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PHASE COMPOSITION, MICROSTRUCTURE, 
AND OPTICAL PROPERTIES OF Cu2SnS3 THIN FILMS
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The Cu2SnS3 (CTS) thin fi lms were produced by deposition of Sn/Cu layers by RF sputtering followed by annealing 
in an Ar/S atmosphere with S and Sn sources. According to XRD analysis and Raman spectroscopy, it was shown 
that single-phase CTS fi lms of a monoclinic structure with traces of the CuxS phase were formed at a temperature of 
520oC. Scanning electron mic roscopy revealed a compact and homogeneous microstructure of the polycrystalline 
CTS layers. Photoluminescence spectra of the СTS fi lms of monoclinic modifi cation show one wide peak in the 
energy range of 0.7–1.0 eV, due to optical transitions of electrons from the conduction band to deep energy levels of 
acceptor-type defects.
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Introduction. Signifi cant progress in the photovoltaic industry is largely due to the development of thin-fi lm solar 
cell (SC) technology. SCs based on absorbing layers of semiconductors based on the Cu–In–Ga–S(Se) (CIGS) system and 
its isoelectronic analogue Cu–Zn–Sn–S(Se) (CZTS) achieved an effi ciency of 22.6 and 12.6% [1, 2]. However, the mass 
production of SCs based on CIGS and CZTS materials is limited by the complexity of obtaining an absorbing layer of 
homogeneous composition with structural ordering, as well as the high cost of rare elements In and Ga.

In the last decade, the direct-gap semiconductor Cu2SnS3 (CTS) has been actively studied as an alternative photoactive 
layer for inexpensive and nontoxic thin-fi lm SCs. This material is well known as a side phase of the CZTS system, but has 
a wider range of chemical potential stability [3], which simplifi es the control of the composition compared to the CZTS 
quaternary compound. Cu2SnS3 has an absorption coeffi cient of α > 104 cm–1, high p-type conductivity, and has a band gap 
in the range of 0.83–1.35 eV, depending on the structural modifi cation [4–6]. The theoretically predicted effi ciency of SC 
based on CTS is 30% [7]. However, due to deviation from stoichiometry and the presence of extraneous phases, an effi ciency 
of 4.63% has been achieved [8, 9].

Like photoconverters based on CIGS and CZTS, the determining factor for increasing the conversion is controlling 
the growth and crystallization of the photoactive layer of Cu2SnS3. For the synthesis of Cu2SnS3 fi lms, physical [10, 11] and 
chemical deposition methods are used, including the deposition of Cu/Sn, Sn/Cu/Sn metal packets (or CuS–SnS sulfi des) in 
various sequences, followed by annealing in a sulfur (S) or hydrogen sulfi de (H2S) atmosphere [12–14]. The main problems 
in the formation of the photoactive layer of Cu2SnS3 are associated with the formation of a multiphase mixture of ternary 
compounds with different stoichiometry (Cu2Sn3S7, Cu3SnS4, and Cu4SnS4) and polymorphic crystallization of Cu2SnS3 in 
various structures (tetragonal, cubic, monoclinic and triclinic) [5, 15–17].

The aim of this work is to study the phase composition, microstructural, and optical characteristics of Cu2SnS3 fi lms 
formed by metal deposition in the Sn/Cu and Mo/Sn/Cu sequences by RF sputtering followed by sulfurization, and to select 
the optimal conditions for producing photoactive CTS layers for thin-fi lm photoconverters.
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Experiment. Formation of a CTS layer. For the synthesis of a photoactive CTS layer, we used Sn/Cu metal layers 
deposited by RF sputtering on chemically clean glass substrates (SLG grade) and on substrates with a Mo fi lm 300–800 nm 
thick. Metal deposition was carried out in the Sn/Cu sequence in an Ar atmosphere at a base pressure of 7.02 × 10–6 Torr and 
a substrate temperature of 25oC. The thickness of each layer is determined by the deposition time: 50 min for Sn and 80 min 
for Cu.

The CTS layer was synthesized in the reactor of a diffusion furnace with a temperature gradient of ≈0.1οС/cm in 
an inert gas Ar (N 6.0) 95%. The annealing system consisted of a specially designed graphite container for substrates with a 
volume of 12.5 cm3 and solid-state sources of sulfur weighing 5–7 mg and tin weighing 15 mg. The reactor was preliminarily 
pumped out and fi lled with an inert gas Ar, then the reactor was re-pumped and fi lled with Ar to a pressure of 1 bar. At the 
fi rst stage, the temperature was increased from room temperature to the temperature of sulfurization at a rate of 4oC/min. Two 
temperature regimes were used with a maximum crystallization temperature (T1 = 520oC and T2 = 550oC), which was held 
for 15 min, and then the furnace with the container was naturally cooled.

Research Methods. The phase composition and crystal structure of the synthesized CTS layers were studied 
by X-ray phase analysis (XRD) using a D8 Advance diffractometer (Bruker AXS, Germany) using CuKα-radiation 
(λ = 0.1542 nm) with a fi ltered multilayer Ni–graphite monochromator with a tube voltage of 40 kV and a current of 40 mA. 
The microstructural characteristics of the fi lms were studied using an H-800 scanning electron microscope (SEM) (Hitachi, 
Japan) with a resolution of 0.2 nm. The elemental composition of the synthesized fi lms was determined by an INCA 350 
energy dispersive X-ray microanalyzer (Oxford Instruments, United Kingdom) with a resolution of 1 μm3 and a sensitivity of 
0.1 at.%. The phases were identifi ed by comparing experimentally determined interplanar distances d with JCPDS data (Joint 
Council for Power Diffraction Standards, 2013).

Raman spectra were recorded on a Nanofi nder High End spectrometer. A solid-state laser with λ = 532 nm was used 
as an excitation source. The measurements were carried out at Tc = 20oC with refl ection geometry in the range 150–2000 nm. 
Photoluminescence (PL) spectra were recorded using an MDR-23U diffraction monochromator equipped with a grating 
of 600 lines/mm (inverse linear dispersion 26 Å/mm). An InGaAs p-i-n-photodiode type G8370-03 (Hamamatsu, Japan) 
served as an optical signal detector. To excite luminescence, a diode laser module operating at λ ~ 405 nm with a power of 
<100 mW was used.

Results and Discussion. Microstructure and phase composition of CTS fi lms. For the synthesis, precursors with the 
ratio Cu/Sn = 2.3 were used. The composition of the two synthesized series of CTS fi lms, determined by energy dispersive 
X-ray spectroscopy (EDX), is given in Table 1. The main feature of the composition of fi lms synthesized at the same 
temperatures on different substrates is a signifi cant excess of the concentration of copper in the synthesis on glass substrates. 
The Cu/Sn ratio for the CTS sample No. 10 synthesized on glass at 520oC is 3.70, and for the Mo/CTS sample No. 11 
(synthesized on a substrate with a molybdenum layer) the ratio Cu/Sn = 2.52. Similarly, for the СTS sample No. 12 formed on 
glass at Тg = 550oC, the ratio Сu/Sn = 4.14, while for the Mo/CTS sample No. 11 the ratio is 3.16. The observed effect may be 
due to the difference in the thermal conductivity of glass and molybdenum, affecting the kinetics of phase formation and the 
growth of CTS material. Since the thermal conductivity of molybdenum is ~500 times higher than glass, heat transfer from 
the Mo layer at the Mo/Sn/Cu heterointerface provides a higher interaction rate of СuxSny binary intermetallic compounds 
with sulfur and, accordingly, reduces tin losses. Further research is needed to confi rm this assumption.

An increase in the recrystallization temperature from Тg = 520oC to 550oC is accompanied by an increase in the 
concentration of copper during synthesis on both types of substrates due to re-evaporation of the highly volatile tin sulfi des 
SnхSy. In this case, the total ratio of the components in the cationic sublattice to the sulfur content in the anionic sublattice 
(Cu + Sn)/S for all synthesized CTS layers slightly exceeds the stoichiometric ratio.

The CTS fi lms obtained as a result of annealing are uniform, have no visible punctures, and have high adhesion to the 
substrate. Fig. 1 shows an SEM image of a cleaved CTS layer on a glass substrate and a CTS layer synthesized on a substrate 
with a Mo sublayer at various sulfurization temperatures. CTS, a material synthesized on an amorphous glass substrate at 
Tg = 520oC (Fig. 1a), consists of an agglomerate of densely fused crystallites with no visible grain boundaries. CTS material 
synthesized on a substrate with a Mo layer at the indicated temperature differs in the presence of an intermediate layer with 
a thickness of 400 nm, consisting of fi ne crystallites and caused by signifi cant mismatch between the lattice of the CTS layer 
and Mo (a = 3.147 Å) (Fig. 1b).

An increase in the sulfurization temperature to Тg = 550oC during the synthesis of the CTS layer on both types of 
substrates is accompanied by the growth of Cu-enriched crystallites both in the vertical direction and parallel to the frontal 
surface, reaching sizes of 685 × 1000 nm. In the vertical direction, the crystallite size is comparable with the thickness of 
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the deposited layer 635–714 nm (Fig. 1c, e), which reduces the recombination at the grain boundaries and is an important 
condition for the creation of instruments [18]. However, the growth and isolation of such copper enriched crystallites as a 
separate fraction in the course of further synthesis of the optical absorber leads to the synthesis of a CTS fi lm with copper 
shunting protrusions and is an undesirable factor.

When studying the phase composition of all CTS and Mo/CTS fi lms obtained under the indicated conditions, the 
formation of the Cu2SnS3 compound with monoclinic structure, which was observed for the annealing temperature of 550oC, 
was established [3]. Radiographs of the fi lms contain the main refl ections of the compound Cu2SnS3 with monoclinic structure 
(JCPDS No. 1526187), low intensity refl ections of Cu1.78S copper sulfi de (JCPDS No. 1528226) and for fi lms deposited on 
glass/Mo, the refl ection at 40.27° from the Mo contact. Figure 2 shows X-ray diffraction patterns for fi lms with Cu/Sn = 2.52 
(No. 9, Mo/CTS) and Cu/Sn = 3.70 (No. 10, CTS).

The position of the main refl ection at 28.37o for the CTS layer with the ratio Cu/Sn = 2.52 (sample No. 9) slightly 
shifts to 28.40o with an increase in the copper content (Cu/Sn = 3.70, No. 10), which indicates a decrease in the interplanar 
distance d and lattice parameters.

Table 2 shows the calculated lattice parameters for the CTS and Mo/CTS layers obtained by the Foolproof 
method using the MAUD (Materials Analysis Using Diffraction) program [18–20]. Despite signifi cant deviations from the 
stoichiometric composition of the synthesized fi lms, the lattice parameters obtained are in good agreement with the published 
data for the monoclinic modifi cation of CTS [16], which is consistent with a wide range of stability of the chemical potential 
of the CTS compound in the Cu–Sn–S system [21]. Nevertheless, the unambiguous identifi cation of a number of phases and 

Fig. 1. SEM images of a transverse cleavage of CTS fi lms on a glass substrate 
[No. 10 (a), 12 (c)] and a substrate with a Mo sublayer [No. 9 (b), 11 (d)] at temperatures 
Tg = 520 (a, b) and 550oC (c, d).

TABLE 1. Elemental Composition (at.%) of CTS Films on a Glass Substrate and a Substrate with a Mo Sublayer

Тg, oC Sample Cu Sn S Мо Сu/Sn (Cu + Sn)/S

520
No. 9, Mo/CTS 36.66 14.54 39.80 4.12 2.52 1.43

No. 10, CTS 41.03 11.60 42.37 – 3.70 1.23

550
No. 11, Mo/CTS 39.35 12.42 41.40 1.83 3.16 1.25

No. 12, CTS 41.93 9.99 41.58 – 4.14 1.23
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their crystal structure, including cubic CTS (JCPDS 01-089-2877), tetragonal CTS (JCPDS No. 1526187), is diffi cult on the 
basis of the XRD data due to the overlapping of diffraction peaks.

Raman spectroscopy of CTS thin fi lms. In order to correctly determine the phase composition of CTS fi lms obtained 
at various synthesis temperatures, confocal Raman spectroscopy was used. According to XRD, the dominant phase in the 
obtained layers is the monoclinic structure phase with stoichiometry of Cu2SnSe3. A monoclinic structure with a space 
group (Cc) is characterized by an irreducible representation Г = 3AI … 3AII with six active Raman and IR modes [21, 22]. 
Usually, two dominant peaks are observed in this system, attributed to symmetry modes A, including the vibration of anions: 
290 cm–1 — AI, Г1 [W1], 314–317 cm–1 — AI [22].

To verify the uniformity of the phase composition, Raman spectra were recorded at fi ve randomly selected points on 
the surface of the sample. The phase composition of the fi lms was determined. Typical experimental Raman spectra of the 
studied CTS are shown in Fig. 3. The position of the peaks in the Raman spectra is determined by approximating the data 
by the Lorentz functions. In the presented Raman spectra, the most intense vibrations appear due to the AI, Г1 [W1] modes 
at 293 cm–1 and the second-order modes AI at 352 cm–1 of the monoclinic Cu2SnS3 phase observed in CTS fi lms [13–16, 
23]. However, the contribution from vibrations of other phases cannot be completely excluded. The low-intensity oscillation 
at 267 cm–1 is associated with the phase of copper sulfi de Cu2–xS (268 cm–1), revealed by studying the phase composition 
by the XRD method. Modes at 267 and 304 cm–1 can also be attributed to vibrations of the Cu2SnS3 phase of a cubic 
structure. In the Raman spectra of Mo/CTS fi lms, there is an oscillation with a maximum at 386 cm–1, the intensity of which 
changes signifi cantly when the beam scans along surface points. Considering that the penetration depth of the laser beam 

Fig. 2. Experimental X-ray diffraction patterns for glass/Mo/CTS (No. 9) (1) and 
glass/CTS (No. 10) (2) samples synthesized at Тg = 520oC.

TABLE 2. Calculated Lattice Parameters for CTS and Mo/CTS Layers

Sample Phase a, Å b, Å c, Å β, deg

No. 10, CTS
Cu2SnS3 6.65(36) 11.55(05) 6.65(47) 109.30(00)

Cu1.78S 5.55(12) – – –

No. 9,
Mo/CTS

Cu2SnS3 6.66(73) 11.54(46) 6.66(83) 109.60(56)

Cu1.78S 5.55(120 – – –

Mo 3.15(55) – – –

Cu2SnS3 (1526187) 6.653 11.537 6.665 109.39

Cu1.78S (1528226) 5.582 – – –

Mo (4001308) 3.14683 – – –



492

for semiconductors with a high optical absorption coeffi cient (×104 cm–1) is estimated to be ~200–250 nm, the vibration at 
386 cm–1 can be attributed to the E2g

1 mode of the molybdenum sulfi de phase MoS2 [24] in the transition region of Mo/CTS, 
which manifests due to the presence of through pores in the synthesized CTS layer.

Photoluminescence of CTS fi lms. Optical transitions for the CTS compound of various polymorphic modifi cations 
are in the range 0.83–1.35 eV, which was studied to identify the type of structures formed in the synthesized material. The 
luminescence spectra were recorded at liquid nitrogen temperature (78 K) with direct immersion of samples in a cooling 
liquid.

Typical PL spectra at T ~ 78 K for CTS thin fi lms synthesized on a glass substrate at Тg = 520oC (No. 10) and 
Тg = 550oC (No. 12) are shown in Fig. 4. As can be seen, for each sample, only one wide emission band appears in the 
range 0.7–1.0 eV. A sharp decrease in the band intensity in the energy range of <0.75 eV is due to the spectral sensitivity of 
the InGaAs detector for optical signals. The emission maxima correspond to energies of ~0.798 and ~0.792 eV for samples 
No. 10 and No. 12. The estimated half-width of the PL bands ~0.105 eV is approximately the same for both samples. As 

Fig. 3. Raman spectra of Mo/CTS (No. 9) (1) and CTS (No. 10) (2) samples synthesized 
at Тg = 520oC (♦ — refl ections of the monoclinic structure, □ — refl ections of the cubic 
structure).

Fig. 4. PL spectra recorded at T ~ 78 K for CTS fi lms synthesized at Тg = 520 
(No. 10) (1) and 550oC (No. 12) (2).



493

is known, the band gap for direct interband transitions in the Cu2SnS3 compound with monoclinic symmetry of the crystal 
lattice according to optical measurements is ~0.91–0.95 eV [25–28]. The detection of exciton luminescence and Eg ~ 0.94 eV 
should be considered the most correct data [28]. Considering this and the low luminescence intensity, low energy position of 
the PL bands and their large half-width of ~ 0.105 eV, it can be assumed that the appearance of these bands is due to optical 
transitions of electrons from the conduction band to deep energy levels of acceptor-type defects with an activation energy 
of 0.14–0.15 eV. Since the ratios of the components in the cationic to anionic sublattices are the same for these samples 
(Cu + Sn)/S = 1.23, the low intensity of the emission band of sample No. 12 can be due to a higher concentration of defects 
in its cationic sublattice Cu/Sn = 4.14 compared to СTS layer with Cu/Sn = 3.70 (No. 10). Based on the studies, it can be 
concluded that the optimum temperature for the synthesis of CTS layers of a monoclinic structure with radiative properties 
in the visible region of the spectrum is an annealing temperature of 520oC.

Conclusions. A method is described for the synthesis of monoclinic Cu2SnS3 fi lms by reactive diffusion of 
chalcogen S into intermetallic Sn/Cu layers at temperatures around 520oC. Complex studies of the phase composition, 
microstructural and optical characteristics of the synthesized Cu2SnS3 layers were carried out. Correlations between the 
characteristics and optical properties of Cu2SnS3 fi lms with synthesis modes are established. The obtained material of the 
Cu2SnS3 layers is characterized by emissive properties in the visible region of the spectrum, which satisfi es the requirements 
for use as an absorbing layer in thin-fi lm photoconverters. The advantage of the proposed method is the possibility of 
eliminating the preliminary stage of annealing of Cu/Sn precursor layers used to form CuxSny intermetallic compounds from 
the technological cycle. The described procedure can be easily adapted to industrial technologies in connection with the use 
of well-known deposition methods, such as magnetron sputtering and low annealing temperatures for the crystallization 
process.
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