterit

Model Stannite (Conv.) (Desord.)
iFr:Q?!eF; R1=0.0384 | R1=00442 | R1=0.0445
. wR2 =0.1051 wWR2 =0.0964 | wR2 =0.0972

[I>2sigma
]

R indices R1=10.0481 R1=10.0575 R1=10.0579
(all data) wR2=0.1150 | wR2=0.1028 | wR2 =0.1037

The best model of a structure has been obtained

for the space group I-42m, but the arrangement of
Cu atoms is similar to the kesterite structure. Howe-
ver, it does not match the conventional kesterite
(space group I-4) structure with independent 2c and

Fig. 1. Final (a), stannite (b) and kesterite (c) models of CZTSe structure.

2d positions because in the space group 1-42m the
corresponding four 4d positions are equivalent
(Fig. 1a).

The refinement procedure has been also carried
out for the conventional stannite (space group
I-42m) model (Fig. 1b) and two kesterite (space
group 1-4) models: conventional model (Fig. 1¢) and
a similar model when 2c and 2d positions are statis-
tically occupied by copper and zinc with equal pro-
bability. The results are listed in Table 4.

Thus X-ray data on single crystals confirm the
earlier neutron diffraction measurements [6] of kes-
terit-like structure of CZTSe. At the same time it
should be noted that the best model of refinement
suggests the 1-42m space group for CZTSe.

CONCLUSIONS

To summarize, the X-ray diffraction investigation
of single crystals has been carried out for two sam-
ples of CZTSe prepared using the Bridgman and
chemical transport reaction methods. The most sui-
table model that fits for both samples has been ob-
tained in 1-42m space group. A better refinement
was obtained for the CZTSe single crystal prepared
using the Bridgman method. The final model of the
structure suggests that 2a Wickoff positions of the
unit cell are occupied by Cu atoms and d positions
are statistically occupied by copper and zinc atoms
with equal probability. This model has main features
of the kesterit structure, but belongs to the 1-42m
space group unlike the conventional Kkesterit struc-
ture with the 1-4 space group.
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Kpucrammueckass crpykrypa coenuneHus Cu,Zn
SnSe, Oblia KCCIEAOBaHA C UCIONB30BaHUEM B Ka4eCTBE
NPOTOTHIOB JIBYX CTPYKTYp: KECTEpUTa M CTaHHHTA.
PeHTreHOCTPYKTYpHBIC U3MEPEHHUS MPOBEACHBI HA MOHO-
KpUCTaJUIaX, IOJdydeHHbIX MeromoM bpumkmena (1) u
METOIOM XHMHYECKUX TpaHCmopTHeIX peakmuid (I1).
Hawmnyumee coBmageHue MONYYEHO U MOJEIH C HPO-
CTPAHCTBEHHOM Tpynmoii 1-42m u B NpeAnonoxeHuH, 4To
aTOMBI MM ¥ IMHKA C PaBHOM BEPOSITHOCTBIO pacmpene-
nenus 3aauMmarotr d Wickoff mosummun npocrpancteennoi
CPYIIIIHIL.

Kniouegvie cnoea: kpucmannuveckas cmpykmypd,
CMaHHum, Kecmepum, pPeHmeeHOCMPYKMYPHLIL AHATU3.



