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Abstract
In this study, the synthesis of Cu2SnS3 (CTS) nanoparticles by solvothermal method using different sulfur
precursors is reported. The in�uence of sulfur precursors on the structure, optical and electrical properties
of prepared CTS material is investigated. The sulfur precursor sources have showed a noticeable effect
on crystallite size, secondary phases, and resulted CTS nanoparticles structure. Among the four sulfur
precursor sources used in this study, thiourea is the only sulfur source that produces CTS with a cubic
structure and without the need for thermal treatment. Whereas after sulfurization at 580 ºC, all the four
samples attained CTS nanoparticles with diverse properties. Changing the sulfur precursors have clear
effects on crystallite size and optical bandgap prepared samples as they ranged from 11.21 to 21.23 nm
and from 1.4 to 1.7 eV, respectively. Additionally, Hall effect measurement revealed that all CTS samples
are p-type semiconductors with bulk carrier concentrations in 1018 order, which is suitable for various
optoelectronic applications such as photovoltaics and photodetectors.

Relevance Summary
The impact of changing sulfur precursor (thiourea, sodium thiosulfate, thioacetamide and l-cysteine)
sources in solvothermal process on structure, optical and electrical properties are comprehensively
investigated.

The mixture of ethylene glycol and distilled water as a solvent, thioacetamide as a sulfur precursor
source, and 580 ºC sulfurization temperature are highly recommended preparation conditions for
CTS nanoparticles synthesized by solvothermal technique for solar cell and optical applications.

1. Introduction
Cu2SnS3 (CTS) is an emerging chalcogenides material as a promising candidate for cost-effective and
eco-friendly p-type semiconductor material. It consists of the low-cost, non-toxic, and earth-abundant
elements best suited for upcoming technology trends. CTS is a ternary semiconductor material belongs
to group I-IV-VI series that has similar optoelectronic properties to CZTS and high potential for
photovoltaic applications. CTS is characterized by p-type conductivity with high absorption coe�cient
(>104 cm-1) as well as excellent bandgap (0.9 –1.77 eV) but consists of less elements than CZTS [1–5].
Such parameters make CTS be applied in a wide range of applications such as solar cells [6,7], visible
and IR wavelength photodetector [8,9], thermoelectric material [10,11], electrochemical storage devices
such as batteries and supercapacitors [12,13], and photocatalysis [14,15].

Recently, various non-vacuum techniques such as sol-gel [16–18], spray pyrolysis [19–21],
electrochemical deposition [22–24], chemical bath deposition (CBD) [25–27], and printing [28] were
developed in order to achieve simple, low-cost, fast and high-throughput production of CTS particles.
Among these techniques, the printing method has attracted a great attention due to its outstanding
merits, such as quick, low-temperature, excellent material utilization, and suitability for large scale mass
production. The synthesis of high-quality CTS nanoparticles (NPs) with tailored characteristics is the
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backbone of e�cient printed applications. The CTS printing method is almost dependent on the
productive synthesis methods such as solvothermal [9,29,30] and hot injection [31,32] techniques. Among
other chemical synthesis processes used in NPs preparation, the solvothermal technique has been
reported as a suitable and versatile technique for various applications [33–36]. This is because the
reaction takes place in a closed clean environment and is considered cheap and faster than other
chemical techniques, which are also prerequisites for high-quality NPs used for various applications.

For an instance, in photovoltaic applications, the size and morphology of nanostructures has a crucial
role to play, which can be regulated by adjusting certain reaction parameters such as the used solvent
type and precursors. Over the years, different sulfur sources have been used for metal sul�des synthesis
by solvothermal process, such as thioacetamide [37,38], thiourea [39,40], elemental sulfur powder [41,42],
and L-cysteine [15,43]. However, very few details were reported about the effect of sulfur source on the
Cu2SnS3 (CTS) powder properties. Thus, the objective of this work is to provide a comprehensive study
on the effect of four different sulfur precursor sources on the structure, optical and electrical properties of
CTS nanoparticles prepared by solvothermal chemical method.

2. Experimental

2.1 Chemicals and Materials
The high purity (>99.0%) Thiourea powder was purchased from Sigma Aldrich. Tin chloride anhydrous
(>99.0%) and copper chloride anhydrous (>99.0%) were purchased from Fisher Scienti�c company. The
other chemicals used were purchased from Oxford chemical company. All other chemicals were from the
reagent grade and used as received.

2.2 Materials synthesis
All samples are prepared as follows: 2 mmol of CuCl2.2H2O and 1 mmol of SnCl2.2H2O are �rstly
dissolved in 25 mL of the ethylene glycol. To this solution, 25 mL of distilled water containing 3 mmol of
the sulfur precursor source is added. Herein, four different sulfur precursor sources were studied, namely,
thiourea CH4N2S (TU), sodium thiosulfate Na2S2O3 (ST), thioacetamide C2H5NS (TH), and l-cysteine
C6H12N2O4S2 (L-Cys). The different the sulfur precursor, the different colour of the mixture is obtained.
After the complete mixing, the homogeneous solution was transferred into a 75 ml Te�on lined stainless-
steel autoclave such that the mixture represents 2/3 the volume of the Te�on cup. The autoclave was
then sealed and maintained at 180°C for 12 hours. After cooling to room temperature naturally, the as-
prepared CTS black powders were collected and washed several times with distilled water and absolute
alcohol to remove the by-products, and then let them to dry at 60°C for 6 h.

The sulfurization process was performed on as-prepared powders at high temperature of 580°C and for
30 min in a tubular furnace. The as-prepared CTS powder was placed in a circular crucible and near it
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another one holding about 3gm of elemental sulfur. Both crucibles were inserted in the middle of the
furnace tube, and the sulfurization process was performed at 20°C/min heating rate under low argon �ow.
The tube furnace was cooled down naturally, and the sulfurized CTS powder was collected.

2.3 Characterization and measurements
Crystallographic structures of the prepared CTS powders were characterized by X-ray powder diffraction
(XRD) measurements (Shimadzu, LabX XRD-6100). Raman scattering measurements were performed on
(WITec, alpha 300 RA) Raman microscope using a 532 nm laser excitation source. Field Emission
Transmission Electron Microscope (TEM) (JEOL, JEM-2100F) was used to investigate the samples'
morphology and average particle size estimation. The FTIR spectra over the range of 400 – 4000 cm-1

were collected by (Bruker, VERTEX 70v FT-IR Spectrometer with ATR unit) from semitransparent pellets
prepared from KBr powder and the synthesized CTS samples. Optical properties presented as absorbance
and re�ectance spectra of the fabricated samples were recorded on UV-vis-NIR spectrophotometer
(Hitachi, U-3900) and integrating sphere (Thermo Scienti�c, 300 UV-Vis Spectrophotometer), respectively.
Electrical properties (doping type, carrier concentration, mobility, and resistivity) were evaluated by Hall
Measurement System (Ecopia, HMS-3000) at room temperature.

3. Results And Discussion
The effect of changing sulfur precursor source used in the solvothermal process on the structural and
optical properties of CTS powder has been studied. The precursor used as a sulfur source without any
doubt has the ability to control the composition of the �nal compounds, the secondary phases, and also
the particle size. This is because they are usually dependent on the initially formed metal-sulfur complex
as well as on the liberation and reaction rates of the sulfur ions [44]. Thereby, for the sake of
understanding the effect of varying the sulfur precursor source on the �nal powder characteristics, the
four aforementioned sulfur-containing compounds were applied as sulfur precursor sources for
synthesizing the CTS powders. The structural and optical properties of both as-prepared and sulfurized
CTS samples were carefully examined.

3.1 Structural analysis
A common reaction between all samples formation mechanisms is the metal cations- EG complex [(Cu2+,
Sn2+)·EG] formed when the metal chlorides were dissolved in the EG. After mixing with the sulfur source
solution, and by the action of the applied high-temperature and the generated high-pressure during the
solvothermal process sulfur-containing species were released into the reactor vessel. This was at the
same time with the ongoing dissociation of [(Cu2+, Sn2+)·EG] complex to Cu2+, Sn2+ accessible to react
with the sulfur-containing species. Nevertheless, the different sulfur-containing species and byproducts
released from each sulfur source precursor may be responsible for altering the conditions of the reaction
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medium. sulfur-containing species such as hydrogen sul�de (H2S) from thiourea and thioacetamide

[17,44], Di-sulfur Trioxide (S2O3
2-) from sodium thiosulfate [45], and thiol (-SH) functional groups from the

L-cysteine [46]. Thus, various Cu-Sn-S compounds are expected to be obtained.

The XRD patterns collected from the four as-prepared samples are shown in Fig. 1a. As indicated in the
�gure, only the sample prepared with thiourea has a CTS NPs and its XRD pattern that matched well with
the cubic CTS phase (JCPDS card no. 89-2877). Otherwise, all the samples prepared with the other sulfur
sources attained mixed secondary phases such as CuxS, SnO2 and Cu3SnS4 as indicated on their XRD
patterns. 

After sulfurization, all samples showed XRD patterns matching with the Cu2SnS3 tetragonal phase
(JCPDS card no. 89-4714) as well as the orthorhombic Cu4SnS4 (JCPDS card no. 29-0584) secondary
phase except the L-Cys sample that has a pattern matched with the triclinic CTS (JCPDS card no. 27-
0198) as seen in Fig. 1b. The presence of Cu4SnS4 is considered a drawback as it has high electrical
conductivity that affect its semiconducting behavior and the solar cell operation [47]. From XRD point of
view TH sample is the best CTS sample with minimum secondary phase peaks intensity compared to the
highest one TU sample.

In order to con�rm phase structure of the sulfurized samples prepared by different sulfur precursors,
Raman measurement was performed. The frequency of Raman modes in CTS depends on bond length,
cation-anion bond, charge of Cu and Sn, and force constant between Cu–S and Sn–S [5]. In accordance
with the XRD results, the Raman spectra in Fig. 1c clearly show two intense peaks at 286 cm-1 and 343
cm-1 in the spectra of the sulfurized TU, TH, and ST samples which are easily assigned to the A′ vibration
modes of the CTS tetragonal structure [5,48,49]. Additional relatively smaller peak is observed at 312 cm-1

related for Cu4SnS4 phase [50,51]. Moreover, the Raman spectrum of the sulfurized L-Cys sample shows

Raman peaks at 292 cm-1, 317 cm-1, and 343 cm-1 are attributed to the A′ vibration modes of the triclinic
CTS structure [52]. Noteworthy, The TH and L-Cys Raman spectra show the presence of the characteristic
Raman peak of Cu2S secondary phase at 466 cm−1 which was not observed in XRD pattern. A similar
behavior was previously observed by V.M. Dzhagan et al. for colloidal CTS nanocrystals [53]. The minor
shifts in the vibrational modes’ wavenumbers due to the existence of secondary phases and structure
defects, should be taken into consideration [5].

Because of the overlap between the main diffraction peaks of the CTS and the Cu4SnS4 secondary
phase, the usage of one or two orientations from XRD patterns can lead to false crystallite size values.
Instead, the average crystallite size D was calculated using Scherrer plot (Fig. 2) and Williamson (Fig. 3)
plot methods and the results are tabulated in Table 1. The difference between this result and Scherrer
result may be attributed to the removal of peaks broadening in Williamson Hall method. Based on
Williamson Hall method, the sulfurized ST sample has the highest D among all the sulfurized samples.
This may be due to the Na ions CTS doping from the sodium thiosulfate (ST) that has a signi�cant
impact on enlarging the formation of CTS crystalline grains as previously reported [54]. The negative
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strain results calculated for all sulfurized samples indicate that the crystals are grown under compressive
stress [55]. Contrarily, the lowest D was calculated for the L-Cys sample, which might due to the low
solubility of the L-cysteine in water and consequently slow nucleation and growth rates were likely to
occur [15]. Which can be revealed also from the relatively higher dislocations density (0.802×10-2) in the
L-Cys sample.

Table 1 Summarization of estimated crystallite parameters of sulfurized samples using Scherrer and
Williamson-Hall methods as well as captured from TEM

Sample Cu2SnS3

structure

Scherrer Williamson-Hall TEM

Average

crystallite
size

(nm)

Average crystallite
size

(nm)

ε

(x10-3)

ρ

(x10-2)
nm-2

Average

crystallite
size

(nm)

TU Tetragonal 22.12±0.98 17.38±1.53 -1.22±0.49 0.34±0.06 ~12

ST Tetragonal 24.87±0.67 21.23±0.82 -0.68±0.18 0.22±0.02 ~11

TH Tetragonal 26.58±1.30 20.03±0.99 -1.19±0.24 0.25±0.03 ~21

L-Cys Triclinic 20.13±0.42 11.21±0.72 -3.15±0.51 0.81±0.10 ~10

To ensure the CTS phases and disappearance of organic materials in sulfurized samples, FTIR spectra
were determined. As Chalcogenide CTS is similar to kesterite CZTS, it is worthy to mention that the active
kesterite IR vibrations are detected at shorter wavelengths. Thus, the characteristic peaks are not visible in
the area considered, whereas organic residues can be detected [56]. As prepared samples have many
residuals of carbon, hydrogen and oxygen bonds presented in FTIR spectra as shown in Fig. 4a. On the
contrary, in Fig. 4b, all sulfurized samples have similar chemical bonds infrared (IR) energy absorption
peaks which is an indication of removal of all organic compound observed in as-prepared samples that is
in agreement with XRD data obtained of CTS phases. The vibrations energies in the range 750-500 cm-1

were accorded to Cu-S, Sn-S, and S oxides bonds. The peaks noticed in the range 720-680 cm-1 and 850-
800 cm-1 can be attributed to the presence of ligands such as –S–C≡N and –N=C=S in the compound
Cu2SnS3. The band at 774 cm-1 represents the symmetric stretching of the C=S vibrational band in

thiourea. Around 2300 cm-1, there is a weak bond that is assigned to C≡S and nitrile bond C≡N. In
addition, the synthesized TH sample exhibits weak IR absorption at 2900 cm-1 and 2980 cm-1 which
correspond to the vibration of the C-H stretching bond in the sample surface, which is not observed in the
other sulfurized samples.

The TEM micrographs of the as-prepared and sulfurized samples are shown in Fig. 5. Spherical NPs can
be seen uniformly distributed throughout the samples, except the sulfurized TH sample that show a
combination of spherical and hexagonal NPs. The average particle sizes of the four sulfurized CTS
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samples were estimated by taking the average of the diameters of some CTS NPs (usually 15 – 20
particles) in each micrograph and the results are tabulated in Table 1. Lattice fringes are clearly visible in
the high-resolution micrographs shown in the insets of the sulfurized samples images in Fig. 6. The
calculated distance between the successive lattice planes is approximately ~ 0.31 nm that is matches
well with the d-spacing value for the (112) CTS growth direction. The sulfurized TH sample recorded the
highest crystallite size which indicates the enhancment of thioacetamide on crystal growth compared to
other sulfur sources. This is may be attributed to the fast release and reaction rate of sulfur ions in the
reaction solution, which affects the phase formation and the growth rate.

3.2 Optical properties
UV–Vis absorbance and integrating sphere re�ectance measurements shown in Fig. 6 were used to
estimate the bandgap energies and optical properties of the as-prepared and sulfurized Cu2SnS3 NPs. It
could be seen from Fig. 6a that the as-prepared TU product has a broad absorption in the visible range,
which indicates that the absorption is relevant to the CTS intrinsic bandgap transition rather than
transitions from the impurities levels as observed in other as-prepared samples [46]. After sulfurization,
Fig. 6b shows enhancements in light absorption are observed for all samples that is mainly attributed to
the formation of CTS NPs along with the decrement in secondary phases content. Sometimes Rayleigh
scattering affect the absorbance measurement results with some error. To con�rm the previous result, the
diffuse re�ectance spectra of samples pellets in Fig. 6c and Fig. 6d were measured by an integrating
sphere technique. The lowest re�ectance was recorded for sulfurized TU-sample in an agreement with the
absorbance spectrum. Low re�ectance and high absorption are benign characteristics for the material
intended to be applied as an absorber material in thin �lm solar cells (TFSCs).

The reported bandgap of Cu2SnS3 tetragonal phase was in range (1.35 - 1.8 eV) and triclinic phase in
range (0.9-1.35 eV) while Cu4SnS4 orthorhombic phase is in range (1.05-1.25 eV) [5]. Herein, the optical

bandgaps for sulfurized CTS NPs were estimated as before by straight line �tting of linear part in (αhν)2

plot as a function of the photon energy hν as shown in Fig. 7. Two bandgaps were estimated for the TU
sample. The �rst one is equal to 1.01 eV which is belonging to the Cu4SnS4 orthorhombic phase, while
the second is 1.69 eV that is corresponding to the CTS tetragonal phase. In case of the ST sample, a 1.62
eV bandgap was found for the tetragonal phase. The TH and L-Cys samples recorded a 1.50 eV and 1.41
eV bandgap for the tetragonal and triclinic phases, respectively.

3.3 Electrical properties
The electrical and electronic properties of the sulfurized CTS were measured by Hall effect and van der
Pauw resistivity measurements. The electrical and electronic properties such as bulk carrier
concentration, mobility (µ), electrical resistivity (ρ), and average Hall coe�cient (RH) of the sulfurized CTS
powders are shown in Table 3. For e�cient optoelectronic applications such as photovoltaic and
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photodetectors, the p-Type absorber layers should have a carrier concentration in the range of 1015–1018

cm-3, mobility greater than 5 cm2/V.s, and resistivity in the range of 1–100 mΩ.cm [5].

Herein in our samples, the positivity of the Hall coe�cient �rmly proves that all the sulfurized CTS
samples are p-type semiconductors. Additionally, the bulk carrier concentrations of all samples are with
1018 order which is suitable for photovoltaic applications.

Increment in carrier concentration lead to decrement in resistivity. The resistivity at room temperature is
based on the thermal excitation of charge carriers. The lowest resistivity is recorded for sulfurized L-Cys
sample. The decrement in p-type resistivity (increment in conductivity) is attributed to the formation of
more CuSn antisite alongside with VCu caused by the lower formation energy of antisite defects for Sn-rich
compound [5]. However, Cu-rich condition is not desired for higher e�ciency solar cell because it
possesses more metallic properties rather than semiconductor properties [57]. All samples exhibited high
electron mobility possibly due to the presence of Cu4SnS4 phase in those samples as well as from the
highly dispersed and delocalized conduction band minimum (CBM). It is worthy mention that electron
mobility increases with annealing temperature and annealing time [58].

Table 3 Electrical properties sulfurized CTS samples prepared with different sulfur precursors

Sample Bulk Concentration

(cm-3)

Mobility

(cm2/V.s)

Resistivity

(Ω.cm)

Conductivity

(Ω.cm)-1

Average Hall Coe�cient

(cm3/C)

TU 2.117×1018 4.671×101 6.312×10-2 1.584×101 2.948

ST 1.654×1018 2.069×102 1.824×10-2 5.483×101 3.774

TH 1.890×1018 4.311×101 7.660×10-2 1.305×101 3.302

L-Cys 3.308×1018 1.755×102 1.075×10-2 9.303×101 1.887

4. Conclusion
In conclusion, the effect of sulfur precursors on preparation Cu2SnS3 (CTS) prepared using solvothermal
method was investigated in this work. The sulfur precursor source used in preparation process directly
affects the crystallite size, secondary phases, and structure of the obtained CTS phase when ethylene
glycol and distilled water mixture was �xed as a solvent. Among the four different sulfur sources used in
this study, thiourea (TU) was the only precursor that yielded CTS nanoparticles in the as-prepared sample.
The usage of Sodium thiosulfate (ST), thioacetamide (TH), and L-cysteine (L-Cys) as sulfur source
alternatives cannot formulate CTS nanoparticles and mixtures of secondary phases were yielded instead.
After sulfurization at 580 ºC, the sample based on the L-cysteine was the only sample converted to
triclinic CTS nanoparticles, whereas the other three samples were tetragonal CTS nanoparticles.
Orthorhombic Cu4SnS4 phase was present in all samples sulfurized at 580 ºC as a secondary phase and



Page 9/19

suggested to deteriorate solar cell devices based on chemically prepared CTS due to its metallic nature.
Sulfur precursors have clear effect on crystallite size as sulfurized samples prepared by thiourea, sodium
thiosulfate, thioacetamide and l-cysteine recorded 17.38 nm, 21.23 nm, 20.03 nm, and 11.21 nm,
respectively. the absorption spectroscopy depicted that the bandgap energy of prepared samples 1.69,
1.6, 1.4, 1.4 eV, respectively. The electrical properties of all prepared samples showed p-type conductivity
and bulk carrier concentrations in 1018 order with high electron mobility. Hence, the mixture of ethylene
glycol and distilled water as a solvent, thioacetamide or thiourea as a sulfur precursor source, and 580 ºC
sulfurization temperature are highly recommended preparation conditions for CTS nanoparticles
synthesized by solvothermal technique for solar cell and optical applications.
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Figure 1

a XRD pattern of as prepared samples and b XRD and c Raman spectra of sulfurized samples of different
Sulfur precursor sources
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Figure 2

Average crystallite size estimated by Scherrer method for sulfurized a TU, b ST, c TH, and d L-Cys
samples
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Figure 3

Average crystallite size estimated by Williamson-Hall method for sulfurized a TU, b ST, c TH, and d L-Cys
samples
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Figure 4

FTIR of a as prepared and b sulfurized samples prepared by different sulfur precursor sources
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Figure 5

TEM micrographs of the as-prepared and sulfurized four samples
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Figure 6

Absorbance and re�ectance spectrums of a and c as-prepared and b and d sulfurized samples,
respectively, illustrating the effect of changing the sulfur precursor in solution
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Figure 7

Tauc's plots for all sulfurized CTS samples prepared by different sulfur precursors sources


