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Abstract: Cu2SnS3 (CTS) thin films have been synthesized by a two stage process using sulfurization of 

sputtered Cu-Sn precursors. The effect of sulfurization temperature on the properties of CTS films was 

investigated. The Cu-Sn layers were deposited by Co-sputtering onto soda-lime glass substrates and annealed at 

different temperatures 350oC, 400oC and 450oC. The films were analyzed by their elemental composition, 
structural, morphological and optical properties. CTS thin films exhibiting tetragonal structure with (200) as 

preferred orientation were obtained. The lattice parameters were found to be a=0.541 nm and c=1.082 nm. The 

crystallanity and the grain size increased with increase of sulfurization temperature. The grain size of the films 

was found vary in the range 45 - 123 nm. The direct optical band gap of these films was found to be between 

1.55 eV and 1.65 eV, which depend on the sulfurization temperature. 
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1. INTRODUCTION 

Semiconductors of Kesterite family, Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) with direct optical 
band gaps (1.0-1.5 eV), high optical absorption coefficient (α>10

4 
cm

-1
) and p-type electrical 

conductivity are emerging as potential solar cell absorber layers to the currently existing Cu(In,Ga)Se2 

films. These quaternary films contain complex crystal structure and difficult to control the growth 
mechanism. Therefore, a binary or ternary compound involving some of these elements and showing 

optimum material properties would be more useful. In this work, a ternary system Cu-Sn-S is taken 

for investigation.  

CTS thin films were prepared by various physical methods like sulfurization of sputtered [1-3] and 
electron beam evaporate [4] Cu and Sn precursors, chemical approaches like spray pyrolysis [5], 

electro deposition technique [6], chemical bath deposition [7] and SILAR methods [8]. In 

sulfurization of precursors, the reported sulfurization duration is varied from 30 min. to 120 min. 
[1,2]. In this method, the ramp rate, sulfurization time and cooling period of the sulfurization play an 

important role in achieving good grain growth, morphology and compositional homogeneity of the 

films. Long sulfurization duration was reported to result in loss of Sn from the film.  

 This paper deals with a slightly different growth of CTS films by sulfurization of Cu-Sn co-sputtered 

metallic precursors at different temperatures and the effect of sulfurization temperature on the 

compositional, structural, morphological and optical properties was investigated and discussed.  

2. EXPERIMENTAL DETAILS 

2.1. Sample Preparation 

In this work, CTS films were formed by a two stage process. The Cu and Sn precursors used to grow 

CTS layers were prepared by co-sputtering process using DC magnetron sputtering followed by 

sulfurization of the precursors. In the first stage, the metallic precursors were deposited by DC 
magnetron sputtering (Model No: VRSU04D) onto ultrasonically cleaned soda-lime glass substrates. 

High purity (99.95%) Cu and Sn targets (2” diameter x 0.125” thickness) were used for sputtering the 

precursor layers 99.99% pure argon was used as sputter gas. The sputter power was maintained as 
55W for Cu and 25W for Sn. The co-sputter deposition of Cu-Sn metallic precursors was carried out 

for 20 minutes. The base pressure of the vacuum chamber was 3 x10
-5
 mbar and the

 
working pressure 

during deposition was 14 x10
-3 

mbar. The substrate holder was rotated using a rotary drive mechanism 

for uniform deposition of the precursor layers. 
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In the second stage, the precursors were sulfurized at 350
o
C, 400

o
C and 450

o
C in a two-zone tabular 

furnace (Fig.1). The sample was kept in zone-I and high purity sulfur pellets (99.99%) in zone-II. The 

temperature of zone-II was maintained constant at 130
o
C for generation of sulfur vapours and that of 

zone-II was varied. The temperature of each zone could be controlled by PID controllers. Rotary 

pump was used to evacuate the quartz tube. Nitrogen gas was used as the carrier gas and desired 
pressure in the tube was maintained by using the needle valve at gas inlet and control valve connected 

to the rotary pump. The N2+S2 vapour pressure was maintained constant at 300 Pa. 

 

Fig1. Schematic diagram of two zone furnace 

The sample temperature was increased at the rate of 20°C/min up to 200
o
C and then rate of 10°C/min 

upto the required annealing temperature in order to allow sulfurization to take place as shown in Fig. 
2. The substrates were held at the three sulfurization temperatures for 60 min. The ramp rate of sulfur 

source continues till the temperature reaches to 300
o
C to minimize Sn loss. After the sulfurization 

process, the samples were allowed to cool naturally to room temperature.  

 
Fig2. Schematic diagram of temperature profiles for the change in sulfurization process. 

2.2. Sample characterization 

The as-grown samples were analysed to evaluate the physical behaviour. The structural properties of 

CTS films were characterized by using X-ray diffractometer (XRD) with Cu Kα radiation (λ=1.054Å) 
and micro structure using Raman Spectrometer. The film composition was obtained using energy-

dispersive X-ray analysis (EDAX) and secondary ion mass spectroscopy (SIMS). The surface 

morphologies were evaluated by using scanning electron microscope (SEM). The optical properties 

were measured by UV-Vis-NIR spectrophotometer in the wavelength range 300-1100 nm. 

3. RESULTS AND DISCUSSIONS 

The as-grown CTS films were homogeneous, uniform and strongly adherent to the substrate surface. 

3.1. Compositional analysis 

3.1.1. EDAX analysis 

Figure 3 shows the EDAX spectra of Cu2SnS3 thin film grown at 450
 o

C. The EDAX compositional 

analysis of the films showed peaks corresponding to Cu, Sn and S without the presence of any 

impurity elements. The uncertainty in the determination of elemental composition by EDS is ±5 at. %. 

Through EDS studies, it was deduced that the atomic percentages of Cu, Sn and S were consistent 
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with S/metal ratio (table 1). The relative variation in the Cu/Sn and S/metal ion ratio is from 1.78 to 

2.14 and 0.47 to 0.32 respectively with the increase of sulfurization temperature. The deviation in 
Cu/Sn ratio is greater than the targeted value of 1.07, due to higher Sn loss. The concentration of Sn 

was decreased because of its re-evaporation owing to the high vapour pressure of Sn at high 

temperatures. The S/metal ratio is close to the targeted value of 0.39 which indicate that sulfurization 
process was successfully completed [14]. 

 
Fig3. EDAX spectrum of CTS film obtained on sulfurization temperature at 450 oC. 

Table 1: EDAX composition data of CTS films 

Ts (ºC) Cu (at.%) Sn (at.%) S  (at.%) Cu/Sn Cu/metal ion ratio 

350 43.47 24.42 32.11 1.78 0.47 

400 45.11 23.4 27.4 1.92 0.4 

450 52.36 23.21 24.43 2.14 0.32 

3.1.2.  SIMS analysis 

The surface elemental distribution of CTS films deposited on soda lime glass substrates were 
performed using Secondary Ion Mass Spectrometry (SIMS). Figure 4 represents the SIMS profiles of 

CTS films indicating the variation of Cu, Sn and S in the layers obtained at various sulfurization 

temperatures. Initially the films formed at low temperatures showed excess Cu and the composition 
approached near stoichiometry as the sulfurization temperature is increased. The SIMS spectra 

revealed the presence of Cu, Sn and S which were uniformly distributed across the bulk of the film. 

No other impurity elements were noticed in the data. The intensity of copper is very high as compared 
with Sn and S elements at the initial stage that decreases with increase of TS. This might be due to the 

re-evaporation of Sn at high temperatures. This type of data has been reported for the first time on 

CTS films that closely maps onto other measurements.  

 

 
Fig. 4: SIMS profiles of CTS films obtained at various Sulfurization temperatures. 
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3.2. Surface morphology 

The sulfurization temperature has a great influence on the surface morphology of the CTS films, as 

the grown layers were lightly sensitive to this temperature [3]. The SEM micrographs of CTS films 

grown at different sulfurization temperatures were shown in Fig. 5. The pictures showed pinhole free 

and irregular shaped grains without any micro cracks. A clear change in the crystallanity of the films 
was observed and the grain size was increased with increase of sulfurization temperature.   

                         
(a)          (b) 

 

(c) 

Fig5. SEM images of CTS films obtained at (a)Ts= 350 ºC (b) Ts= 400ºC (c) Ts= 450 ºC. 

3.3. Structural analysis 

3.3.1. X-ray diffraction analysis 

Fig. 6 shows the XRD patterns of CTS films obtained on sulfurization of metallic precursors at 350
o
C, 

400
º
C and 450

 º
C. The observed diffraction peaks matched well with the standard JCPDS data file No. 

89-4714 related to Cu2SnS3. In figure 6, the intense peaks clearly exhibit Cu2SnS3 phase which has 

(200) plane as the preferred orientation. The evaluated crystal structure was found to be tetragonal and 
the lattice parameters were found to be a=0.541 nm and c=1.082 nm. At lower temperatures some 

other smaller peaks were also observed with the appearance of (112) and (220) planes, which were 

related to Cu2SnS3 phase. S. Kahraman et al. [27] also reported similar planes for CTS films grown by 

sol-gel spin coating method, which exhibited tetragonal structure.  A few secondary peaks 
corresponding to Sn2S3 and Cu2S were also observed. The figure shows a significant improvement in 

the intensity of (200) peak with slight reduction in the FWHM, which reveals an improvement in 

crystallanity with increase of sulfurization temperature. The crystallite size (D) was calculated using 
Scherrer‟s formula, 





cos

c
D 

 

(nm)                                                                                                 (1) 

where „β‟ is the full width at half maximum in radians, ‘θ’ is diffracting angle and „λ’ is the 

wavelength of X-rays and „c‟ is the correction factor, which is taken as 0.94. The evaluated crystallite 

size of the layers varied in the range of 45 nm to 123 nm with increase of sulfurization temperatures. 

The dislocation density (δ) in the grown Cu2SnS3 layers was also calculated using Williamson and 

Smallman‟s formula given below  
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2

1

D

     (Lines/m
2
)                                                                                                             (2) 

The dislocation density decreased from 4.8×10
-14

 lines/m
2
 to 5.6 x10

-15
 lines/m

2
 with the rise of 

sulfurization temperature. This is mainly attributed to the improvement in crystallinity as revealed by 
the XRD studies. 

 

Fig6. XRD pattern of CTS films synthesized at different sulfurization temperatures 

3.3.2. Raman Analysis 

Raman spectroscopy is a standard characterization technique to reveal the exact phases of ternary 

semiconductor compound thin films. Figure 7 shows the Raman spectra of  CTS film deposited at 
Ts=400

o
C, recorded in the wavelength range 250-550 cm

-1
 with Gaussian fitting. The micro Raman 

spectra contains Raman modes present at   290 cm
-1

, 307 cm
-1
,  332 cm

-1
, 351 cm

-1
 and 472 cm

-

1
.
,
Among these modes the peaks present at 290 cm

-1
, 332 cm

-1
, 351 cm

-1
 are the characteristic 

vibration symmetry modes of the tetragonal Cu2SnS3 phase [3,13]. The high intense mode at 332 cm
-1 

is attributed to the tetragonal phase Cu2SnS3, which is in close agreement with reported Raman data 

by T.S. Reddy et al. [15]. The ternary (Cu2SnS3) and binary phases (Cu2S and Sn2S3) present in the 
film grown at Ts=400

o
C were also supported by XRD data. The Raman mode appeared at  472 cm

-1
 

was characteristic of the  binary phase of  Cu2S [15] and the mode at  307 cm
-1

 was attributed to the  

binary phase of  Sn2S3 as reported in literature [17].  

 

Fig7. Raman spectra of CTS films obtained at sulfurization temperature of 400 ºC. 

3.4. Optical analysis 

The optical absorption of the CTS films grown at different sulfurization temperature was studied in 

the wavelength range 300-1100 nm using UV-Vis-NIR spectrometer. Figure 8 shows the variation of 

absorption coefficient of CTS films with wavelength. From the figure 8, it can be noted that the 
material exhibit sharp absorption edge and it absorbs entire visible region. The energy absorbed by the 

sample for direct/indirect optical transition from the incident photon energy (h) is calculated using 
the following relation. 
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Fig8. Absorption spectra of CTS films obtained at various sulfurization temperatures 

h = A (h - Eg)
n
                                                                                                                                  (3) 

where „A‟ is a constant,  „Eg‟ is the energy band gap, h is the incident photon energy and „n‟ is the 
nature of the optical transition involved between the parabolic bands in the material. Here n = 1/2 

indicates direct allowed transition; n = 3/2 reveals direct forbidden transition, n = 2 shows indirect 
allowed transition and n = 3 refers indirect forbidden transition. In this study, the data followed the 

above relation with n = 1/2, indicating the presence of direct allowed transition in the layers.  

The characteristic plot of the variation in (αhυ)
2
 with photon energy hυ of the films sulfurized at 

350
o
C, 400

o
C and 450

o
C was shown in figure 9. The direct optical band gap values were found to be 

1.66 eV, 1.62 eV and 1.55 eV respectively for films synthesized using TS= 350
o
C, 400

o
C and 450

o
C. 

The optical band gap of CTS films was decreased with increasing sulfurization temperature because 

of the decrement of secondary phases and improvement in crystallanity. The band gap of the CTS film 
grown at Ts=450

o
C was ~1.55 eV and was in agreement with the reported value [15]. This value is 

closure to the optimum value suitable for photovoltaic applications [10-12].  

 

Fig9. (αhυ)2 versus hυ plots of CTS films obtained at various sulfurization temperatures (a)350 oC (b) 400ºC (c) 

450 ºC 

4. CONCLUSIONS 

In this work Cu2SnS3 thin films were grown by a two-stage process, sulfurization of co-sputtered Cu, 
Sn metallic precursors and the effect of sulfurization temperature on the growth and properties of the 

layers was investigated. The EDAX analysis revealed the presence of only Cu, Sn and S. while the 

SIMS data revealed the uniform distribution of these elements across the layer thickness. The SEM 

micrographs revealed an increase of grain size with sulfurization temperature. The XRD studies of the 
film formed at TS=450 

o
C indicated the existence of CTS films with an intense (200) plane as 

preferred orientation and exhibited tetragonal crystal structure.  The Raman analysis of these films 

also supported the XRD observations. However the films synthesized at lower temperatures had 
shown secondary phases related to Cu2S and Sn2S3. The band gap of these single phase CTS films was 

found to be 1.55 eV. Since Cu2SnS3 consists of wide absorbance in the visible region with a band gap 

close to the optimum value of 1.5 eV, it can be used as an absorber layer in the development of hetero 
junction solar cell. 
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