
C
s

J
K

a

A
R
R
A
A

K
C
X
R
O
S

1

C
a
d
d
[
f
r
c
t
d
a

a
h
f
s
W
g
a
m
o
p

0
d

Journal of Alloys and Compounds 511 (2012) 129– 132

Contents lists available at SciVerse ScienceDirect

Journal  of  Alloys  and  Compounds

jou rn al h om epage: www.elsev ier .com/ locate / ja l l com

omposition  dependence  of  structure  and  optical  properties  of  Cu2ZnSn(S,Se)4

olid  solutions:  An  experimental  study

un  He,  Lin  Sun ∗,  Shiyou  Chen,  Ye  Chen,  Pingxiong  Yang,  Junhao  Chu
ey Laboratory of Polar Materials and Devices, Ministry of Education, East China Normal University, Shanghai 200241, China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 8 July 2011
eceived in revised form 29 August 2011
ccepted 31 August 2011
vailable online 10 September 2011

a  b  s  t  r  a  c  t

The  evolution  of  structure  and  optical  properties  of Cu2ZnSn  (SxSe1−x)4 (CZTSSe)  solid  solutions  in a
wide  composition  range  (0  ≤  x ≤ 1)  has  not  been  fully  elucidated.  We  have  performed  comprehensive
characterization  on the CZTSSe  powders  with  different  S/Se  ratios,  which  were  synthesized  by the  solid
state  reaction  method.  X-ray  diffraction  patterns  demonstrate  that  the  lattice  parameters  a  and  c of
CZTSSe  decrease  lineally  when  S replace  Se  gradually,  which  obeys  the  Vegard’s  rule.  The A Raman
eywords:
u2ZnSn(S,Se)4

-ray diffraction (XRD)
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modes  of  CZTSSe  show  a typical  two-mode  behavior.  The  absorption  spectra  reveal  that  the  band  gap  of
CZTSSe  can  be tuned  monotonously  between  0.96  and  1.5 eV  with  almost  linearity,  and  a  small  band  gap
bowing  constant  (b ≈  0.08  eV)  is  deduced.

© 2011 Elsevier B.V. All rights reserved.
olid solutions

. Introduction

In recent years, quaternary semiconductor Cu2ZnSnS4 (CZTS),
u2ZnSnSe4 (CZTSe) and their CZTSSe solid solutions for a novel
bsorber layer of thin film solar cells have attracted great interest
ue to their high absorption coefficients (>104 cm−1), an optimal
irect band gap and the abundance of elements in the earth’s crust
1,2]. For example, the record power conversion efficiencies (PCE)
or CZTS and CZTSe solar cells have improved to 6.8% and 3.2% [3,4],
espectively. More importantly, CZTSSe thin film solar cell fabri-
ated by using a hydrazine-based solution process has attained
he record PCE as high as up to 9.6% [5].  These research results
emonstrate CZTSSe solid solutions have the great potential as an
lternative absorber for CdTe or Cu(In,Ga)Se2 thin film solar cells.

For high efficient thin film solar cells, the band gap (Eg) of the
bsorber layer is one of the important parameters. Several groups
ave reported that Eg can be tuned by changing the ratio of sul-

ur and selenium in CZTSSe solid solutions [6–8]. However, there
till exists a discrepancy about the composition dependence of Eg.

ei  et al. [6] have observed a parabolic relation of tunable band
aps from 1.28 to 1.5 eV, while Grossberg et al. [7] have obtained

 linear dependence of band gap Eg by PL spectrum measure-

ents. Chen et al. predict a near linear dependence of band gap

n the S/Se ratio with a small bowing parameter by using first-
rinciples calculations [8].  Thus, further experimental evidences

∗ Corresponding author. Tel.: +86 21 54345123; fax: +86 21 54345119.
E-mail addresses: lsun@ee.ecnu.edu.cn, bolissun@hotmail.com (L. Sun).
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are needed to clarify these debates. On the other hand, the misci-
bility mechanism of CZTSSe as the complicated multinary alloys is
unclear. Chen et al. have also studied the structure of CZTSSe alloys
through first-principles calculations [8]. Their calculations reveal
the mixed-anion alloys are highly miscible. Unfortunately, up to
date there is no systematical experiment report on the structure
of CZTSSe alloys. Therefore, an experimental research on the struc-
ture and optical properties of CZTSSe solid solutions is essential
to develop further the CZTSSe thin film solar cells. In this paper,
CZTSSe solid solutions (i.e. alloys) were synthesized by the solid
state reaction method. The composition dependence of structure
and optical properties of CZTSSe solid solutions has been sys-
tematically investigated and our research results give the direct
experimental evidence to the related theoretical calculations.

2. Experimental

CZTSSe powders with different S/Se ratios were synthesized with high pure
Cu2S(Se), ZnS(Se), SnS2, Sn, S, and Se powders by the solid state sintering method.
Ratios of these initial powders are shown in Table 1. Considering that sulfur and
selenium are volatile elements, all the starting powders were 5% sulfur and sele-
nium in excess. The powders were ball-milled in ethanol for 8 h with the speed
of  350 r/min, and these mixed powders were dried in a non-vacuum evaporator
at  50 ◦C. The dried powders were pressed into pellets by a mold and then pre-
sintered at 500 ◦C for 2 h using tubular furnace under Ar gas flow. The heating and
cooling rates were 5 ◦C/min. After the pre-sintered process was finished, the fur-
nace was allowed to cool to room temperature. The sintered pellets were ground

into  powders in mortar and finally sintered at 700 ◦C to obtain CZTSSe polycrys-
talline powders. The crystalline structures of the CZTSSe powders were analyzed
by  X-ray diffraction (XRD) using Cu K� radiation (Rigaku DMAX2500, Japan) from
10◦ to 70◦ . Raman scattering experiments were performed with a micro-Raman
spectrometer (Jobin-Yvon LabRAM HR 800UV). The compositions of these powders
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Table 1
Composition of initial powders and atomic ratios of Cu/(Zn + Sn), Zn/Sn, metals/(S + Se), S/(S + Se) of the Cu2ZnSn(SxSe1−x)4 powders. x symbolizes the S/(S + Se) ratios.

Initial powders Sample Cu/(Zn + Sn) Zn/Sn Metals/(S + Se) S/(S + Se)

Cu2Se + ZnSe + Sn + 2Se I 0.81 1.70 1.31 0
Cu2S + ZnSe + Sn + 2Se II 1.18 1.52 1.54 0.23
Cu2Se + ZnSe + Sn + 2S III 1.09 1.42 1.19 0.49
Cu2S + ZnSe + SnS2 IV 1.05 1.12 1.55 0.69
Cu2S + ZnS + SnS2 V 0.94 1.03 1.20 1
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ig. 1. (a) XRD patterns of Cu2ZnSn(SxSe1−x)4 powders with different x values; (b)
attice constant of Cu2ZnSn(SxSe1−x)4 with varying x values and the solid lines rep-
esent linear fits.

ere determined by Energy dispersive X-ray spectroscopy (EDX) (HITACHI s-4700).
he  optical absorption experiments were carried out by ultraviolet–visible–near-
nfrared (UV–vis–NIR) spectrophotometer (cary500, USA Varian) equipped with
ntegrating sphere.

. Results and discussion

The elemental compositions deduced from EDX measurements
re shown in Table 1 in terms of Cu/(Zn + Sn), Zn/Sn, metals/(S + Se),
nd S/(S + Se) ratios. From composition analysis, it is found that
here are more losses of Sn than Zn with increasing the Se content
n CZTSSe samples. It is probably due to the fact that Sn is easily lost
y evaporation of SnSe phases at temperatures higher than 400 ◦C
9,10]. By means of EDX measurements, S/(S + Se) ratios (i.e. x) for
amples I, II, III, IV and V are determined to be 0, 0.23, 0.49, 0.69
nd 1.0, respectively.

Fig. 1 presents the XRD patterns of CZTSSe powders. For all sam-
les three dominant peaks (1 1 2), (2 0 4) and (3 1 2) are attributed to

he CZTS compound, in terms of the standard XRD patterns (JCPDS
6-0575 for CZTS). Furthermore, it can be obviously observed that
hese diffraction peaks move to higher angles regularly when the

 content increases, since the replacement of small S for large Se
Fig. 2. Raman spectra for Cu2ZnSn(SxSe1−x)4 samples. The inset is A1 Raman mode
frequency dependence on x values and the solid lines represent linear fits.

atoms makes the lattice shrink. This XRD analysis indicates that the
S element can easily replace the Se element with the arbitrary S/Se
ratio and form the CZTSSe solid solutions.

CZTSSe alloys have tetragonal crystal structure, and thus their
lattice parameters (a and c) can be easily calculated from XRD pat-
terns shown in Fig. 1(a). Fig. 1(b) shows the calculated a and c of
CZTSSe samples (i.e. x = 0, 0.23, 0.49, 0.69, and 1), which are derived
from their XRD patterns. For instance, a and c of CZTSe are 5.6955
and 11.3847 Å, while those of CZTS are 5.4111, 10.8313 Å, respec-
tively. These values are very close to the reported lattice parameters
of CZTS and CZTSe [11,12]. Moreover, as shown in Fig. 1(b), the vari-
ational trend of lattice parameters for CZTSSe alloys obeys Vegard’s
rule [13]:

a(x) = xa(A) + (1 + x)a(B), (1)

where a is the lattice parameters (including a and c of CZTSSe), A is
CZTS (i.e. x = 1) and B is CZTSe (i.e. x = 0). The lattice constants (i.e.
a, c of CZTSSe) decrease linearly with increasing the S content in
CZTSSe solid solutions.

Raman spectroscopy is also useful to analyze the structure and
the phase purity of CZTSSe samples besides XRD analysis. Fig. 2
shows the Raman spectra of CZTSSe samples measured at room
temperature. It can be clearly seen that the main Raman peaks of
CZTS (i.e. x = 1) are detected at 287, 336 and 368 cm−1, while those
of CZTSe (i.e. x = 0) appear at 174, 196 and 236 cm−1. This observa-
tion is consistent with the published data in the literature [14,15].
In addition, no Raman peaks of the secondary phase are obviously
observed in the Raman spectra, implying the absence of obvious
impurity phases in CZTSSe solid solutions. From the vibration view-
point, the zone center phonon representation of CZTSe or CZTS
structure is composed of 24 vibration modes [16,17],  including 3

acoustic modes and 21 optical modes. Since some vibration modes
among 21 optical modes are Raman active, only Raman peaks corre-
sponding to these modes are possibly detected in Raman scattering
measurement. Among these Raman active modes, the A1 vibration
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Fig. 3. Absorption spectra of Cu2ZnSn(SxSe1−x)4 powders.
J. He et al. / Journal of Alloys a

ode originates from the vibrations of S or Se atom surrounded
y the other atoms at rest in the lattice and this mode is gener-
lly expected to correspond to the dominant peak in the Raman
pectra [14]. Thus the Raman peaks at 196 cm−1 for CZTSe sample
nd 336 cm−1 for CZTS sample are ascribed to the A1 mode. Fig. 2
lso shows that the Raman spectra of CZTSSe with intermediate
alues (i.e. x = 0.23, 0.49, and 0.69) exhibit a two-mode behavior
ue to the coexistence of S and Se atoms in CZTSSe samples. It is
pparent that these two modes, A1 modes of CZTS and CZTSe, shift
ontinuously toward the high frequency direction with increasing
he sulfur content for CZTSSe samples.

A1-mode frequency dependences on the sulfur content in
ZTSSe solid systems are presented in Fig. 2 (inset). As shown in
he inset of Fig. 2, with increasing the sulfur content in CZTSSe sam-
les, the A1 modes of CZTSe and CZTS shift approximately linearly
oward the high frequency direction. This interesting observation
an be illustrated by the mass effect and the change of the bond
trength. According to the extended Keating’s model, the frequency
f the A1 mode is given by [18,19]:

 =
√

2˛Cu–VI + ˛Zn–VI + ˛Sn–VI

MVI
, (2)

here ˛X–VI (i.e. X = Cu, Zn, Sn and VI = S, Se) are the bond-stretching
orce constants related to the interaction between the nearest
eighbors, and MVI is the mass of S or Se. On the one hand, the
tomic mass of S is lighter than that of Se (MSe = 78.96, MS = 32.066).
ence, the frequency of A1 mode should move gradually to higher

requencies when S replaces partially Se atoms in CZTSSe solid solu-
ions [20]. On the other hand, these bond-stretching force constants
X–VI depend on the nearest-neighbor cation–anion bond length,
nd the relationship can be expressed by the following equation
21]:

X–VI = a1d−x, (3)

here a1 and x are constants, d is the bond length, which represents
he nearest-neighbor cation–anion distance. Within the family of
etrahedral compounds the x values varying in the range from 2.3
o 3.0 [22]. XRD analysis above has demonstrated that the lattice
onstants of CZTSSe samples shrink gradually with the increase in
he sulfur content, indicating that the bond lengths shorten when

 substitutes partially for Se atoms. In terms of Eq. (3),  the bond-
tretching force constants of CZTSSe will become stronger when

 substitutes gradually for Se. Thus the A1 modes of CZTSe and
ZTS will shift toward the higher frequency direction with increas-

ng the S content, due to the increase in the bond-stretching force
onstants for CZTSSe solid solutions. Therefore, the combination of
ower mass and stronger bond strength makes A1 modes of CZTS
nd CZTSe frequency move toward the higher frequency direction
ith increasing the S content in CZTSSe solid solutions.

For CZTSSe powders, their absorption coefficients cannot be
easured directly but the “absorbance” can be measured by dif-

use reflection spectroscopy. It should be emphasized that the
absorbance” is equivalent to the absorption coefficient for powder
amples. If A, ˛, c and l symbolize the absorbance, absorption coef-
cient, concentration and thickness for sample, respectively, there

s a following equation: A =  ̨ × c × l. For CZTSSe powder samples,
 = 1, and l is the same values for all measured samples. So the mea-
ured value “absorbance” just represents the absorption coefficient.
ig. 3 shows the optical absorption spectra of the CZTSSe powders
sing UV–vis–NIR spectrophotometer. It is apparent that the band-
dge absorptions of the CZTSSe powders exhibit gradually a blue

hift (i.e. move toward shorter wavelength) with increasing the S
ontent. This is due to the fact that the Eg of CZTSe is smaller than
hat of CZTS. It is interesting to note that the infrared absorption
elow band-edge increases gradually while the ultraviolet–visible
Fig. 4. Band gap determination plot of Cu2ZnSn(SxSe1−x)4 powders. The inset gives
the optical bowing constant b obtained by the fitting method.

absorption above band-edge decreases gradually with increasing
the Se content for CZTSSe samples. The increase in the absorption
below band-edge is probably related to the more impurity defects
(i.e. the vacancies of Sn) in CZTSSe samples with higher Se content,
because EDX results shown in Table 1 have demonstrated that the
content of Sn decreases gradually with increasing the Se content.
The decrease in the absorption above band-edge may  be due to the
difference on the absorption coefficients between CZTS and CZTSe.
To our knowledge, there is no definite comparison of absorption
coefficients between them up to now. Our experimental results
may  imply that the absorption coefficient of CZTS is higher than
that of CZTSe.

CZTS and CZTSe are direct band gap materials and these Eg values
of CZTSSe powers are obtained by extrapolating the linear (˛h�)2

versus h� plots to the horizontal axis, where  ̨ is the absorption
coefficient and h� is the photon energy. The value of vertical axis
in Fig. 4 begins from zero in order to determine the Eg values accu-
rately. These Eg values of the CZTSSe powders with different S/Se
ratios are shown in Fig. 4. As shown in Fig. 4, these determined
Eg values of five CZTSSe samples (x = 0, 0.23, 0.49, 0.69, and 1) are

0.96, 1.08, 1.25, 1.35, and 1.5 eV, respectively. The detailed method
to obtain the Eg can be available in the supplementary material of
Ref. [23]. These Eg values of CZTS (i.e. x = 1) and CZTSe (i.e. x = 0)
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gree well with the reported values [24–27].  Furthermore, the Eg

f CZTSSe increases monotonically with the increase in the sul-
ur content. As we mentioned above, the composition dependence
n the band gap of CZTSSe is in dispute. Our experimental results
how that the evolution of the Eg of CZTSSe solid solutions can be
escribed by the following equation:

CZTSSe
g = xECZTS

g + (1 − x)ECZTSe
g − bx(1 − x), (4)

here b is the specific optical bowing constant which describes the
egree of nonlinearity. The bowing constant b can be obtained by
he parabola fitting method. As shown in the inset of Fig. 4, the best
tting value is about 0.08 eV, which is consistent with the value
f theoretical calculations (∼0.1 eV) [8].  Small size and chemical
ifference between S and Se are responsible for the small bowing
arameter [28]. Consequently, the investigation of the evolution of
g of CZTSSe samples indicates that the Eg of CZTSSe can be con-
rolled almost linearly by varying the ratio of S/Se because of the
mall bowing constant.

. Conclusion

The CZTSSe solid solutions were synthesized by solid state reac-
ion method. EDX, XRD and Raman spectra reveal that the atomic
e and S are highly miscible in CZTSSe solid solutions. With the
ncrease in the sulfur content, the lattice parameters a and c of
ZTSSe shrink lineally and obeys the Vegard’s rule. The A1-mode
aman peaks of CZTSe and CZTS move to the higher frequency with

ncreasing the S content, which is caused by the mass effect and the
ifferent bond-stretching force constant. The absorption spectra
how that the band gaps of CZTSSe solid solutions increase almost
inearly with the increase in the S content. A small band gap bowing
onstant (b ≈ 0.08 eV) is obtained. These experimental results agree
ell with the theoretical prediction by the first-principles calcula-

ion. We  expect that our research can be helpful to elucidate the
volution of structure and band gaps of CZTSSe with the change of
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