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Solvothermal Synthesis of CZTS Nanoparticles in Ethanol: Preparation and
Characterization
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In this work, a low-cost, non-toxic and convenient one-pot solvothermal route to synthesize
Cu2ZnSnS4 (CZTS) nanoparticles is reported. The effects of solvothermal temperature and re-
action time on the structure, morphology and optical properties of the as-synthesized product were
investigated by using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy dispersive X-ray analysis (EDX) measurements and X-ray pho-
toelectron spectroscopy (XPS). The results showed that the crystallinity of the CZTS powders was
influenced by the solvothermal temperature and reaction time. The band gap of selected CZTS
samples was near the optimum value for photovoltaic solar conversion in a single-band-gap device.
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I. INTRODUCTION

Copper-based ternary and quaternary semiconductors,
such as Cu(In,Ga)S2 and Cu(In,Ga)Se2, have very bene-
ficial properties for photovoltaic applications. However,
because of a shortage in the supplied of In and Ga, the re-
lated solar-cell production costs will increase in the near
future. Alternatively, copper zinc tin sulfide (CZTS), a
particularly desirable material, has attracted a great deal
of attention for use in efficient light harvesting because
it is composed of abundant, environmentally-benign el-
ements and offers advantageous optical and electronic
properties [1–4].

Several methods have been employed to deposit CZTS
thin films, including direct current/radio-frequency mag-
netron sputtering deposition [5], thermal evaporation [6],
electron beam evaporation [7], sol-gel deposition [8], elec-
trodeposition [9], nanoparticle-based method [10], etc.
Among them, solution-based methods for the synthesis
of thin films by using CZTS nanoparticle inks have been
proposed as one of the most promising routes, and they
can help decrease the cost of device fabrication due to
the non-vacuum environment and low capital expendi-
ture for equipment [11, 12]. The power conversion effi-
ciency of a nanocrystal-based CZTS solar cell has already
reached 11.1% as a result of optimization of the synthesis
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of CZTS nanocrystal inks and the corresponding film en-
gineering [13]. However, most of the reports focused on
the preparation of CZTS nanoparticles by using a hot-
injection solution method or a solvothermal method [14,
15], and these syntheses require the use of harsh solvents
and chemicals. In a typical solution-based synthesis, cop-
per(II), zinc and tin(IV) precursors are combined in an
dodecanethiol solvent and injected into a oleylamine or
oleic acid solution [14]. Several of these solvents are
expensive, unstable and hazardous, posing health risks,
and owe incompatible with the environment. Other poi-
son organic ligands, such as ethylenediamine [16,17] and
ethylene glycol [18–22], have been used in similar syn-
theses. The development of a green chemical route for
the preparation of this quaternary sulfide compound still
remains a challenge. In this work, a low-cost, non-toxic
and convenient one-pot method was developed for the
preparation of CZTS nanoparticles. Several preparation
conditions were explored to optimize the synthesis of
CZTS nanoparticles, and the resulting CZTS powders
were characterized for phase identity, morphology and
band gap.

II. EXPERIMENTS

Copper(II) chloride dihydrate (CuCl2·2H2O, ≥
99.0%), zinc chloride (ZnCl2, ≥ 98.0%), tin(II) chlo-
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Fig. 1. (Color online) X-ray diffraction patterns of CZTS
samples.

ride dihydrate (SnCl2·2H2O, ≥ 98%), thiourea (CH4N2S,
≥ 99.0%) and ethanol (≥ 99.7%) were purchased from
Sinopharm Chemical Reagent Co., Ltd., China. All
starting materials were used without further purification.

Typically, 2 mmol of CuCl2, 1 mmol of ZnCl2, 1 mmol
of SnCl2 and 4 mmol of thiourea were dissolved in 50
mL of ethanol with vigorous stirring. Then, the mix-
ture was purged under nitrogen for 10 min before being
transferred into Telflon-lined stainless-steel autoclaves
and kept at 200 ◦C, 180 ◦C or 160 ◦C for different times
ranging from 6 to 24 h under static conditions. Finally,
the precipitates were collected by using centrifugation
and washed repeatedly with ethanol. The samples ob-
tained were denoted as C-x/y, where x and y represents
the temperature and the time of the solvothermal treat-
ment process, respectively.

Powder X-ray diffraction patterns for the samples were
recorded on a Panalytical Xpert PRO X-ray diffrac-
tometer with Cu Kα radiation (λ = 1.5406 Å, 40 kV,
40 mA). Raman spectra were recorded using a Bruker
Senterra confocal Raman microscope with an excitation
wavelength of 532 nm at room temperature. Scanning
electron microscopy (SEM) was performed using a FEI
Quanta 250 FEG scanning electron microscope (accel-
erating voltage: 3.0 kV), and elemental mapping was
performed using energy-dispersive X-ray spectroscopy
(EDX, Bruker Quantax 400). Transmission electron mi-
croscopy (TEM) pictures were obtained using a FEI Tec-
nai G2 F20 device operated at 200 kV. X-ray photoelec-

Fig. 2. (Color online) Room-temperature Raman spectra
for selected CZTS samples.

tron spectroscopy (XPS) was performed using a Thermo
Scientific Escalab 250Xi instrument equipped with Al
K radiation (hv = 1486.6 eV). Binding energies for the
high-resolution spectra were calibrated by setting the C
1s at 284.8 eV. Optical absorption spectra of the sam-
ples were measured with a specord 210 plus UV-Vis spec-
trometer (Analytikjena). The samples were dispersed in
ethanol before the measurements.

III. RESULTS AND DISCUSSION

The X-ray diffraction patterns of the CZTS sam-
ples prepared at different solvothermal temperatures and
times are depicted in Fig. 1. All samples except C-200/24
exhibit peaks at approximately 28.4◦ (112), 32.9◦ (200),
47.3◦ (220), 56.1◦ (312), which are in good agreement
with the high-intensity reflections of bulk kesterite CZTS
[23,24], according to the Powder Diffraction File (PDF)
26-0575. With increasing solvothermal temperature and
time, the intensity of the peaks increases, indicating that
the crystallinity of kesterite CZTS improves as a func-
tion of temperature and time whereas the full width at
half maximum (FWHM) of the (112) peak decreases, in-
dicating an increase in the particle size. Unexpectedly,
the XRD pattern of the C-200/24 sample did not ac-
curately match the standard pattern of kesterite CZTS
(JCPDS 26-0575). Instead, the pattern could be indexed
to a wurtzite phase of CZTS.

Because some binary and ternary sulfide phases have
XRD patterns that coincide with quaternary compounds
[25, 26], three selected samples were further character-
ized by using Raman scattering to confirm the phases.
As shown in Fig. 2, the Raman spectra of CZTS sample
C-180/24 and C-200/18 can be seen to be quite sim-
ilar, with two intense Raman shifts at 284 cm−1 and
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Fig. 3. TEM images of samples (a) C-200/24, (b) C-200/18
and (c) C-180/24.

332 cm−1. For the C-200/24 sample, an intense peak at
334 cm−1 and a weak peak at 290 cm−1 are observed
(Fig. 2). The reported Raman intense peak positions
for CZTS are in the range from 331 to 338 cm−1 while
the weak peak positions are in the range from 284 to
289 cm−1 [27–32]. Thus, these results indicate that the
CZTS phase was successfully synthesized in an ethanol
solution. However, the existence of several weak peaks
in the Raman spectra reveals the presence of some minor
impurities in these samples.

As Wang et al. [33] and Cao et al. [34] reported, the
valence states of the element Cu, Sn, S changed during
the oxidation and the reduction reactions. Apparently,
Cu+ chelated with the intermediate product [SnS4]4− to
form [Cu2SnS4]n2n−, which further reacted with Zn2+,
resulting in the formation of Cu2ZnSnS4, as described in
the following equations:

Cu2+ + Sn2+ ↔ Cu+ + Sn4+, (1)
S + 2H+ ↔ H2S + 2e, (2)
Sn4+ + 4H2S ↔ [SnS4]4− + 8H+, (3)
2Cu+ + [SnS4]4− ↔ [Cu2SnS4]2−, (4)
Zn2+ + [Cu2SnS4]2− ↔ Cu2ZnSnS4. (5)

The TEM images in Fig. 3(a) and (c) reveal that the
sizes of the CZTS nanocrystals in the C-200/24 and the
C-180/24 products were ∼9 nm and ∼6 nm, respectively.
The size of the nanocrystals increased with increasing
solvothermal temperature and time.

Scanning electron micrographs of all samples show
aggregated nanoparticles (Fig. 4). Elemental mapping
indicate a homogeneous distribution of S, Cu, Sn and
Zn in the CTZS nanoparticles. The chemical analysis
data suggested that the incorporation of Zn was diffi-
cult and, therefore, led to the existence of various minor
impurities along with CZTS phases when the syntheses
were performed in ethanol. Although the XRD patterns
show (vide supra) only a single-phase of CZTS, the for-
mation of the non-stoichiometric chemical composition
given above suggests the presence of some amorphous
phases in the samples [23].

The valence states of Cu(I), Zn(II), Sn(IV) and S in
the sample C-200/24 were determined by using a high-
resolution XPS analysis (Fig. 5). In the high-resolution
spectrum of Cu 2p, the doublet peaking at 932.4 and
952.3 eV, with a peak splitting of 19.9 eV, is indicative of

Fig. 4. (Color online) SEM pictures of samples (a) C-
200/24, (b) C-200/18, (c) C-180/24, (d) C-160/24 and (e)
C-200/24 and corresponding elemental mappings.

Fig. 5. High-resolution XPS analysis of the four con-
stituent elements in sample C-200/24.

monovalent Cu. The result implies that the Cu2+ of the
starting material was reduced during the synthesis. The
Zn 2p peaks appearing at 1022.3 and 1045.4 eV showed a
peak separation of 23.1 eV, which is consistent with the
standard splitting of 23.0 eV exhibited by divalent Zn.
The peaks located at 487.2 and 495.6 eV, with a peak
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Fig. 6. (Color online) (a) Optical absorption spectra and
(b) corresponding band-gap for selected CZTS nanocrystals.

separation of 8.4 eV, can be attributed to tetravalent Sn.
The peaks observed at 161.4 and 162.3 eV are in good
accordance with those reported for S in sulfide phases.
The results suggest a coordination of sulfur with copper,
zinc, and tin to form Cu2ZnSnS4 [35].

Figure 6(a) shows the absorption spectra of selected
CZTS nanocrystals. The synthesized CZTS particles dis-
played good photo-absorption properties over the entire
visible region. This accounts for the black color of the
powder sample [36]. A sharp drop in the absorbance
was observed for wavenumbers higher than ∼525 nm.
At wavenumbers below ∼525 nm, the absorbance in-
creased as the solvothermal temperature was increased
from 160 to 200 ◦C, which may be ascribed to an in-
crease in the crystallite size and a decrease in the num-
ber of defects [37]. Because of the formation of impurity
phases, the optical adsorption edges shifted slightly to
lower energies with increasing solvothermal temperature
[38]. The optical band-gap values of the as-synthesized
CZTS nanocrystals evaluated from the UV-vis absorp-
tion spectra are shown in Fig. 6(b). Plotting (αhv)2 ver-
sus hv, where ‘α’ represents the absorption coefficient
and ’hv’ is the photon energy, we found the values of

the bandgap for the C-200/24, C-200/18, C-180/24 and
C-160/24 CZTS samples were 1.38 eV, 1.40 eV, 1.43 eV
and 1.52 eV, respectively. These values correspond well
with the literature values (∼1.4 − 1.6 eV) [39] and are
near the optimum value of 1.45 eV for photovoltaic solar
conversion in a single-band-gap device.

IV. CONCLUSION

The CZTS nanoparticles were successfully synthesized
by using the solvothermal method using ethanol. With
increasing solvothermal temperature and time, the crys-
tallinity of the CZTS samples improved. However, the
chemical composition revealed by the EDS analysis sug-
gested the presence of some amorphous phase in these
solvothermally prepared samples. The as-prepared sam-
ples had a band gap in the range of 1.39 − 1.56 eV, which
is close to band gap values of CZTS.
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