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Abstract Cu;SnS, thin films were deposited onto soda-
lime glass substrates held at 360 °C using spray pyrolysis
technique. The influence of thiourea concentration on the
growth and properties of these films is studied by varying
the thiourea concentration (0.04-0.09 M) and keeping
cupric chloride (0.015 M) and stannic chloride (0.005 M)
concentrations as constant in solution. These films were
analyzed by studying their elemental composition, struc-
tural, microstructural, optical and electrical properties
using appropriate characterization techniques. X-ray
diffraction and Raman spectroscopy analyses revealed that
the films deposited from solutions with 0.04 and 0.05 M
thiourea concentrations contain CuS and Cu,SnS; (CTS)
phases, respectively. Nanocrystalline Cu3;SnS, films with
cubic structure could be obtained by increasing the thiourea
concentration from 0.07 to 0.09 M in the starting solution.
The lattice parameter and crystallite size of these films are
found to be 0.540 and 6 nm, respectively. The direct optical
band gap of these films is found to decrease from 1.75 to
1.70 eV with increasing the thiourea concentration from
0.07 to 0.09 M in the solution. The room temperature
electrical resistivity of these films is found to lie in the
range 1.9 x 1073-0.9 x 1073Q cm.
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1 Introduction

Recently, thin film solar cells based on Cu(In,Ga)Se,
(CIGS) have reached a maximum conversion efficiency of
21.7 % [1] at the laboratory level. However, the scarcity of
In, Ga and the toxicity of Se pose problems for the large
scale production of these cells. In order to explore the low-
cost and non-toxic materials for the fabrication of thin film
solar cells, studies on the new materials and approaches are
required. In recent years, the focus is mainly on
Cu,ZnSnS, (CZTS) owing to its direct optical band gap of
1.45 eV, high optical absorption co-efficient and p-type
electrical conductivity. The CZTS based thin film solar
cells have exhibited an efficiency of 8.4 % [2] at laboratory
level. In addition to these developments, ternary com-
pounds such as Cu,SnS3, CuzSnS; and CuySnS4 semi-
conductor thin films have also drawn attention of the
investigators due to their potential applications in the fields
of photovoltaics, optoelectronics and microbatteries [3—6].
Among them, Cu3SnS, with a direct optical band gap of
1.60 eV [7], high optical absorption coefficient (10*cm™"),
p-type electrical conductivity and the presence of abundant
constituent elements, is a promising material as an absorber
layer in thin film heterojunction solar cells. A thorough
understanding of the growth and properties of this com-
pound semiconductor thin films is very much essential to
use them in the device fabrication.

The work done on the growth and properties of CuzSnSy
thin films is quite meagre [7-13]. CuzSnSy thin films were
first prepared by Bouaziz et al. [7, 8] using a spray
pyrolysis technique. Fernandes et al. [9, 10] grown
Cu3SnS, films by sulfurizing sputter deposited Cu-Sn
mettalic precurors. Su et al. [11] prepared Cu3SnSy thin
films by a modified successive ionic layer adsorption and
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reaction (SILAR) method. Guan et al. [12] prepared
Cu3SnS, films by annealing SILAR deposited films. In our
previous report [13], we also made an attempt to grow
Cu3SnS, films using spray pyrolysis technique. Spray
pyrolysis is a simple and low cost technique generally used
for the deposition of sulfide, selenide and oxide thin films
[14]. The properties of thin films prepared by spray
pyrolysis are mostly depend on the starting materials pro-
portions, substrate temperature, spray rate etc. These pro-
cess parameters need to be carefully adjusted to obtain
phase pure and uniform films. Bouaziz et al. [7, 8] studied
the effect of annealing temperature [7] and Cu/Sn ratio [8]
on the growth and properties of CuzSnS, films. They have
used a higher amount of thiourea (20 M) in the starting
solution to overcome the precipitation problem and
observed a change in the Cu3SnS, crystal structure from
tetragonal to orthorhombic with increasing the Cu/Sn ratio
from 1.8 to 4.8. In our previous report [13], we have used
cupric chloride (0.03 M), stannic chloride (0.01 M) and
thiourea (0.14 M) as the source materials to deposit
Cu3SnS, films. In the present investigation, we have
attempted to study the influence of thiourea concentration
on the growth and properties of spray deposited Cu3SnSy
films. The starting materials proportions were reduced to
half than our previous work [13] to overcome the precip-
itation problem.

2 Experimental details

The schematic diagram of the spray system used in the
present study is presented in Fig. 1. The starting solution
for the growth of CusSnS, thin films consists of analar
grade cupric chloride, stannic chloride and thiourea dis-
solved in distilled water. The concentrations of these
chemicals and the deposition conditions are presented in
Table 1. The concentrations of cupric chloride (0.015 M)
and stannic chloride (0.005 M) were kept constant in the

Fig. 1 Schematic diagram of the spray
deposition unit

solution and the concentration of thiourea was varied from
0.04 to 0.09 M (2.04.5 times than the stoichiometric
requirement) in order to study its influence on Cuz;SnSy
film growth. Excess thiourea than the stoichiometric
requirement was taken to compensate for the loss of sulfur
at higher substrate temperature due to its volatile nature
and also to study its influence on the film growth. This
aqueous solution was sprayed onto soda-lime glass sub-
strates held at 360 °C using a pneumatically controlled air
atomizing spray nozzle. Compressed air was used as the
carrier gas. The film thickness was determined using a
microbalance.

These films were systematically analyzed by studying
their compositional, structural, microstructural, optical and
electrical properties. X-ray diffraction (XRD) patterns were
recorded on BRUKER X-ray diffractometer (Model: D8
Advance) in the 20 range 10°—60° with Cu K, radiation
(4 =0.15406 nm). Raman spectra were recorded on Hor-
iba Jobin Yvon HR 800UV confocal micro-Raman spec-
trometer with Nd:YAG laser source (4 = 532 nm). The
micrographs and elemental composition were obtained
using Carl Zeiss scanning electron microscope (Model:
EVO MA 15) attached to an Oxford Instruments energy
dispersive spectrometer (EDS) (Model: INCA250). Spec-
tral transmittance of these films were recorded with Cary
5000 UV-Vis-NIR double beam spectrophotometer. The
room temperature electrical resistivity of the films was
determined using four probe technique.

3 Results and discussion
3.1 Composition

The elemental compositions of the films deposited from
solutions with different thiourea concentrations are shown
in the Table 2. The uncertainty in the determination of
elemental composition by EDS analysis is £5 at%. The
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Table 1 Starting chemicals

concentrations and the Experiment Concentration of chemicals (M) Substrate temperature (°C)
deposition conditions CuCl, - 2H,0 SnCly - 5H,0 SC((NH),),

1 0.015 0.005 0.04 360

2 0.015 0.005 0.05 360

3 0.015 0.005 0.06 360

4 0.015 0.005 0.07 360

5 0.015 0.005 0.08 360

6 0.015 0.005 0.09 360

elemental composition of the films deposited from a solu-
tion with 0.04 M thiourea concentration is deviated much
from the stoichiometry. The films are highly S-poor, Cu-
rich and Sn-rich. On increasing the thiourea concentration
in the solution, the sulfur at% in the films increases and a
corresponding decrease in the at% of Cu and Sn is
observed. Cu/Sn ratio is found to increase from 2.32 to 2.91
and S/(Cu+Sn) ratio is found to increase from 0.74 to 1.02
with increase in the thiourea concentration from 0.05 to
0.09 M in the solution. The compositions of the films
deposited from solutions with 0.07, 0.08 and 0.09 M
thiourea concentrations are found to be near-stoichiometric
Cu3SnS,, considering the accuracy limits of EDS analysis
(Table 2).

3.2 Structural analysis
3.2.1 X-ray diffraction

Figure 2 shows the XRD patterns of Cu3SnS; films
deposited from solutions with different thiourea concen-
trations. The diffraction peaks of these films are seems to
be broad and their signal to noise ratio is verly low indi-
cating the nanocrystalline nature of the films. The XRD
pattern of films deposited from a solution with 0.04 M
thiourea concentration (Fig. 2a) exhibit the diffraction
peaks at 27.75°, 29.29°, 31.77°, 32.90° and 47.95° corre-
sponding to CuS phase (JCPDS Card No. 78-2121). The
peaks due to Cu3SnS, phase are not observed in this film,
which indicates that 0.04 M thiourea concentration in the
starting solution is not providing sufficient amount of sulfur
to form Cu3SnS, phase due to the re-evaporation of sulfur

at 360 °C. XRD pattern of films deposited from a solution
with 0.05 M of thiourea concentration (Fig. 2b) shows the
peaks at 28.56° and 47.55° corresponding to tetragonal
Cu,;SnS; phase (JCPDS Card No. 89-4714). A peak at
31.8° corresponding to CuS phase is also present in these
films. XRD patterns of the films deposited with further
increase in the thiourea concentration from 0.06 to 0.09 M
(Fig. 2c—f) exhibit the diffraction peaks at 28.75°, 47.70°
and 56.90° due to Cu3SnS, phase. The observed diffraction
peaks at 28.75°, 47.70° and 56.90° are quite close to the
diffraction peaks of cubic (Sphalerite) Cus3SnS; phase
reported by Benedetto et al. [15], who did Rietveld analysis
for the XRD patterns recorded with a collection time of
30 s for each step. Thus, the diffraction peaks observed in
the films deposited from the solutions with increase in the
thiourea concentration from 0.06 to 0.09 M are attributed to
cubic Cu3SnS,s phase. The lattice parameter of these
Cu3SnS, films is found to be a = 0.540 nm and is close to
the reported lattice parameter value of a = 0.542 nm [15].
The average crystallite size, calculated from Scherrer’s
formula [16], for the films deposited from solutions with
increasing thiourea concentration from 0.06 to 0.09 M is
found to be 6 nm.

3.2.2 Raman spectroscopy

We have used Raman spectroscopy as a complementary tool
for phase analysis. The Raman spectra of the films deposited
from solutions with different thiourea concentrations are
shown in Fig. 3. The Raman spectrum of the films deposited
from a solution with 0.04 M thiourea concentration (Fig. 3a)

Table 2 Composition of

CusSnS, films deposited from S. No. Thiourea concentration (M) Atomic percent Ratio
solutions with different thiourea Cu Sn S Cu/Sn S/(Cu+Sn)
concentrations

1 0.04 40.0 17.2 42.8 2.32 0.74

2 0.05 38.7 17.7 43.6 2.19 0.77

3 0.06 38.1 14.1 47.7 2.70 0.91

4 0.07 37.4 14.0 48.6 2.67 0.94

5 0.08 36.9 12.7 50.4 291 1.01

6 0.09 36.3 13.0 50.7 2.80 1.02
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Fig. 2 XRD patterns of CuzSnS, films deposited from solutions with
different thiourea concentrations

exhibit an intense mode at 475 cm ™! followed by two weak
modes at 141 and 269 cm™! corresponding to CuS phase
[17-19]. The diffraction pattern of this film also revealed
CuS as the major phase. The Raman spectrum of the films
deposited from a solution with 0.05 M thiourea concentra-
tion (Fig. 3b) exhibit the modes at 269, 292, 320, 333, 354
and 475 cm~'. The intense mode observed at 333 cm™! in
this film is attributed to tetragonal CTS phase [9, 10]. The
modes observed at 292 and 354 cm~' are attributed to
monoclinic CTS phase [20, 21]. The modes observed at 269
and 475 cm~! are due to CuS phase [17-19] present in this
film. XRD pattern of this film revealed the presence of
dominant tetragonal CTS phase and a minor CuS phase. The
presence of monoclinic CTS modes might be due to the
polymorphic nature of CTS [20, 21]. A small mode observed
at 320 cm™! in this film is close to the reported intense
Raman mode of Cu3;SnS, phase [9, 10, 13] and hence
attributed to Cu3zSnS4. The diffraction peaks due to Cu3SnSy
phase are not appeared in the XRD pattern of this film might
be due their presence in minute quantity. But, the presence of
alow intensity mode at 320 cm~! corresponding to Cu3;SnSy
phase in this film suggests that this phase formation starts in
the films deposited from a solution with 0.05 M thiourea

200

100

200

100

200

320 335
100 290 351 475

" 319 331

] 292 /'R, 351

0 ;
300 '

Intensity (counts)

150

200
100

0.04 M

0 T T T T T T T T
2100 475
1400 8
700 4 141 269

— T T T T T 7
100 200 300 400 500 600

Raman shift (cm'1)

Fig. 3 Raman spectra of Cu3SnS, films deposited from solutions
with different thiourea concentrations

concentration. The Raman spectrum of the films deposited
from a solution with 0.06 M thiourea concentration (Fig. 3c)
exhibits an intense mode at 331 cm~! corresponding to
tetragonal CTS phase, two low intensity modes at 292 and
351 cm™! due to monoclinic CTS phase, a low intensity
mode at 319 cm™! due to Cu3SnS, phase and two modes at
264 and 475 cm™! due to CuS phase. The XRD analysis of
this film revealed CusSnS, as the dominant phase. But the
presence of dominant CTS modes in the Raman spectrum of
this film might be due to the presence of CTS phase within
the Raman probe depth. In the Raman spectra of films
deposited from solutions with further increase in the thiourea
concentration from 0.07 to 0.09 M (Fig. 3d—f), the intensity
of Cu3SnS; mode (317-320 cm™ ') is found to increased.
The modes due to tetragonal CTS, monoclinic CTS and CuS
phases still remain in these films. The XRD patterns of these
films do not revealed the presence of tetragonal CTS, mon-
oclinic CTS and CuS phases might be due to their minute
presence below the detection limit. From this analysis, it is
clear that Cu3SnS, phase formation starts in the films
deposited from a solution with 0.05 M thiourea concentra-
tion and becomes dominant with a further increase in the
thiourea concentration.
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Fig. 4 SEM images of Cu3;SnS, films deposited from solution with thiourea concentrations a 0.04 M, b 0.05 M, ¢ 0.06 M, d 0.07 M, e 0.08 M

and f 0.09 M
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Fig. 5 Spectral transmittance curves of CuszSnS, films deposited
from solutions with different thiourea concentrations

3.3 Microstructure

The scanning electron microscopy (SEM) images of the films
deposited from solutions with different thiourea concentra-
tions are shown in Fig. 4. The micrograph of the films
deposited from a solution with 0.04 M thiourea concentration
(Fig. 4a) shows different nut shaped grains, a few brighter

@ Springer

grains, a smeary background and some cracked regions. The
nut shaped grains might be due to CuS phase since the dom-
inant phase in these films is CuS as revealed by XRD and
Raman analyses. These nut shaped grain morphology disap-
peared to a greater extent and a mesh-like morphology is
appeared with a few needle shaped grains on it by depositing
the films from a solution with 0.05 M thiourea (Fig. 4b). This
mesh-like morphology might be due to tetragonal CTS phase
since tetragonal CTS is the dominant phase in this film. A few
nut shaped grains observed in this micrograph might be due to
the CuS phase present in this film. The micrographs of the
films deposited from solutions with increase in the thiourea
concentration from 0.06 to 0.07 M, resulted in the disapper-
ance of mesh-like morphology and appearance of flower-like
morphology with a smeary background. The microstructure of
the films deposited from solutions with further increase in the
thiourea concentration from 0.08 to 0.09 M, shows the uni-
form morphology with fine grains (Fig. 4e, f). The average
grain size of these films (Fig. 4e, f) is found to ~ 200 nm. A
few bright grains are also seen on the surface of these films.

3.4 Optical absorption

Figure 5 shows the spectral transmittance curves of the
films deposited from solutions with different thiourea
concentrations. The lower transmittance of the films at
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higher wavelengths might be due to the degenerate nature
of the films. The onset of fundamental absorption edge for
the films deposited from a solution with 0.04 M thiourea
concentration occurs at ~ 750 nm and ends at ~ 500 nm,
which is close to the reported onset of fundamental
absorption edge of CuS phase [22, 23]. The onset of
absorption of the films deposited from a solution with 0.05
M thiourea concentration occurs at ~ 1150 nm and ends at
~ 550 nm and is attributed to tetragonal CTS phase since
the onset of fundamental absorption of this phase was
reported to occur at ~ 1200 nm [9]. The onset of absorp-
tion edge for the films deposited from solutions with fur-
ther increase in the thiourea concentration (0.06-0.09 M)
occurs at ~ 1100 nm and ends at ~550 nm. Raman
analysis revealed the presence of CTS and CuS as the
secondary phases in these films. The onset of fundamental
absorption of tetragonal CTS phase was reported to occur
at ~ 1200 nm while that of Cu3SnS, phase was reported to
occur at ~ 800 nm [9, 13]. This clearly suggests that the
fundamental absorption edge of Cu3SnS, phase in these
films could not be distinctly seen due to the close overlap
of the strong absorption region of CTS phase with the onset
of absorption edge of Cu3SnS, phase.

The optical absorption coefficient («) of these films is
calculated from their spectral transmittance (T) data using
o = In(1/T)/t, where 't is the film thickness. Figure 6
shows the optical absorption coefficient (o) versus hv
curves of these films deposited from solutions with dif-
ferent thiourea concentration. It is seen that the optical
absorption coefficient of these films is larger than 4 x
10*cm~! in the visible region indicating that the films are
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Fig. 6 Optical absorption coefficient (¢) versus hv curves of CuzSnSy
films deposited from solutions with different thiourea concentrations

suitable for solar cell absorber layer. The nature of the
optical transition can be estimated from,
ahv = A(hv — E,)", where A’ is a constant and 'n’ can
take values 1/2, 2, 3/2 or 3 based on the transition is direct-
allowed, indirect-allowed, direct-forbidden or indirect-for-

bidden, respectively. From the linear fit region of (ochv)'/ "
versus hv plot, the band gap is obtained by extending the
linear portion onto hv-axis and taking the intercept. In the
present study, the above equation is found to be satisfied
for n = 1/2 indicating the optical transitions are direct-
allowed.

Figure 7 shows the (¢hv) versus hv plots of the films
deposited from solutions with different thiourea concentra-
tions. The direct band gap of the films deposited from a
solution with 0.04 M thiourea concentration (Fig. 7a) is
found to be 1.95 eV and is close to the reported band gap of
CuS phase [22, 23]. The direct band of the films deposited
from a solution with 0.05 M thiourea concentration is found
tobe 1.65 eV. XRD and Raman analyses of this film revealed
tetragonal CTS as the major phase. Fernandes et al. [9, 10]
reported direct optical band gap value of 1.35 eV for
tetragonal CTS phase. The obtained slightly higher band gap
value in the present case might be due to the nanocrystalline
nature of the films [21] or the presence of seconday phases in
this film. The direct band gap of the films deposited from
solutions by increasing the thiourea concentration from 0.06
to 0.09 M is found to decrease from 1.75 to 1.70 eV (Fig. 7c—
f). The slight decrease in the band gap value from 1.75to 1.70
eV with increase in the thiourea concentration from 0.06 to
0.09 M might be due to the slight changes in the elemental
composition as a result of incorporation of sulfur in the films.
Fernandes et al. [9, 10] reported 1.55-1.60 eV band gap
values for CuzSnS, films. The observed slightly higher band
gap values than the reported value might be due to a slight
variation in the elemental composition or crystallinity of
these films. The band gap values of these films are presented
in Table 3 (Fig. 7).

3.5 Electrical resistivity

The room temperature electrical resistivity of the films
deposited from solutions with different thiourea concentra-
tions is determined using four probe technique. The electri-
cal resistivity of these films are presented in Table 3. It is
seen from the table that the electrical resistivity of these films
is found to decrease from 5.0 x 1073 to 0.9 x 1073 Q cm.
The decrease in the electrical resistivity of the films depos-
ited from solutions with increasing thiourea concentration
might be due to the slight changes in the elemental compo-
sition. Fernandes et al. [9] observed 7.40 x 10~4Q cm for
the films prepared by sulfurization of sputter deposited
metallic precursors. Su et al. [11] reported 1.5 x 107#Q cm
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Fig. 7 (ochv)2 versus hv curves of CuzSnS, films deposited from solutions with thiourea concentrations a 0.04 M, b 0.05 M, ¢ 0.06 M, d 0.07 M,

e 0.08 M and f 0.09 M

Table 3 Optical band gap and

Thiourea concentration (M)

Bang gap (eV) Electrical resistivity (Q cm)

. . S. No.

electrical resistivity values of

Cu3SnS, films deposited from 1 0.04

solutions with different thiourea

concentrations 2 0.05
3 0.06
4 0.07
5 0.08
6 0.09

1.95 5.0 x 1073
1.65 34 x 1073
1.75 32 x 1073
1.75 19 x 1073
1.75 1.1 x 1073
1.70 0.9 x 1073

resistivity value for the films prepared by modified SILAR
techniques. The observed resistivity values in the present
study are slightly higher than the reported values.

4 Conclusions
In conclusion, the influence of thiourea concentration on

the growth and properties of spray deposited CuzSnS, thin
films is investigated. CuszSnS; thin films with cubic

@ Springer

structure could be deposited from solutions by increasing
the thiourea concentration from 0.07 to 0.09 M. Minor CTS
and CuS secondary phases are present in these films. The
lattice parameter of these films is found to be a = 0.540 nm
and the crystallite size is found to be 6 nm. The direct
optical band gap value of these films is found to decrease
from 1.75 to 1.70 eV with increasing the thiourea con-
centration from 0.07 to 0.09M. The room temperature
electrical resistivity of these films is found to decrease from
1.9 x 1073 to 0.9 x 1073Q cm with increasing thiourea
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concentration. Further studies are necessary to reduce the
secondary phases and to obtain device quality Cu3;SnSy
films.
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