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gaps and high optical absorption coefficients for potential 
application in thin film solar cells [1]. Recently, power 
conversion efficiencies (PCE) of solar cells based on 
Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) as high as 
8.4 and 10.1%, respectively have been reported [2, 3]. The 
copper based multinary compound semiconductor materi-
als are used as absorber materials in photovoltaic technol-
ogy. Also, in recent years, importance is given to nontoxic 
semiconductors from both the fundamental and techno-
logical point of view for solar cell materials. Ternary semi-
conductors such as Cu–Sn–S (CTS) belonging to I–IV–VI 
groups are preferred as excellent absorber material due to 
high absorption coefficient (>104  cm−1) and small band 
gap (0.9–1.5  eV) for photovoltaic cells, and as a suitable 
candidate for nonlinear optical materials. In the Cu–Sn–S 
system, several ternary compounds including Cu2SnS3, 
Cu3SnS4, Cu4SnS4, Cu2Sn3S7 and Cu5Sn2S7 have been pre-
viously studied for photovoltaic absorbers. Among them, 
Cu2SnS3 phase shows good performance in photovoltaic 
device because of its wide stability range and lack of Fermi 
level pinning [4]. Furthermore, this material offers out-
standing optical, thermal and mechanical properties [5].

The Cu2SnS3 has been synthesized by both physical and 
chemical methods. Physical methods include sputtering 
[6], electron beam evaporation [7, 8], co-evaporation [9, 
10], vacuum evaporation [11], solid state reaction [12] and 
PLD (pulsed laser deposition) [13, 14]. In physical meth-
ods, Nakashima et al. [15] reported highest 4.69% PCE by 
sequential evaporation of NaF/Cu/Sn stacked precursor and 
Kanai et  al. [16] reported 3.66% PCE by co-evaporation 
method. The CTS thin film are deposited using various 
chemical methods such as chemical bath deposition (CBD) 
[17], spin coating [18], hydrothermal [19], electrodeposi-
tion [20], successive ionic layer adsorption and reaction 

Abstract  Ternary Cu–Sn–S system, Cu2SnS3 (CTS) thin 
films have been successfully deposited via successive ionic 
layer adsorption and reaction (SILAR) method. The effect 
of film thickness on the structural, morphological, wet-
tability and optical properties of CTS material is studied. 
The XRD studies confirm formation of triclinic (mohite) 
phase of CTS material. The SEM images show that entire 
film surface is covered by compact nearly spherical grains 
over growth of spongy clusters. The Brunauer-Emmett-
Teller (BET) analysis revealed that the surface area of CTS 
material is 2.11  m2  g−1. The wettability study indicates 
hydrophilic nature of CTS samples. The optical band gap is 
decreased from 1.36 to 0.98 eV with increase in film thick-
ness. The photoelectrochemical (PEC) study of CTS mate-
rial shows anodic photocurrent indicating P-type electrical 
conductivity.

1  Introduction

In recent years, there is a great deal of interest in research 
of chalcopyrite semiconductors due to their suitable band 
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(SILAR) [21], spray pyrolysis [22], hot injection [23], sol-
vothermal [24] etc.

Compared to other chemicals methods, SILAR is a sim-
ple, less expensive and less time consuming method for the 
deposition of semiconducting thin films. It is also relevant 
in the deposition of large area thin films. In SILAR method, 
substrate is successively dipped into the precursor solution 
during the deposition process. In this method, deposition 
cycles and dipping time are important parameters for syn-
thesis of nanoparticles to coating films. Sufficient reaction 
time favors the complete chemical reaction and hence pro-
duces pure phase compounds without secondary phases.

The characteristics of films and their potential applica-
tions are interrelated to the crystallinity, surface morphol-
ogy, grain boundary and grain size, which are affected 
by the film thickness. For applications in optoelectronic 
devices technology, the optimum film thickness is pre-
ferred for the best device quality and performance. Hence, 
it is necessary to study the effect of film thickness on the 
properties of CTS thin films. In present study, by vary-
ing the number of deposition cycles, the thickness of CTS 
film is varied using optimized deposition condition and the 
effect of CTS film thickness on structural, morphological, 
wettability, optical and photoelectrochemical properties is 
studied.

2 � Experimental details

All CTS films are deposited on stainless steel (SS) sub-
strates. The SS substrates are polished by zero grade pol-
ish paper, ultrasonically cleaned in double distilled water 
(DDW) for 15 min and then washed by acetone. In a typical 
synthesis of Cu2SnS3, the mixed solution of copper chloride 
(CuCl2·2H2O), tin chloride (SnCl2·2H2O) and Na2EDTA 
(C10H14N2Na2O8) is used as the cationic precursor and 
sodium sulphide (Na2S·xH2O) solution is used as an ani-
onic precursor. Ethylenediaminetetraacetic acid disodium 
salt (Na2EDTA) solution is used as a complexing agent 
who binds metal cation in the solution. The molar con-
centrations of CuCl2·2H2O, SnCl2·2H2O and Na2S·xH2O 
in the solution are 0.1, 0.05 and 0.2 M, respectively. In the 
SILAR method, the substrate is immersed into separate 
cationic and anionic precursor solutions for the adsorption 
and reaction, and then rinsed with DDW after each immer-
sion to remove the loosely bound particles and to avoid the 
precipitation. By repeating the cycle described above, CTS 
thin film with the desired thickness is obtained by adjust-
ing the preparative parameters The deposition of CTS thin 
films taken at 20, 40 and 60 SILAR cycles are denoted as 
CTS-20, CTS-40 and CTS-60, respectively. These films are 
annealed at 300 °C in a vacuum to improve the crystallinity. 

The CTS films are well adherent, uniform and blackish in 
color.

3 � Materials characterization

To investigate the effect film thickness on the charac-
teristic parameters of the CTS thin films by XRD (X-ray 
diffraction), Raman spectroscopy, EDAX (Energy dis-
persive X-ray spectroscopy), XPS (X-ray photoelectron 
spectroscopy), SEM (scanning electron microscopy), opti-
cal absorption, wettability and BET (Brunauer-Emmett-
Teller) characterization techniques is used. The thickness 
of CTS films is measured by Ambios XP-1 surface pro-
filer. The XRD patterns is recorded by a BRUKER AXS 
D8 Advanced model X-ray diffractometer equipped with 
Cu radiation (Kα of λ = 1.54 Ǻ). The Raman spectra of the 
CTS nanoparticles are trace in the range of 150–500 cm−1 
using a micro-Raman spectrometer (Via Reflex UV Raman 
microscope, Renishaw, U.K. at KBSI Gwangju center) use 
a He–Ne laser source with an excitation wavelength of 
488 nm and a resolution of 1 cm−1 at 15 mW laser power. 
The XPS analysis is studied by using VG Multilab 2000, 
Thermo VG Scientific, UK, for state confirmation of CTS 
material. The morphology of the samples is analyzed by 
SEM (JEOL JSM-6390). Optical band gap is determined 
by the UV–Visible absorption spectroscopy analysis car-
ried out by a HITACHI UV4100 spectrometer. The specific 
surface area and pore size distribution of CTS powder is 
studied by BET as well as Barrett-Joyner-Halenda (BJH) 
analysis using Quantachrome Instruments v11.02 model.

4 � Results and discussion

4.1 � CTS film formation and reaction mechanism

A schematic explanation of a single cycle for the deposi-
tion of CTS film is given in Fig. 1. In CTS thin film for-
mation, ion-by-ion type of deposition occurs via nucleation 
sites on the adsorbed surfaces [25]. Nucleation takes place 
as a result of the surface condensation of these ions and 
results in a dense adherent thin film [26]. The substrate is 
immersed into the cationic bath precursor, contains mixed 
CuCl2 and SnCl2 solutions. In the chloride precursors 
(CuCl2·2H2O and SnCl2·2H2O), Cu2+ and Sn2+ species are 
easily available in the solution. The most stable oxidation 
state of tin is Sn4+. However, in present work tin contains 
Sn2+ state in SnCl2 compound. In cationic solution bath, 
Cu2+ reduces to Cu+ and Sn2+ is oxidized to Sn4+. This 
is best shown in the fact that Sn2+ ion in solution is good 
reducing agents.
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After that, substrate is rinsed with DDW to remove the 
loosely bounded reactants. The anionic precursor bath con-
tains Na2S·xH2O solution, which gives sulfide ions (S2−) as 
per following reaction [27].

Finally, the reaction takes place between the pre-adsorbed 
Cu1+, Sn4+ cations and the S2− anion to form a solid CTS thin 
film as,

(1)
2CuCl2 + SnCl2 + 6H2O = 2Cu

+
+ Sn

4+
+ 6HCl + 6OH

−

(2)Na2S + H2O → 2Na
+
+ HS

−
+ OH

−

(3)HS
−
+ H2O → H3O

+
+ S

2−

4.2 � Thickness measurement

The variation of film thickness with deposition cycles for 
CTS films is shown in Fig. 2a. Thickness of CTS thin films 
is estimated to be 0.526, 0.806, and 1.006 µm for CTS-20, 
CTS-40 and CTS-60 thin films, respectively and is shown 
as inset. It is observed from Fig. 2a, that thickness of CTS 
film increases with deposition cycles. Ideally, in SILAR 
process, only a single layer of film material is deposited 
on the substrate in one cycle of deposition. As the depo-
sition cycles continue, more and more layers of the film 
material are deposited and hence the overall thickness of 

(4)2Cu
+
+ Sn

4+
+ 3S

2−
→ Cu2SnS3

Fig. 1   Schematic of synthesis 
of CTS thin films by SILAR 
method

Fig. 2   a Plot of thickness variation of CTS thin films with SILAR cycles and b XRD patterns of A CTS-20, B CTS-40 and C CTS-60 CTS thin 
films



7915J Mater Sci: Mater Electron (2017) 28:7912–7921	

1 3

the film increases. This may be due to enough reaction time 
periods available for the formation of CTS thin film. The 
rate of film thickness is nonlinear which indicates that the 
growth is due to nucleation and coalescence process. Fur-
thermore, after 60 cycles, slight decrease in CTS film thick-
ness is observed. The reduction in CTS film thickness may 
due to the development of stress, resulting peel out the film 
after reaching beyond optimum thickness. The peeling of 
film material is common in chemically deposited films and 
is mainly due to the relatively poor adhesion [28]. Thus, 
the terminal thickness of CTS thin film is 1.006 µm for 60 
cycles.

4.3 � Structural study

The X-ray diffraction patterns of SILAR deposited CTS 
thin films with 0.526, 0.806 and 1.006 µm thicknesses are 
indicated by (A) CTS-20, (B) CTS-40 and (C) CTS-60, 
respectively in Fig. 2b. It is clear from XRD patterns that 
CTS films exhibit polycrystalline nature. The presence 
of peaks at 2θ = 28.49, 32.86 and 47.36° corresponding 
to diffraction planes of (1–31), (105) and (2010) respec-
tively, indicates the formation of triclinic (JCPDS 00-035-
0684) crystal structure of Cu2SnS3 material. The relative 
peak intensity of (105) and (2010) planes enhance with 
increasing film thickness. The enhanced crystallinity of 
the films can be attributed to the rearranging of the atoms 
and removal of defects due to the layer by layer deposition 
in SILAR method. Ashith et  al. [29] reported the similar 
result of an increase in film crystallinity with increasing 
film thickness for SILAR deposited CdS thin films. Apart 
from CTS XRD peaks, additional peak corresponding to 
secondary CuS phase (indicated by #) is observed in the 
diffraction pattern. It is clear that the sample is multi-phase 
containing CuS and Cu2SnS3 (JCPDS card no. 035–0684) 
with triclinic structure, in which CuS is the secondary 
phase as indicated by the intense (102) peak. The SS sub-
strate peak in the XRD spectra is indicated by asterisk (*) 
sign. The particle size is estimated using Scherrer’s formula

where, β is the full width at half maximum intensity (radi-
ans) and λ = 1.54  Å is the wavelength of the Kα—X-ray. 
The particle size is found to be 12 nm for high intense peak 
(1–31) of CTS-60 thin film.

4.4 � Raman spectroscopy

Raman spectroscopy was used as a complementary tech-
nique to identify the presence of secondary phases in 
CTS thin film. Figure 3a indicates the Raman spectra of 
the CTS thin films. The existence of peaks at 320 and 

(5)D =
0.9 �

� cos�

287  cm− 1 indicate the formation of CTS with triclinic 
phase. Also in all the three spectra, secondary phase 
peaks of CuS (249 and 470  cm− 1) and SnS (223  cm− 1) 
are observed. The presence of these secondary phases 
is attributed due to the difference in the reactivity of the 
cationic precursors. According to the principle of hard 
and soft acids and bases (HSAB), soft Lewis base (S) 
reacts preferentially with soft Lewis acid (Cu) than hard 
Lewis acid (Sn) leading to the formation of major CuS 
and minor SnS secondary phase [30]. Thus, Raman study 
confirms the formation of CTS compound with secondary 
CuS and SnS phases.

4.5 � Energy dispersive X‑ray analysis (EDAX)

The elemental study of the CTS thin films deposited at 
different deposition cycles on SS substrate are carried out 
by energy dispersive X-ray analysis (EDAX) technique. 
The respective EDAX spectra are shown in Fig.  3b–d. 
EDAX examination implies the presence of copper, tin 
and sulfur for all the samples deposited at various deposi-
tion cycles. The stoichiometric ratio of Cu, Sn and S were 
determined by integrating the region under each Cu, Sn 
and S peak. Atomic percentage of Cu, Sn and S in CTS 
thin films for different thickness and the corresponding 
standard values are shown in Table 1. The chemical com-
position of the films presented in Table  1 indicates the 
presence of Cu, Sn and S in stoichiometric amount with 
slightly copper rich content (Cu/Sn = 2.17–2.49).

4.6 � X‑ray photoelectron spectroscopy (XPS)

The XPS is a surface responsive quantitative spectro-
scopic technique that measures the elemental composi-
tion, empirical formula, chemical state and electronic 
state of the elements that are present within a material. 
The XPS survey spectrum of CTS-60 thin film is shown 
in Fig.  4a. From XPS spectroscopy, it is clear that CTS 
material consists of the Cu1+, Sn4+ and S2− elements 
with the quantification of Cu2p, Sn3d and S2p core lev-
els peaks, respectively [31]. The Cu2p, Sn3d and S2p 
core-level photoelectron spectra with the fitting profile 
for quantitative elemental composition determination are 
shown in Fig. 4b–d, respectively. The binding energy of 
Cu 2p3/2 and Cu 2p1/2 peaks are 932.77 and 952.50  eV, 
respectively [32]. The satellite peaks does not observed 
around 932 and 955 eV at Cu2p core level, which repre-
sents the existence of copper is Cu1+ state in CTS mate-
rial [33]. The binding energies for Sn 3d5/2, Sn 3d3/2 and 
S 2p3/2 are 487.15, 495.61 and 163.36  eV, respectively, 
which match well with the earlier reports [34, 35]. The 
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XPS confirms presence of Cu and Sn in +1 and +4 oxida-
tion states, respectively.

4.7 � SEM analysis

Figure  5a–f shows SEM images of CTS films with thick-
ness of (a, b) 0.526 µm, (c, d) 0.806 µm and (e, f) 1.006 µm 
for 20, 40 and 60 deposition cycles, respectively at 5000 
and ×20,000 magnifications. An increasing number of 
SILAR deposition cycles show significant change in sur-
face morphology of CTS thin films. Figure 5a, b shows a 
non-uniform distribution of agglomerated nanocrystals 
i.e. it shows the incomplete crystal growth over the entire 
surface of substrate. It does not exhibit appreciable grain 
formation. The grain formation is seen in Fig.  5c, d. The 

uniform density, adhesion to the substrate and compact 
nature of the film increased with film thickness. With 
increase in deposition cycles, enhancement is agglomera-
tion of the grains and compactness of the film, results in the 
formation of cluster type structure. SEM images in Fig. 5e, 
f indicate that CTS film is composed of a dense packing 
of grains without any voids, signifying uniformity and 
compact nature of thin film surface. Also, a small crystal-
lites growth on compact surface is observed. Further with 
increase in deposition cycles, film surface becomes deterio-
rated and slight decrease in film thickness is observed. Jad-
hav et al. [36] has reported deterioration in SILAR depos-
ited films, while Salgam et al. [37] observed macroscopic 
defects such as voids and cracks on the surface of the film 
with thickness.

4.8 � BET analysis

The PEC cell performance of the active electrode material 
is mainly dependent on the surface conditions. The surface 
area plays an important role in solar cells for light absorp-
tion at different incident angles. So, it is important to carry 
out BET analysis for CTS material. In order to indicate 

Fig. 3   a Raman analyse of CTS thin films and Energy dispersive X-ray spectroscopy (EDAX) of b CTS-20, c CTS-40 and d CTS-60 thin film

Table 1   Atomic percentage of Cu, Sn and S in Cu2SnS3 thin films

Sample Thickness (µm) Cu at.% Sn at.% S at.% Cu/Sn

CTS-20 0.526 29.31 13.5 54.79 2.17
CTS-40 0.806 30.40 13.1 56.5 2.32
CTS-60 1.006 31.71 12.7 57.99 2.49
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the compactness of CTS material, N2 adsorption–desorp-
tion isotherms are measured for powder sample of CTS-60 
thin film scratched from the corresponding electrode (see 
Fig.  6a).The curve shows type IV isotherm attended by 
H3 type hysteresis loop. The analysis shows the existence 
of mesopores with specific surface areas of 2.11 m2 g−1 of 
CTS material [38]. The charge intercalation is easily done 
through pore appeared at the surface of thin film. Hence, 
the conduction mechanism in the film is controlled by the 
pore size. The pore size distribution of the fine crystallites 
structure is built-in through Barrett-Joyner-Halenda (BJH) 
plot (see Fig. 6b). Figure 6b represents a curve of pore vol-
ume as a function of radius. Most of the pore volume is 
occupied by mesopores in the range of 3–50 nm.

4.9 � Surface wettability study

The contact angle depends upon the chemical composi-
tion and the surface morphology of the semiconducting 

electrodes. In this study, the water contact angle is found 
to be 40, 29.8 and 21° for 0.526, 0.806 and 1.006 µm film 
thicknesses, respectively (see Fig.  7). From surface wet-
tability study, it is observed that the interfacial energy 
between the film surface and water increased with thick-
ness leads to decrease in contact angle. Surface wettability 
is decreased with increase in film thickness due to two rea-
sons: (a) thick film has relatively less internal and external 
strain energies compared to the thin one [39] and (b) the 
contact angle decreases with roughness of the film surface 
[40].

4.10 � Optical analysis

The optical absorption of CTS thin films for different 
thicknesses has been investigated as shown in Fig. 8a–c. 
The band gap energy of CTS thin films was calculated 
using the optical absorption spectroscopy. These spec-
tra revealed that the deposited CTS thin films have high 

Fig. 4   X-ray photoelectron spectra of CTS material. a Survey spectrum, b Cu 2p core level, c Sn 3d core level and d S 2p core level
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absorbance of light in the visible region, indicating its 
applicability as an absorbing material. Band gap val-
ues are estimated by plotting graph of (αhυ)2 vs (hυ), 
where α is the absorption coefficient and hυ is the pho-
ton energy. The band gap (Eg) values are found to be 
1.36, 1.18, and 0.98  eV for CTS-20, CTS-40 and CTS-
60 films, respectively. It is observed from Fig.  8, that 
the band gap gradually decreases from 1.36 to 0.98  eV 
with the increasing film thickness. The decrease in band 

gap can be ascribed to the presence of secondary (CuS 
and SnS) phases in the compound as confirmed from the 
Raman study. Also from the compositional study, the 
Cu/Sn ratio increases from 2.17 to 2.49 with increas-
ing film thickness. This increased copper composition 
results in absorbance of the light from the visible to IR 
region. Thus, the copper rich composition in the CTS 
compound leads to formation of secondary phase and 
eventually affects the band gap of the compound. Similar 

Fig. 5   SEM images of CTS-20 (a, b), CTS-40 (c, d) and CTS-60 (e, f) at two magnifications of ×5000 and ×20,000

Fig. 6   a N2 adsorption–desorption isotherm curve and b pore size distribution of Cu2SnS3 material
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effect of band gap reduction from 2.19 to 1.77  eV for 
CTS films due to presence of secondary phases was 
observed by Zhao and Cheng [41].

4.11 � Photo electrochemical measurement

Figure  9a–f shows the current–voltage (I–V) character-
istics recorded under chopped and constant illumination 
conditions for CTS thin films of various thicknesses in 
0.25 M LiClO4 (Lithium perchlorate) electrolyte solution. 
The photovoltaic output characteristics of CTS thin films 
are studied by fabricating SS/CTS/LiClO4/C Cell. Grad-
ually increasing anodic photocurrent with increase in 
negative potential indicates p-type conductivity of CTS 
thin film [42]. The magnitude of short circuit current (Isc) 
is 77, 60.7 and 554 µA and open circuit voltage (Voc) is 

146, 30 and 216  mV for CTS-20, CTS-40 and CTS-60, 
respectively. The best PEC performance is obtained for 
CTS-60 thin film (Fig. 9e, f).

Solar cell parameters for CTS films of different thick-
nesses tabulated in Table  2 shows that sample CTS-60 
represents better PEC performance. The highest values of 
photo conversion efficiency 0.11% with fill factor of 49% 
are achieved by CTS-60 thin film. As discussed earlier 
(Fig. 5), that the level of compact surface enhances slightly 
with the film thickness, which is useful for PEC proper-
ties. The PEC measurement confirmed good photoactivity 
of different thicknesses CTS thin films, prepared by simple 
SILAR method. Furthermore, the conversion efficiency of 
such film can be considerably increased by thermal, chemi-
cal and (photo) electrochemical surface treatments [43].

4.12 � Conclusions

In conclusion, CTS thin films have been successfully 
deposited by simple and inexpensive SILAR method at 
room temperature. The effect of CTS film thickness on 
the structural, morphological and optical properties 
of CTS thin film is studied. The XRD studies revealed 
that CTS exhibit nanocrystalline structure with triclinic 
phase. Also, additional peak corresponding to second-
ary CuS phase is observed in the diffraction pattern. 
Improvement in crystallinity of the films with increasing 
film thickness was observed. Raman study confirms the 
formation of CTS compound with secondary CuS and 
SnS phases. The chemical composition of the films shows 
the presence of Cu, Sn and S in stoichiometric amount 
with slightly copper rich content (Cu/Sn = 2.17–2.49). 
The morphological study revealed that uniform, density 
and compact nature of the films increased with increasing 
film thickness. Also, with increasing CTS film thickness, 
optical band gap reduced which is related to enhancement 

Fig. 7   Plot of surface wettability analysis of CTS thin films with film 
thickness. (Inset contact angle images of CTS material)

Fig. 8   Band gap plots and optical absorption spectra of a CTS-20. b CTS-40 and c CTS-60 thin films
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in the crystallite size and decrease in defect density of the 
film. The study of PEC properties confirms good photo-
activity for sample CTS-60 having 1.006 µm thicknesses. 

Hence, it can be concluded that the film thickness plays 
an important role in performance of PEC cells and on the 
characteristic parameters of the films.

Fig. 9   Photovoltaic output characteristics of CTS-20 (a, b), CTS-40 (c, d) and CTS-60 (e, f) for different thicknesses CTS thin films under 
chopped light illumination with bias of (0.3) to (−0.5 V)

Table 2   Photoelectrochemical 
cell parameters of CTS 
materials

Sample Thickness (µm) Isc (µA) Voc (mV) Im (µA) Vm (mV) FF % η%

CTS-20 0.526 77 146 43.5 80.5 31 0.070
CTS-40 0.806 47.7 30 30.4 14.5 23 0.088
CTS-60 1.006 554 216 411 144.5 49 0.110
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