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Cu2SnS3 absorber thin films prepared via
successive ionic layer adsorption and reaction
method

In this paper, we report the production of Cu2SnS3 thin
films with high phase purity via successive ionic layer ad-
sorption and reaction method on soda lime glass substrates.
Structural, morphological, compositional, optical and elec-
trical investigations were carried out. The X-ray diffraction
patterns of the samples matched very well with the refer-
ence pattern and proved the polycrystalline nature of the
films. As a secondary phase, one weak peak indicating cov-
allite Cu2–xS phase was observed in the pattern of the sam-
ple deposited by using equimolar Cu and Sn. The surface
morphologies of the films were found to be continuous and
composed of homogeneously distributed large grains. From
the reflectance and transmittance data, the optical absorp-
tion coefficient values of the films were found to be about
104 cm–1 and the films were found to be almost opaque in
the wavelengths from 200 to 600 nm with a small reflectiv-
ity of about 10%. Band gap values of the films decreased
from 1.45 to 1.35 eV with decreasing Cu content. Electrical
characterization showed that the films were p-type semi-
conductor. Two different impurity levels for each film were
found via resistivity-temperature characteristics.

Keywords: Cu2SnS3; SILAR; Thin film; Solar cell; Optical
absorption

1. Introduction

As an alternative to carbon based fuels, the development of
\green" energy resources has become one of the most im-
portant duties assigned to researchers in recent decades.
Among diverse renewable energy sources nowadays,
photovoltaics are believed to be one of the greenest ways
in achieving these goals. Recently, due to rapid increase in
demand for renewable energy sources, production of solar
cells has significantly increased. However, efforts are still
needed to make photovoltaics cost competitive over other
established technologies for energy production [1]. The re-
search on thin film solar cells based on compound semi-
conductor absorber layers has mainly concentrated on
Cu(In,Ga)(S,Se)2 (CIGS) and CdTe. Latterly, Cu2ZnSn(S/
Se)4 (CZTS) has also been considered as a possible candi-
date for photovoltaic applications since it does not consist
of scarce and toxic elements. In spite of several advantages,
these compound absorber materials have a complex struc-

ture and require very controlled growth conditions. Poten-
tially other p-type semiconductors with fewer elements
and less complexity are also available, such as the ternary
Cu–Sn–S or Cu– In–S systems. In recent years the family
of these ternary chalcocuprites has attracted much attention
because of their important potential applications in photo-
voltaic cells [2, 3]. Due to the high cost and scarcity of in-
dium in the earth’s crust (0.049 ppm), together with its wide
usage in the display industry, there has been a great demand
for developing indium-free solar cell materials. The
2.2 ppm amount of tin in the earth’s crust makes Cu–Sn–
S compounds promising absorber materials for the produc-
tion of cheaper large-scale thin film solar cells [4–7]. The
photovoltaic characteristics of thin films of Cu2SnS3 were
reported for the first time by Kuku and Fakolujo [8]. Re-
placing indium with tin, semiconducting copper tin sulfides
such as Cu2SnS3, Cu3SnS4 and Cu4Sn7S16 could be candi-
dates to play an important role in the future [9]. The com-
pound Cu2SnS3 is dimorphic or polymorphic with a phase
transition occurring at 780 8C. The high temperature form
of this material is isomorphic with cubic ZnS, and the low
temperature phase could be tetragonal, monoclinic or tricli-
nic [10–13]. As a ternary semiconductor, Cu2SnS3 is one of
the most promising materials which can be used in solar
cells due to its band gap close to that expected for photovol-
taic solar energy conversion and its high absorption coeffi-
cient [13]. An absorption coefficient of 104 cm–1, an elec-
trical conductivity of 10 X–1 cm–1, a hole mobility of
80 cm2 V–1 s–1, and a hole concentration of 1018 cm–3 have
been measured for a Cu2SnS3 phase [4]. The band gap of
this semiconductor has been reported varying between
0.93 and 1.51 eV. Discrepancy in the band gap values has
been attributed to the type of crystal structure (0.98 eV for
a cubic phase and 1.35 eV for a tetragonal phase [14]).
Several studies on Cu–Sn–S compounds have been re-

ported [2, 3, 6, 7, 9, 11–20]. Su et al. prepared (Cu,Sn)S
thin films by annealing three precursor films and they im-
proved the growth rate of the deposition via ion-exchange.
Guan et al. [15] reported SILAR grown (Cu, Sn)S thin films
and investigated the effects of sulfurization at the tempera-
tures of 380, 400 and 500 8C. In that study, the concentra-
tion of tin, copper and sodium salts were 0.03, 0.06 and
0.05 M, respectively. They found unwanted binary phases
such as Cu2–xS. It is well known that copper tends to form
secondary phases. Therefore, Cu–Zn–Sn–S compounds
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should be growth under Cu-poor conditions. Berg et al. [6]
used an electro-deposition process and a subsequent anneal-
ing in a sulfur and tin sulfide environment to produce
Cu2SnS3 thin films. Avellaneda et al. [7] obtained Cu2SnS3
thin films by sequential chemical deposition of copper sul-
fide and tin sulfide. Bouaziz et al. [9] reported Cu2SnS3 thin
films from sandwich layers of SnS2 and CuxS obtained
using the spray pyrolysis technique. They found that the
material is p-type with direct transition band gap of
1.15 eV and high absorption coefficient of *104 cm–1.
The basic properties of tetragonal Cu2SnS3 and rhombohe-
dral Cu4Sn7S16 bulk crystals were studied by Chen et al.
[11]. Onoda et al. [12] produced Cu2SnS3 crystals by means
of a conventional solid-state reaction. Bouaziz et al. [13]
achieved Cu2SnS3 thin film by annealing, in sulfur atmo-
sphere, of sequentially deposited of copper/tin sandwich
layers. Fernandes et al. [14, 16] reported the results of the
growth and characterization of Cu2SnS3, Cu3SnS4, ZnS
and SnxSy thin films obtained via sulfurization of dc magne-
tron sputtered metallic precursor layers. Chen et al. [17]
studied photovoltaic properties of Cu2SnS3 films synthe-
sized by means of a stoichiometric ball milling process.
Nano-crystalline Cu2SnS3 at synthetic conditions of low
temperature (< 180 8C) was reported by Li et al. [18]. Am-
louk et al. [19] reported deposition of CuIn5S8 and Cu2SnS3
thin films using annealing in sulfur atmosphere at 550 8C
during evaporation of copper on In2S3 and SnS2 sprayed
thin films, respectively. Li et al. [20] prepared graphene/
Cu2SnS3 quantum dot composites by using a hydrothermal
method. The results showed that the size of the Cu2SnS3
quantum dots in the composites was less than that of the se-
parately grown Cu2SnS3 quantum dots. As discussed above,
a variety of methods based on vacuum and non-vacuum
techniques have been reported for the preparation of
Cu2SnS3. As a non-vacuum, cheap, precise and controllable
technique, the successive ionic layer adsorption and reac-
tion (SILAR) method can be used to manufacture various
thin film compounds without special restrictions.
To the best of our knowledge, only two attempts have

been made to manufacture Cu2SnS3 thin films via SILAR
which combines the features of atomic layer epitaxy with
chemical methods [5, 15]. This method is based on succes-
sive immersion of the substrate into separated cation and
anion precursor solutions. It allows the conformal deposi-
tion of extremely thin sulfide layers with a control of the
thickness even in the order of 1 nm [21].
Here we report the results of the preparation and charac-

terization of high quality and well-crystallized Cu2SnS3
thin films obtained using a SILAR technique at room tem-
perature and a subsequent annealing in a sulfur atmosphere.
To carry out each SILAR growth cycle accurately, we man-
ufactured and used a homemade, programmable, micropro-
cessor controlled setup. The physical characteristics of the
films were brought out by means of X-ray diffraction, scan-
ning electron microscopy, energy dispersive X-ray spectro-
scopy, UV-visible spectroscopy and electrical resistivity-
temperature behavior.

2. Experimental

In the process of SILAR, the substrate is immersed into sep-
arate cation and anion precursor solutions for adsorption
and reaction then rinsed with deionized water after each im-

mersion to remove excess reagents and to avoid homoge-
neous precipitation. Thus, a single SILAR deposition cycle
includes adsorption of cations, rinsing with deionized
water, then adsorption and reaction of anions and finally
rinsing with deionized water again. By repeating the cycle
described above, thin films with desired thickness and sui-
table compositions can be precisely obtained by adjusting
the cycles and the concentration ratio of the precursor solu-
tions.
Many groups have reported that copper tends to make

secondary phases. Cu–Zn–Sn–S compounds should be
growth under Cu-poor conditions to prevent Cu2–xS or other
binary/ternary phases and to improve the performance of
the film. Katagiri et al. [22–26] achieved efficiencies of
1.08%, 3.93%, and 6.77% using Cu-poor absorber layers.
Chen et al. [27] found that Cu-poor conditions improved
the efficiency of CZTS solar cells because Cu-poor condi-
tions enhance the formation of Cu vacancies, which give
rise to shallow acceptors. Another reason to use copper-
poor composition is some Sn loss which occurs during the
sulfurization process, mainly in the form of SnS [14]. In this
work, therefore, for the deposition of Cu2SnS3 thin films,
two different cation solutions were prepared that consist of
0.005 M CuCl2 (named as CTS1) and 0.01 M CuCl2 (named
as CTS2), respectively (Aldrich 97%). As tin source,
0.01 M SnCl2 (Merck 98%) was added into each cation
solution. The anion solution was prepared with 0.05 M
Na2S · 9H2O (Alfa Aesar 98.0%) serving as a sulfur source.
Soda lime glass (SLG) slides were used as substrates which
were ultrasonically cleaned in turn with 10% sulfuric acid,
acetone, deionized water and ethanol for 10 min. Each ad-
sorption, reaction and rinsing time was 15 s and this growth
cycle was repeated 100 times. To do this accurately, a
homemade, programmable, microprocessor controlled set-
up was used. After the deposition process, dense and black
colored films (Fig. 1) were subjected to an annealing proce-
dure at 500 8C for 2 h. Before the annealing, the tube fur-
nace was evacuated to 5 · 10–4mbar. Due to the high vapor
pressure of sulfur, 30 g of elemental sulfur was put into the
tube to compensate possible sulfur loss during annealing.
The heating rate was 5 K min–1. After the annealing pro-

S. Kahraman et al.: Cu2SnS3 absorber thin films prepared via successive ionic layer adsorption and reaction method

Int. J. Mater. Res. (formerly Z. Metallkd.) 104 (2013) 10 1021

Fig. 1. Images of the samples before sulfurization (a) CTS1, MCu =
0.005 (b) CTS2,MCu = 0.01.
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cess, the samples were allowed to cool down naturally to
room temperature.
The crystal structure, surface morphology, chemical

composition, optical properties and electrical characteriza-
tion of the samples were examined using X-ray diffraction
(XRD, PANalytical X’Pert PRO MPD with the wavelength
of 1.5418 Å Cu-Ka radiation), scanning electron micro-
scopy (SEM, JEOL JSM 5800), energy dispersive X-ray
spectroscopy (EDXS, Oxford Instruments ISIS 300) and
absorbance spectroscopy (UV/Vis/NIR spectroscopy,
Lambda 950 with 150 mm integrating sphere), thermally
induced electromagnetic force (thermo–emf) and four-
point probe methods. Resistance–temperature characteris-
tics of the samples were investigated using the two point
probe method in the temperature range of 300–723 K
through a Keithley 6487 interfaced with computer by a
Labview program.

3. Results and discussions

3.1. Structural results

Structural characterization was performed using XRD. The
diffraction patterns were obtained at 40 keV operating vol-
tage and 35 mA current. The step size and scan step time

were 0.03308 and 1 s, respectively. Figure 2 shows the ob-
tained XRD patterns of the two sulfurized samples. From
the Fig. 2, six peaks can be clearly seen at 2h = 18.098,
28.758, 33.248, 47.768, 56.678 and 59.318. The patterns of
the samples match very well with the Cu2SnS3 (JCPDS 01-
089-4714: Tetragonal, a = b = 0.5413 nm, c = 1.0824 nm,
I-42 m). Other reference PDFs are also given for compari-
son. Peaks corresponding to (101), (112), (200), (220),
(312) and (224) planes indicate the polycrystalline nature
of the films. The highest peak at 28.758 corresponding to
(112) plane proves the preferred crystallization. While no
peak refers to other binary or ternary phases in the pattern
of sample CTS1, only one weak peak referring covallite
Cu2–xS phase at 31.738 of 2h was detected in the pattern of
sample CTS2. As discussed in the experimental section,
the XRD results support the idea that Cu-poor growth con-
ditions may prevent the formation of secondary phases.
The average crystallite size of the samples was calculated

from the peak width at the half maximum of the peak (b),
using the Debye–Scherrer equation [28]:

D ¼ 0:94 k=b cos h ð1Þ

where k is the wavelength of X-ray radiation, h is the Bragg
angle of the peak, and b is the angular width of the peak at
full-width at half maximum (FWHM). Each peak obtained
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Fig. 2. The obtained and related reference X-ray diffraction patterns of the films.
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in a diffractometer is broadened due to instrumental and
physical factors (crystallite size and lattice strains) [29].
The microstrain (e) and dislocation density (q) for preferen-
tial orientation were calculated using the formulas given be-
low [30]:

e ¼ b cos h=4 ð2Þ

and

q ¼ 15e=aD ð3Þ

where a is the lattice constant. The estimations were done
by taking into account all diffraction peaks and the obtained
values are given in Table 1.

3.2. Morphological and compositional analysis

Plain view SEM images of the samples are shown in Fig. 3.
From Fig. 3, it can be seen that the films are continuous and
composed of homogeneously distributed large grains. As
seen in the images, the diameter of the structures changes
with respect to Cu content. By using the IT 3.0 image analy-
zer program, average diameters of the structures were cal-
culated as*200 and*250 nm for the samples CTS1 and
CTS2, respectively. It can be concluded that Cu molarity
in the precursor solution affects the grain size. A similar
variation in crystallite size of the samples was also deter-
mined via the Debye–Scherrer equation.
Table 2 presents the elemental composition of the as-de-

posited and sulfurized samples. As seen from Table 2, the
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Table 1. Calculated structural results of the samples.

Sample Crystallite size (D) (nm) Microstrain (e) · 10–4 Dislocation density (q) · 1014 (cm–2)

CTS1
(MCu = 0.005)

59 7.3 4.82

CTS2
(MCu = 0.01)

72 5.3 2.28

Fig. 3. Surface morphology and elemental composition results of the samples (a) CTS1,MCu = 0.005 (b) CTS2,MCu = 0.01.
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amount of Sn significantly decreases while S content in-
creases. Because of its volatility, some Sn, mainly in the
form of SnS, may move away from the structure during the
sulfurization process. It is worth mentioning that the chem-
ical composition of the sample CTS1 is less than the stoi-
chiometric chemical composition. This result can be attrib-
uted to high vapor pressure of sulfur.

3.3. Optical results

The absorption coefficient of the films was estimated from
the reflectance and transmittance data (Fig. 4) using the
equation below [8]:

¼ ð1=hÞ ln
ð1 RÞ2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 RÞ4 þ 4T2R2

q

2T

2
4

3
5 ð4Þ

where is the absorption coefficient, h is the thickness of
the sample, R the reflectance and T the transmittance. It
was found that was about 104 cm–1. From the Fig. 4, it
can be seen that both films are almost opaque in the wave-
lengths from 200 to 600 nm with a small reflectivity about
10%. But compared to the sample CTS2, the sample CTS1
covers a slightly wider wavelength zone by means of block-
ing visible photons. This indicates that non-stoichiometric/
copper-poor growth conditions may improve the absorption
behavior of Cu2SnS3 thin films. Near the absorption edge or
in the strong absorption zone of the transmittance spectra,
the absorption coefficient is related to the optical energy
gap, Eg following the power-law behavior of Tauc’s rela-
tion [31, 32]

ð hmÞ ¼ Bðhm EgÞm ð5Þ

where B is an energy-independent constant, Eg is the optical
band gap energy andm is an index that characterizes the op-
tical absorption process and is theoretically equal to 2 and
1/2 for indirect and direct allowed transitions, respectively.
Figure 5 shows the band gap photon energy estimation per-
formed via extrapolating the linear region of the plot ð hmÞ2
versus hm to the horizontal axis and considering the inter-
secting point. As can be seen from Fig. 5, the samples ex-
hibit linear dependence which indicates directly the transi-
tion nature of the films. Thus we can choose m as 1/2. By
plotting the graph of ð hmÞ2 against photon energy ðhmÞ2,
the band gap values were estimated as 1.45 and 1.35 eV
for the samples CTS1 and CTS2, respectively. As a p-type
direct band gap semiconductor, the Eg value of Cu2SnS3

has been reported in between 0.93 and 1.51 eV [33–35].
The reason for the difference between the reported values
depends on the crystal structure of polymorphic compound
Cu2SnS3, where 0.98 eV was measured for a cubic phase
and 1.35 eV for a tetragonal phase [14]. The polymorphic
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Table 2. Elemental composition results of the samples.

Composition (at.%) Sample

CTS1 (MCu = 0.005) CTS2 (MCu = 0.01)

Cu As-deposited 39 32
Sulfurized 35 34

Sn As-deposited 39 46
Sulfurized 24 14

S As-deposited 22 22
Sulfurized 41 52

Fig. 4. Transmittance and reflectance spectra of the samples.
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state of grown Cu2SnS3 depends on the growing tempera-
ture, where the cubic phase is known to form at high tem-
peratures (> 775 8C) and the monoclinic and triclinic as
well as the tetragonal phases are low temperature phases
(< 775 8C) [35, 36]. It can be said that the estimated results
are in good agreement with literature values. Such band
gap values found in the present study are quite close to the
optimum band gap for a solar cell, which make the films
promising absorber materials. For the sample CTS1, the

reason for having a slightly higher band gap value may be
related to the relatively rich Cu content. As discussed for
XRD results, a secondary CuxS phase was detected in the
pattern of CTS1. The direct optical band gap of CuxS re-
ported earlier in the literature varies from 1.7 to 2.16 eV
based on the value of x [36]. Consequently, the slightly
higher band gap value of CTS1 can be attributed to a small
amount of CuxS phase in the structure.

3.4. Electrical results

To identify the majority carrier of the films, the thermo–
emf method was used. The samples exhibited p-type semi-
conductor nature. Resistivity of the films was obtained via
the four probe method. They were found as 2.54 · 10–2
and 6.13 · 10–3 X cm for samples CTS1 and CTS2, respec-
tively. Similar values have been reported in literature [14].
It can be seen that sample CTS1 presents a resistivity that
is one order of magnitude higher than sample CTS2. This
fact may be related to the lower Cu content in the sample.
In order to find impurity levels’ electrical activation en-

ergies, resistance–temperature behavior of the samples
was investigated in the temperature range of 300–723 K.
Silver electrodes were painted on the surface of films to
achieve ohmic contact. It can be concluded from the solid-
state theory of semiconductors [37, 38], in the case of a
semiconductor with one or more impurity levels, the tem-
perature dependence of dark electrical resistance is given
by

RðTÞ ¼ R0e
Eg=2kT þ

Xn

i¼1
R

0
0;ie

DEi=kT ð6Þ

In Eq. (6), R0 and R
0
0;i are constants, Eg is the thermal band

gap energy, DEi is the electrical activation energies of the
impurity levels, k is Boltzmann’s constant, and T is tem-
perature. In a relatively low temperature, the overall con-
ductivity of the semiconductor samples is dominated by
the charge carriers generated by ionization of impurity lev-
els (extrinsic conductivity), and thus the second term in
Eq. (6) prevails in the RT dependence. At relatively higher
temperatures, the temperature dependence of conductivity
is dominated by the band-to-band electronic transitions.
The charge carriers acquire enough thermal energy to make
an inter-band transition (the intrinsic conductivity is \acti-
vated" at these temperatures) under certain conditions
[38]. According to the previous discussion, the two terms
appearing in Eq. (6) may be used independently in the cor-
responding temperature intervals. So in the graph of ln(R)
vs 1000/T, a number of linear trends appear which indicate
a number of impurity levels. Thus the second term in
Eq. (6) prevails in the RT dependence in the studied tem-
perature interval (300–723 K). The decrease in dark elec-
trical resistance upon increase in temperature in the region
of extrinsic conductivity (corresponding to the lower tem-
perature interval) follows the equation:

RðTÞ ¼
Xn

i¼1
R

0
0;ie

DEi=kT ð7Þ

Figure 6 shows ln(R) vs 1000/T graphs of the samples. The
presence of two regions with different slops in Fig. 6 sug-
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(a)

(b)

Fig. 5. The plots of ð hmÞ2 vs. photon energy hm of the samples (a)
CTS1, MCu = 0.005 (b) CTS2, MCu = 0.01.
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gests that there are two types of conduction mechanism
present in the studied samples. By using Eq. (7), DE can
be easily written as

DE ¼ k
dðlnRðTÞÞ
dð1=TÞ ð8Þ

Electrical activation energy values of the impurity levels
were estimated from the slopes of ln(R) vs 1000/T graphs.
The obtained impurity level electrical activation energy
(DE) values were found as 130, 80 meV and 100, 40 meV
for CTS1 and CTS2, respectively. No published data were

found for electrical activation energy in literature except
one study which was performed in low temperature region.
Bouaziz et al. [13] reported Cu2SnS3 thin films synthesized
via a solid state reaction method and found 25 meV in a
temperature interval of 90–300 K. As seen from Fig. 5,
CTS2 has slightly higher activation energy than that of
CTS1. This deviation can be attributed to CuxS binary
phase in CTS2.

4. Conclusions

In this study, we produced Cu2SnS3 thin films with high
phase purity via the SILAR method. Structural, morpholo-
gical, compositional, optical and electrical investigations
were carried out.
. From the XRD measurements, the patterns of samples
matched very well with the reference pattern that indi-
cated the polycrystalline nature of the films. As a sec-
ondary phase, one weak peak referring to covallite
Cu2–xS phase was observed in the pattern of the sample
grown by using equimolar Cu and Sn.

. Through the SEM micrographs, it was observed that the
films were continuous and composed of homogeneously
distributed large grains. It was also supported from
XRD crystallite size estimations, that grain sizes were
affected by Cu molarity in the precursor solution.

. From the reflectance and transmittance data the films
were found to be almost opaque with a small reflectivity
about 10% in the wavelengths from 200 to 600 nm. The
optical absorption coefficient values of the films were
found to be about 104 cm–1 via absorbance spectro-
scopy. By plotting Tauc’s graph of the films, band gap
values decreased from 1.45 to 1.35 eV with decreasing
Cu content. It was seen that the band gap values were
in agreement with literature and were quite close to the
optimum band gap for a solar cell, which makes the
films promising absorber materials.

. Electrical characterization showed that the films were p-
type semiconductor. Using resistivity–temperature char-
acteristics, two different impurity levels for each film
were found.

Finally, we showed that the SILAR technique can be used
to produce quality Cu2SnS3 absorber materials to achieve
cheaper and effective Cu2SnS3-based solar cells. Further
detailed investigations will be performed by our group to
improve the characteristics of Cu2SnS3 thin films.
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sions and assistance during the study and to Ms. Mateja Podlogar for
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Scientific Research Commission of Mustafa Kemal University (Project
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