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Cu2ZnSn(S, Se)4 (CZTSSe) thin films were deposited on flexible substrates by three evaporation processes at high 

temperature. The chemical compositions, microstructures and crystal phases of the CZTSSe thin films were respec-

tively characterized by inductively coupled plasma optical emission spectrometer (ICP-OES), scanning electron mi-

croscopy (SEM), X-ray diffraction (XRD) and Raman scattering spectrum. The results show that the single-step 

evaporation method at high temperature yields CZTSSe thin films with nearly pure phase and high Sn-related phases. 

The elemental ratios of Cu/(Zn+Sn)=1.00 and Zn/Sn=1.03 are close to the characteristics of stoichiometric CZTSSe. 

There is the smooth and uniform crystalline at the surface and large grain size at the cross section for the films, and no 

other phases exist in the film by XRD and Raman shift measurement. The films are no more with the Sn-related phase 

deficiency. 
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Cu2ZnSnS4 (CZTS, or Cu2ZnSn(S, Se)4 (CZTSSe)) is 

one of the promising materials for absorber in thin film 

solar cell because of its excellent material properties. It 

has a direct bandgap of around 1.45 eV, which is very 

close to the optimum value of semiconductor used for 

photovoltaic solar energy conversion. It exhibits p-type 

conductivity and high absorption coefficient of α＞104 

cm-1. In addition, its constituent elements are more 

earth-abundant and low toxic[1]. At present, CZTS, 

CZTSe and CZTSSe solar cells with laboratory efficien-

cies of 8.4%, 9.7% and 12.6% have been reported re-

spectively[1,2]. Thermal evaporation is still attractive for 

high efficiency. Up to now, the highest conversion effi-

ciency of CZTSe solar cell is 9.15% by co-evaporation 

method[3]. CZTS-based films were mostly prepared by 

evaporation processes which were low-temperature 

co-evaporation followed by a short/long annealing[4]. 

CZTS thin film is easy to decompose at a certain tem-

perature. This decomposition reaction will lead to the 

secondary phase formation, such as CuxS and ZnS. Fur-

thermore, there are easy volatile elements in the CZTSe 

or CZTSSe thin films, such as Sn. During the fabrication, 

if the Sn secondary evaporation happens in the films and 

can not be timely supplied, the films will be lack of Sn, 

leading to the secondary phases and not able to grow 

stoichiometric CZTS (or CZTSSe) thin films, which can 

degrade the CZTS (or CZTSSe) device performances[5-8]. 

The main problem is the Sn-related phase deficiency for 

stoichiometric CZTSSe absorber layers by evaporation 

process. SnS sublimes at 350 °C, SnSe evaporates at 

370 °C, and Sn evaporates at 460 °C[9,10].  

In this paper, we deposited the CZTSSe absorbers by 

evaporation process. In order to deposit CZTSSe thin 

films with desired composition, we made a series of op-

timization processes and fabricated CZTSSe thin films 

by single-step evaporation method on flexible substrate 

at high temperature. The performances of the CZTSSe 

thin films were characterized to investigate their chemi-

cal composition, morphology and crystal structure.  

The CZTSSe thin films were fabricated in a vacuum 

chamber with four evaporation sources. The background 

pressure of the vacuum chamber is around 1×10-4 Pa. The 

polymide (PI) substrates are 10 cm×10 cm, which were 

coated with a 1-µm-thick sputtered molybdenum (Mo) 

back contact. The evaporation sources are copper (Cu), 

zinc sulfide (ZnS), tin (Sn) and selenium (Se), and their 

temperatures were controlled by PID temperature con-

trollers. The temperature stability is within ±0.1 °C. The 
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substrate was rotated to obtain uniform thin film. The 

CZTSSe thin films were deposited by three types of 

deposition processes. For Type I, the substrate tempera-

ture was set to constant (300 °C). Cu, ZnS, Sn and Se 

were co-evaporated at low temperature. For Type II, the 

absorber deposition was performed by a two-stage proc-

ess: In the first stage, the substrate temperatures of Cu, 

ZnS, Sn and Se were co-evaporated at 300 °C; In the 

second stage, the substrate temperature was elevated to 

480 °C, then the Cu and ZnS flux was turned off. The 

deposition was performed in Sn and Se atmosphere to 

improve crystallinity and compensate for Sn-related 

phase deficiency. For type III process, the substrate tem-

perature was set to a constant of 480 °C. In the first stage, 

we co-evaporated the four sources. In the second stage, 

the Cu and ZnS flux was turned off, and the deposition 

was performed in Sn and Se atmosphere to compensate 

for Sn-related phase deficiency.   

The chemical compositions of CZTSSe thin films 

were measured by inductively coupled plasma optical 

emission spectroscopy (ICP-OES). The surface mor-

phology of the thin films was observed by scanning elec-

tron microscope (SEM). The crystal orientation, struc-

tures and crystallinity were examined by X-ray diffrac-

tion (XRD) analysis using Cu Kα radiation. The films 

were also analyzed by Raman scattering system with the 

laser wavelength of 514.5 nm at room temperature. 

Tab.1 shows the five elemental compositions and their 

ratios in CZTSSe thin films. Firstly, the substrate tem-

perature was set at 300 °C, aiming to adjust the chemical 

composition.  

 

Tab.1 The elemental compositions and ratios in 

CZTSSe thin films 

Elemental composition (atomic per-

centage/%) 
Elemental ratio 

Sample 

Cu Zn Sn S Se Cu/(Zn+Sn) Zn/Sn

S1 18.19 12.64 16.62 3.26 49.29 0.62 0.76

S2 22.72 13.41 13.05 2.27 48.55 0.86 1.03

S3 21.46 14.31 3.71 17.42 42.90 1.20 3.86

S4 26.25 10.18 12.63 2.58 48.35 1.15 0.81

S5 24.79 10.94 12.57 1.95 49.75 1.05 0.87

S6 26.16 13.61 12.55 2.09 45.59 1.00 1.08

 

From the elemental ratios of Cu/(Zn+Sn) and Zn/Sn of 

S1, we can determine the evaporation temperature of 

four sources. Fig.1 shows the surface and cross section 

morphologies of CZTSSe thin films. Fig.1(a) and (b) are 

the flocculent morphologies at the surface and in the 

cross section, respectively. The crystallinity is bad. Then 

we used the Type II process. By comparing with samples 

S2 and S3, when we prolonged the evaporation time of 

the second stage from 15 min to 30 min, we find that the 

ratios of Cu/(Zn+Sn) and Zn/Sn increase, and the sam-

ples become slightly Cu-rich and obviously Zn-rich. The 

samples become Zn-rich because of the loss of large 

amount of Sn, the films were not well synthesized at low 

temperature, and Sn-related phases exist in the films. 

With gradual increase of substrate temperature in the 

second stage, the Sn-related phases disappeared. If the 

substrate temperature was set to be high at the beginning, 

the films could be synthesized well, and the loss of 

Sn-related phases may be reduced. Fig.1(c) and (d) show 

the very small grain sizes at the surface and layered 

structure in the cross section. The thicknesses of the 

films are about 2 µm and the large grains are near the 

substrates. Then, the evaporation time of the second 

stage is prolonged, the grains become bigger and the 

shape is flaky at the surface as shown in Fig.1(e). In 

Fig.1(f), the layered structure still exists, but the large 

grains are near the surfaces and the substrates. Consider-

ing the chemical composition and morphology of Type II 

process, we select the Type III process finally. The ratios 

of Cu/(Zn+Sn) and Zn/Sn are respectively 1.15 and 0.81, 

which indicate that the films are Cu-rich and Zn-poor. 

From Fig.1(g) and (h), there are large grains with aver-

age size of 0.6—1 µm in the CZTSSe thin films, and the 

grains are columnar and throughout the films. Further-

more, after adjusting the ZnS evaporation temperature, 

the sample S6 becomes better, and the ratios of 

Cu/(Zn+Sn) and Zn/Sn are close to those of the 

stoichiometric CZTSSe films. The films are no longer 

the Sn-related phase deficiency. From Fig.1(i)—(l), the 

small piece grains are less than those of sample S4, and 

sample S6 is smooth and uniform at the surface and has 

large grains in the cross section. 

 

   

(a)                           (b) 

   
(c)                           (d) 

   
(e)                           (f) 
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(g)                           (h) 

   
(i)                            (j) 

   
(k)                           (l) 

Fig.1 The surface (left) and cross-section (right) SEM 

images of the CZTSSe thin films 

 

Fig.2 shows the XRD patterns of CZTSSe thin films 

deposited by different processes. There are the main 

Cu2ZnSnSe4 diffraction peaks at 27.4°, 45.4° and 53.8°. 

This results are in good agreement with other reports[11, 12].  

Fig.3 shows the full width at half maximum (FWHM) 

values of (112), (220)/(204) and (312)/(116) diffraction 

peaks of the CZTSSe films. As shown, the samples S4, 

S5 and S6 deposited by Type III process have better 

crystalline due to the low FWHM. Generally, ZnSe (PDF 

card No.37-1463) and Cu2ZnSe3 (PDF card No.65-7524) 

have similar symmetry and lattice parameters with 

CZTSe, and the main diffraction peaks of these phases 

overlap. So Raman spectra are required to recognize 

these phases. Fig.4 shows the Raman spectra of different 

samples. For sample S6, the main peaks of the CZTSe 

films are at 172—173 cm-1, 194—197 cm-1, 231—235 cm-1  

 

 

(a) Samples S1—S4 

 

(b) Samples S4—S6 

Fig.2 XRD patterns of CZTSSe thin films deposited by 

different processes 

 

and 239—254 cm-1[11,12]. For sample S1, the CZTSe main 

peaks are at 190 cm-1 and 195 cm-1 (the same as XRD 

data). There are ZnSe[13] peaks for samples S1 and S3 at 

251 cm-1. For sample S4, there is SnSe2
[14] peak at 

182 cm-1 and Cu2-xSe
[15] peak at 256 cm-1. There are 

Cu2SnSe3
[16] peaks for samples S3 and S5 at 180 cm-1. 

For sample S2, there is ZnS[17] peak at 350 cm-1. In short, 

there are pure CZTSe phases in sample S6. 

 

 

Fig.3 FWHM values of (112), (220)/(204) and (312)/(116) 

diffraction peaks of the CZTSSe 

 

 

Fig.4 Raman spectra of CZTSSe thin films 

 

The reaction mechanism to form quaternary CZTSe 

compounds has been studied[14], which can explain the 
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formation of different phases in the CZTSe thin films. 

For sample S3, the ratios of Cu/(Zn+Sn) and Zn/Sn are 

respectively 1.2 and 3.86, which make the excessive 

ZnSe react with Cu2SnSe3 to form Cu2ZnSnSe4, so sam-

ple S3 shows the phase of ZnSe. For sample S4, the sub-

strate temperature is a constant (480 °C), and the exces-

sive Sn and Se formed SnSe2. So sample S4 shows the 

phase of SnSe2. For sample S5, the ratios of Cu/(Zn+Sn) 

and Zn/Sn are respectively 1.05 and 0.87, where there is 

no enough ZnSe to react with Cu2SnSe3 and form CZTSe, 

so sample S5 shows the phase of Cu2SnSe3. The 

Cu/(Zn+Sn) values are respectively 1.20, 1.15 and 1.05 

for samples S3, S4 and S5, which show excessive copper 

in the films to form Cu2-xSe. However, for sample S6, the 

values of Cu/(Zn+Sn)=1.00 and Zn/Sn=1.03 are close to 

those of the stoichiometric CZTSSe, and it is pure because 

of no redundant copper and zinc to form other phases.  

An effective synthesis process was successfully em-

ployed to fabricate CZTSSe thin films by single-step 

evaporation method on flexible substrate at high tem-

perature, and the deposition processes of CZTSSe ab-

sorber layers were optimized. The CZTSSe thin films 

(the same as sample S6) deposited by the optimized 

process are good stoichiometric CZTSSe thin films, they 

are very smooth and uniform at the surface and have large 

size grains. No other phases exist in the thin films. The thin 

films are no more with the Sn-related phase deficiency. 
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