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Cu2ZnSnS4 films fabricated by a simple sol鄄gel process
without sulfurization
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Abstract: Cu2ZnSnS4(CZTS) films with a smooth and compact morphology were obtained via a sol鄄gel process.
Raman spectra and X鄄ray diffraction (XRD) results indicate that all the films have the kesterite structure. Energy
dispersive X鄄ray spectroscopy (EDS) suggests that all of CZTS films are of S鄄deficient, Cu鄄poor and Zn鄄rich
states. The thickness of all the films is around 0. 7 滋m measured by a field emission scanning electron microscope
(FE鄄SEM) . Transmission spectra reveal that the optical band gap (Eg) of samples reduces from 2. 13 to 1. 52 eV
as post鄄annealing temperature goes up.
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溶胶 凝胶非硫化法制备铜锌锡硫薄膜

张克智,摇 何摇 俊,摇 王伟君,摇 孙摇 琳*,摇 杨平雄,摇 褚君浩
(华东师范大学 电子工程系 极化材料与器件教育部重点实验室,上海摇 200241)

摘要:采用溶胶 凝胶非硫化方法制备了表面平整、致密的铜锌锡硫薄膜. XRD 及 Raman 分析表明制备的铜锌

锡硫薄膜为锌黄锡矿结构. 能谱分析表明所有薄膜均贫铜富锌贫硫. 场发射扫描电子显微镜测得薄膜的厚度

在 0. 7 滋m 左右. 透射光谱表明随后退火温度的提高薄膜的光学带隙从 2. 13 eV 减小到 1. 52 eV.
关摇 键摇 词:溶胶 凝胶;铜锌锡硫;薄膜;前驱体;预退火;后退火;组分

中图分类号:TP914. 4摇 摇 文献标识码:A

Introduction

An increasing amount of attention has been paid to
Cu2ZnSnS4 ( CZTS) thin films[1鄄3], as a promising ab鄄
sorber layer material of solar cells. Not only has it good
photoelectric properties[4], but also all elements of CZTS
are rich in earth[3] . CZTS devices have obtained power鄄
conversion efficiency ( PCE) up to 8. 4% [5] . Further鄄
more, the PCE of Cu2ZnSn(SxSe1鄄x) 4(CZTSSe) devices
fabricated by Mitzi et al. has reached 12. 6% [2] . So,
the research of CZTS鄄base solar cells possess a very good
development foreground. However, the theoretical maxi鄄
mum PCE of CZTS devices could be as high as 32% [6] .
Therefore, the PCE of CZTS devices should have more
potential in the future.

The preparing methods of CZTS films include
physical and chemical techniques[1,3] . Compared with
sputtering[7鄄8] and pulsed laser deposition[9鄄10] , the
chemical methods can be used to cut the cost of pro鄄
duction[11] . However, chemical methods to prepare
CZTS films generally involve toxic or dangerous raw
materials. For example, Mitzi et al. fabricated the
CZTSSe film by chemical solution鄄based method and
they had to use hydrazine as solvent, which is highly
toxic and flammable[2] . CZTS films fabricated by met鄄
al鄄organics (e. g. Cu(CH3COO) 2, Zn(CH3COO) 2) are
usual compact and dense[12鄄13] . So many researchers,
who prepared CZTS films by chemical solution method,
prefer to choose metal鄄organics as raw materials. And
they usually select highly toxic 2鄄methoxyethanol[12鄄13] as
solvent. To avoid toxic solvent, some researchers have
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prepared CZTS films by green solvents (e. g. EG[14], al鄄
cohol[15]) and inorganics ( e. g. CuCl2, ZnCl2) as raw
materials. However, the quality of CZTS films prepared
by inorganics raw materials is poorer than those pre鄄
pared by organics raw materials. Generally there are
some cracks or holes in the CZTS films prepared by in鄄
organics[15] . In this experiment, to obtain the crack鄄
free CZTS films and avoid using toxic solvent,
Cu(CH3COO) 2· H2O, Zn ( CH3COO ) 2 · 2H2O,
SnCl2·2H2O and thiourea were chosen as raw materi鄄
als, and EG was selected as low鄄toxic solvent.

Generally, H2S gas was used during the post鄄annea鄄
ling process to compensate the loss of S content in CZTS
films[12] . To avoid using toxic H2S gas, we applied N2
atmosphere for post鄄annealing and an excess amount of
thiourea was added in the precursor solution, which
method was reported to be feasible[4,15] . Finally, the re鄄
sults of our experiment indicate that the crack鄄free CZTS
films were fabricated via the sol鄄gel process.

1摇 Experiment

CZTS precursor solution was fabricated by dissolving
Cu( CH3COO) 2, Zn ( CH3COO) 2, SnCl2 ·2H2O and
thiourea into EG. The solvent was heated to 100 益 to
dissolve the raw materials and prepare CZTS precursor
solution. All the materials and solvent were analytical re鄄
agents. The initial proportions was Cu颐 Zn颐 Sn颐 S = 2. 00颐
1. 04 颐 1. 20 颐 8. 00[12,16] and the concentration of cation
was around 0. 8 M. CZTS precursor films were fabricated
by spin鄄coating CZTS precursor solution onto soda lime
glasses ( SLG), and then annealed in a rapid thermal
processor. To obtain expected thickness, the substrate
was coated several times. Every layer of the films was
pre鄄annealed at 300 益 in air, then post鄄annealed at
400 ~ 500 益 under a N2 environment to form CZTS
phase.

Thermogravimetric analysis (TGA) measurement was
performed from 25 to 700 益 in N2 atmosphere on a ther鄄
mal鄄analyzer. The XRD pattern was collected on a diffrac鄄
tometer (Bruker D8 Discover). Raman spectroscopies of
samples were collected on a micro鄄Raman spectrometer
(Jobin鄄Yvon LabRAM HR 800UV) with a 633 nm Ar + la鄄
ser as the excited light. The spot size and power are
20 滋m and 8 mW, respectively. EDX element mapping,
component and surface micrograph of samples were ob鄄
served with a microscope (FE鄄SEM: Philips XL30FEG).
The acceleration voltage applied was 20 kV. Optical trans鄄
mission spectra was collected on an ultraviolet鄄visible鄄
near鄄infrared spectrophotometer ( cary500, USA Varian)
equipped with integrating sphere.

2摇 Results and discussions

2. 1摇 Thermal analysis for precursor solution
TGA and DTG (derivative thermogravimetric analy鄄

sis) results of the CZTS precursor solution are displayed
in Fig. 1. As a result of several factors such as dehydra鄄
tion, volatilization and decomposition, there exists weight
loss in a broad range. The first step below 170 益,
weight loss ~ 11% , corresponds to dehydration of bound

摇 摇 摇 摇

Fig. 1摇 TGA and DTG of CZTS precursor solution
图 1摇 铜锌锡硫前驱体溶胶的热重及热重微分分析

water in materials and the volatilization of part solvent.
The second step between 170 ~ 300 益, weight loss
~ 25% , is attributed to the decomposition of organics.
The third step beyond 300 益, weight loss ~ 21% , is as鄄
cribed to the loss of excess S and volatile metal ele鄄
ments[17] . Combined with the analysis of TG and DTG,
pre鄄annealing around 300 益 under air atmosphere is
necessary to remove organics in the precursor. However,
the higher the pre鄄annealing temperature is, the easier it
is for precursor to be oxidized. Thus, the precursors
should be pre鄄annealed at ~ 300 益 exposed to air. To
fabricate crystalline CZTS and avoid being oxidized,
post鄄annealing over 300 益 is required under a flowing
N2 atmosphere, which is in good agreement with the pre鄄
vious reports in which CZTS films were synthesized over
300 益 [4,18] .
2. 2摇 Composition analysis of CZTS films

The film pre鄄annealed only at 300 益 is denoted as
S鄄300, whereas the films pre鄄annealed at 300 益 and
then post鄄annealed at 400 or 450 or 500 益 are denoted
as S鄄300鄄400, S鄄300鄄450 and S鄄300鄄500, respectively.
Table 1 shows element ratio of CZTS films deduced from
EDX measurements. No other impure elements is detec鄄
ted in the films. C, N and O elements from the slove and
raw materials evaporated in gaseous form during pre鄄an鄄
nealing or / and post鄄annealing process. Cl element from
the raw material SnCl2·2H2O may volatilize in the form
of HCl. As displayed in table 1, all CZTS films are of S鄄
deficient, Cu鄄poor and Zn鄄rich state. The deficiency of
Cu and enrichment of Zn is attributed to the initial ele鄄
mental ratios of CZTS precursor solution, whereas the de鄄
ficiency of S may be ascribed to the oxidation of thiourea
during the pre鄄annealing period under air atmosphere.
Compared with the stoichiometry, the ratio of deficient S
increases from 1. 4% to 8. 8% as post鄄annealing temper鄄
ature increases from 300 益 to 500 益 . In Park蒺s study,
the CZTS films post鄄annealed over 500 益 under a N2 en鄄
vironment had a sulfur content near stoichiometry[4] .
Thus, the preparation process should be optimized to
make sulfur content reach the stoichiometry in our future
work. In addition, the proportion of Cu in films increases
slightly as post鄄annealing temperature goes up. This ob鄄
servation could be caused by the loss of Zn and Sn metals
in post鄄annealing process.
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Table 1摇 Chemical compositions of CZTS thin films
表 1摇 CZTS 薄膜的化学组分

Sample Cu (at% ) Zn (at% ) Sn (at% ) S (at% ) Cu / (Zn + Sn) Zn / Sn
S鄄300 23. 5 14. 7 12. 5 49. 3 0. 86 1. 18

S鄄300鄄400 25. 2 15. 7 12. 2 46. 9 0. 90 1. 29
S鄄300鄄450 25. 8 15. 9 12. 3 46. 0 0. 91 1. 29
S鄄300鄄500 26. 0 16. 1 12. 3 45. 6 0. 92 1. 30

The homogeneity of CZTS films is an important fac鄄
tor. In order to further prove that the four elements are
distributed in the S鄄300鄄500 film, EDX element mapping
is conducted on the sample. As displayed in Fig. 2, the
four elements have been fairly well鄄distributed on the 2D鄄
projected chemical maps of the S鄄300鄄500 film. A homo鄄
geneous distribution of the four elements is favorable to
the CZTS film used in solar cells.

Fig. 2摇 EDX element mapping for the S鄄300鄄500 thin film
图 2摇 S鄄300鄄500 薄膜的组分面扫描

2. 3摇 XRD and Raman spectroscopy analysis
Figure 3 presents the XRD pattern of the CZTS

films. As demonstrated in Fig. 3, several diffraction
peaks at ~ 18. 2毅, ~ 28. 5毅, ~ 33. 0毅, ~ 47. 5毅 and
~ 56. 3毅 could be attributed to the characteristic peaks
for CZTS with a kesterite phase (JCPDS 26鄄0575). The
CZTS films shows one major diffraction peak (112), in鄄
dicating that they are preferentially oriented in the (112)
plane[10] . When the CZTS precursor is annealed at
300 益, it is partly crystallized, and the solvent and the
residual organics are almost removed. The (112) peak
becomes sharper as the post鄄annealing temperature goes
up, indicating that high post鄄annealing temperature is
helpful to crystallize, and the preferred orientation of
CZTS films becomes obvious. In order to confirm whether
there exists second phase in the S鄄300鄄500 film, XRD
pattern of that sample was also recorded at a low scan鄄
ning rate. As displayed in Fig. 3(e), some minor peaks
appeared which are attributed to the indices of (002),
(110), (103), (211) (224) and (008) planes of the
CZTS kesterite phase. There are no impure peaks in Fig.
3(e). So, when the post鄄annealing temperature reaches
500 益, the CZTS films are crystallized well.

For S鄄300鄄400 and S鄄300鄄450 films, there exist im鄄
pure peaks near 2兹 = ~ 27. 5毅and ~ 64. 5毅 (marked with
“茛, 音冶 symbol in Fig. 3, respectively), which possi鄄
bly originates from Sn2O3 ( JCPDS 25鄄1259 ) and SnS
(JCPDS 34鄄1439) phase, respectively. It is noted that
the crystallization of CZTS could not be determined mere鄄
ly by XRD results. Therefore, Raman spectroscopy is
utilized to further identify the phase of CZTS films. Fig鄄
ure 4 displays Raman spectra of CZTS films. The intense
peak around 331 cm - 1 is evidently observed, and it
should be ascribed to A1 mode peak of CZTS films[3] . A1

mode peak of CZTS compound is positioned at 338 cm - 1

in other literatures[3,19] . There may be exist internal
compressive stress in samples, which may be ascribed to
the shrinking of substrate when cooling down. The inter鄄
nal stress will cause the A1 mode peak ~ 338 cm - 1 shift
slightly to 331 cm - 1[9] . The peak around 331 cm - 1 is rel鄄
atively broad for S鄄300, and it becomes sharper as the
post鄄annealing temperature goes up. Generally, the in鄄
tensity and shape of main peaks could show crystalliza鄄

tion of samples[20] . This suggests that post鄄annealing is
propitious to the CZTS films crystallize.

Fig. 3摇 XRD patterns of CZTS thin films: ( a) S鄄300, (b) S鄄
300鄄400, (c) S鄄300鄄450, (d) S鄄300鄄500, ( e) XRD at slower
scanning velocity for S鄄300鄄500
图 3摇 铜锌锡硫薄膜的 XRD 图: (a) S鄄300, (b) S鄄300鄄400,
(c) S鄄300鄄450, (d) S鄄300鄄500, (e) S鄄300鄄500 薄膜的低速扫
描 XRD 图

A petty peak around 664 cm - 1 in all films is a sec鄄
ond鄄order scattering. Two minor peaks at 286 and
368 cm - 1 are attributed to Raman peaks of CZTS[10,21] .
For the S鄄300鄄400 film, the other shoulder peak at
355 cm - 1 suggests the presence of ZnS[10], which usually
exists in CZTS films post鄄annealed under below 450 益 .
For S鄄300鄄400 and S鄄300鄄450 films, a minor Raman
peak at 465 cm - 1 corresponds to secondary phase
CuxS[9] . However, the characteristic peaks of CuxS are
not found in XRD patterns of S鄄300鄄400 and S鄄300鄄450
films, suggesting the CuxS content in them is very little.

From XRD patterns analysis and Raman spectroscopy
of samples, we can know that: (1) when post鄄annealing
temperature is at 300 益, only a small amount of CZTS
phase is formed, while other sulfides do not appear or are
very little; (2) as the post鄄annealing temperature goes
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up, impurity phases such as ZnS, CuxS, SnS and Sn2O3
are produced; (3) when post鄄annealing temperature rea鄄
ches 500 益, binary sulfides disappear and form CZTS
phase, which is agree with the reported literature[4] .

Fig. 4摇 Raman spectra of CZTS thin films: (a) S鄄300, (b) S鄄
300鄄400, (c) S鄄300鄄450, (d) S鄄300鄄500
图 4 摇 铜锌锡硫薄膜的拉曼谱 ( a) S鄄300, (b) S鄄300鄄400,
(c) S鄄300鄄450, (d) S鄄300鄄500

2. 4摇 Surface morphology of samples
Figure 5 displays SEM images of CZTS films. The

S鄄300 film has a rough morphology. However, the films
that are pre鄄annealed exposed to air and then post鄄an鄄
nealed under a N2 environment show a good morphology.
As demonstrated in Fig. 5(d) and ( e), the S鄄300鄄500
film shows a smooth, compact and densely packed mor鄄
phology without cracks both at the lower鄄and higher鄄mag鄄
nification SEM. The CZTS film with a smooth, compact
and crack鄄free morphology is suitable for absorber layer
material in solar cells. While a loose and crack morphol鄄
ogy could give rise to stronger recombination losses. The
thickness of the S鄄300鄄500 sample is about 0. 7 滋m ob鄄
tained from Fig. 5 ( f), and that of other films is also
~ 0. 7 滋m. Generally, the thickness of CZTS thin films
used as absorber layer of solar cells is around
2. 0 滋m[3], and that of our samples could be increased
by adding the times of spinning process.

Fig. 5摇 SEM surface micrographs of CZTS thin films: (a) S鄄300,
(b) S鄄300鄄400, (c) S鄄300鄄450, (d) S鄄300鄄500, (e), (f) the low鄄
er鄄magnification SEM and cross鄄sectional SEM for S鄄300鄄500
图 5摇 铜锌锡硫薄膜的 SEM 图 ( a) S鄄300, (b) S鄄300鄄400,
(c) S鄄300鄄450, (d) S鄄300鄄500, (e)低倍 SEM, ( f) S鄄300鄄500
薄膜的截面图

2. 5摇 Optical properties
Transmission spectra and Eg of CZTS films are pres鄄

ented in Fig. 6. The spectra could be simply marked with
three characteristic regions: strong absorption, low trans鄄
mittance and oscillating region ( symboled with “ A, B
and C冶, respectively). The oscillation at wavelength o鄄
ver 1 000 nm derives from interference and reflectance.
As displayed in Fig. 6, the absorption edge of films ex鄄
hibits an obvious red鄄shift with increasing the post鄄annea鄄
ling temperature. Note that there exists a “bad鄄tail冶 for
the absorption edge of the samples S鄄300 and S鄄300鄄400.
This suggests that there could be amorphous or / and im鄄
pure phase in the films. The value of Eg is obtained from
extrapolation of the linear portion of the ( 琢hv) 2 curve
versus the photon energy hv to (琢hv) 2 = 0[9] . As dem鄄
onstrated in the illustration of Fig. 6, these determined
Eg of CZTS films ( from “a冶 to “d冶) are 2. 13, 1. 89,
1. 65 and 1. 52 eV, respectively. The drop in Eg of CZTS
films demonstrates that the amount of amorphous and im鄄
pure phase in the films decrease with the enhancement of
the post鄄annealing temperature. Eg value of the sample
S鄄300鄄500 is consistent with the reported values in other
literature[12], whereas those of other samples, especially
for S鄄300 and S鄄300鄄400, are larger[12] . It is possibly
because that there is ZnS (Eg = 3. 2 eV) in the films
which likely occurs at lower post鄄annealing tempera鄄
ture[9] .

Fig. 6摇 Transmission spectra and optical band gap of CZTS thin
films
图 6摇 铜锌锡硫薄膜的透射光谱及估算光学带隙

3摇 Conclusions

CZTS films were prepared via a sol鄄gel process without
sulfurization. Cu (CH3COO)2 ·H2O, Zn (CH3COO)2 ·
2H2O, SnCl2 ·2H2O and thiourea were dissolved into
low鄄toxic EG to form CZTS precursor solution; then the
so鄄obtained precursor was spin鄄coated onto substrates to
form precursor films; and finally they were post鄄annealed
under a N2 atmosphere. All of CZTS films are S鄄defi鄄
cient, Cu鄄poor and Zn鄄rich state. Following conclusions
could be got from XRD patterns of films combined with
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Raman spectroscopy: (1) when post鄄annealing tempera鄄
ture is lower, there is a mixture of CZTS phase and im鄄
purity phase such as ZnS, Cu2鄄x S, SnS and Sn2O3;
(2) as the post鄄annealing temperature increases, the bi鄄
nary sulfides react with each other and then form CZTS
phase; ( 3 ) when post鄄annealing temperature reaches
500 益, CZTS kesterite phase is obtained. The film post鄄
annealed at 500 益 under a N2 environment shows a
smooth, compact and crack鄄free morphology. Eg of CZTS
films decreases from 2. 13 to 1. 52 eV as the post鄄annea鄄
ling temperature goes up.
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