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Copper–zinc–tin–chalcogenide (CZTSSe) with earth abundant elements has attracted increasing attention due to large absorption coefficient and

band gap of �1:5 eV which is near the optimum band gap of single-junction photovoltaic devices. In this study, we used commercially available

precursors to produce wurtzite Cu2ZnSnS4 nanocrystals by simple solvothermal synthesis. Different from the typical kesterite or stannite phases

of CZTS, the nanocrystals synthesized in this study are in wurtzite phase with hexagonal crystal cell. The n-dodecanethiol was used to control the

reactivity of metal ions, leading to the controlled size of CZTS nanoparticle by simply varying the reaction time. Furthermore, the as synthesized

CZTS nanocrystals have novel wurtzite crystal structure. As a result, a red shift of absorption band edge between the CZTS nanoparticles with

different size was obtained. Our study provides an extending method of CZTS nanocrystal ink preparation awaiting for further photovoltaic device

application. # 2012 The Japan Society of Applied Physics

1. Introduction

Solar cells have attracted increasing attention due to the
global energy issue. Thin film solar cell is a good candidate
because of the large absorption coefficient and good power
conversion efficiency (PCE). Among thin film solar cells, the
light absorber layer made of CuInxGað1�xÞSe2 (CIGS) has
been demonstrated to be a promising materials for solar
energy conversion, showing high PCE (>20%) and excellent
stability.1,2) However, the usage of CuInxGað1�xÞSe2 solar
cells encounters the challenge of low availability and toxic
of indium and gallium. Hence, a substitute: copper–zinc–
tin–chalcogenide (CZTSSe) with earth abundant elements
was developed. The CZTS has large absorption coeffi-
cient3,4) and band gap of �1:5 eV5) which is near the
optimum band gap of single-junction photovoltaic devices.6)

Additionally, the deposition of absorber layer by solution
process was recently extensively investigated as an alter-
native deposition method of co-evaporation.7,8) Such chemi-
cal wet approach benefits from low cost and ease of
chemical composition control. Todorov et al. reported the
fabrication of CZTSSe thin film solar cells with 9.6%
PCE using a hydrazine-based solution via spin coating.9)

Hillhouse and Agrawal10) reported a PCE of 7.2% by
depositing nanocrystal dispersion. Namely, chalcopyrite
nanoparticles were synthesized with accurate ratio and
dispersed in organic solvent as an ink for deposition.

Nanocrystals feature size-dependent properties within
the dimension of Bohr exciton radius. Hence it provides
an effective strategy to manipulate the optical band gap
by tuning the nanocrystal size. Controlling the size of
chalcogen-based semiconductor nanoparticle such as PbS,
PbSe, CuS, CdS, CdSe, etc. has been extensively stu-
died.11–17) However, the reports of size control for nano-
crystals with ternary or quaternary compounds are still
limited.18) It can be attributed to the difficulties of controll-
ing the reactivity of precursors for three or four elements at
the same time. In this study, we used n-dodicanethiol as the
sulfide precursor to control the reaction with other three
metal ions.19) Size-controlled Cu2ZnSnS4 nanoparticles from
7 to 12 nm were synthesized and characterized. Different
from the typical kesterite or stannite phases of CZTS, the
nanoparticles synthesized in the present study are in wurtzite
phase with hexagonal crystal cell.20) Moreover, shift of the
optical band gap resulted from size variation is observed.

The present work extends the current technology of nano-
crystal synthesis awaiting for further application in thin film
solar cells.

2. Experimental Methods

In this work, copper(II) acetate monohydrate (Aldrich,
99.99+%), zinc acetate dihydrate (Acros, 98%), tin(II)
acetate (Aldrich, 99.995+%), n-dodecanethiol (Aldrich,
�99:8%), and 1-octadecene (Aldrich, 90%), and sulfur
(Acros, 99.999%) were purchased and used as-received
without further purification. A mixture of 1mmole of copper
acetate monohydrate, 0.5mmole of zinc acetate dihydrate,
0.5mmole of tin acetate, 10mmole of dodecanethiol, and
10mL of octadecene were added into a 100mL three-neck-
flask equipped with reflux condenser. The mixture was
vigorously stirred under vacuum at 120 �C for 30min to
eliminate moisture. During this step, the solution color
changed from light blue to turbid green. Afterward, N2 was
purged into the flask for 30min. The solution color changed
from turbid green to clear yellow. The reaction was then
heated up to 240 �C rapidly and kept at 240 �C for four
different reaction times, 5, 10, 20, and 40min respectively.
Finally, the reaction was cooled down to room temperature
and precipitated out by acetone followed by centrifugation.
The supernatant was decanted and the precipitation was
dispersed into toluene or chloroform. The process was
repeated for several times for removing residue precursor
and surfactant. The obtained colloidal nanoparticles were
dispersed in toluene. In addition, we also synthesized
kesterite CZTS nanocrystals to compare with wurtzite CZTS
nanocrystals. For synthesis of kesterite CZTS nanocrystals,
2mmole elemental sulfur was used as the sulfide precursor
dissolved in oleylamine instead of n-dodecanethiol dissolved
in octadecene. The other synthesis procedure is as same as
that of wurtzite CZTS nanocrystals.

The microstructure and elemental analysis of CZTS
nanoparticles were studied by transmission electron micros-
copy (TEM; FEI Tecnai G2 F20, 200 kV) equipped with
energy dispersive X-Ray spectrometer (EDX; JEOL
JSM6510, 15 kV). The crystalline structures were verified
by X-ray diffractonmeter (PANalytical X’Pert PRO).
For the optical property of CZTS nanoparticles, various
CZTS nanoparticles dispersed in toluene (1.0mg/mL) and
then measured by UV–visible absorption spectroscopy
(PerkinElmer Lambda 35).
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3. Results and Discussion

In this study, we used n-dodecanethiol as sulfur precursor
instead of the typically used sulfer powder to balance the
reactivity of metal cations. Figures 1(a)–1(d) and 1(e)–1(h)
show the TEM images and the particle size distribution
respectively, with respective to different reaction time,
5 (a, e), 10 (b, f ), 20 (c, g) and 40min (d, h). It can be
observed that the particle size increased from 7:5� 1:4 to
8:4� 2:6 nm when increasing the reaction time from 5 to
10min. By further increasing the reaction time to 20 and
40min, the nanoparticle size gradually grew to 9:7� 2:5
and 12:2� 2:9 nm, respectively. It indicates that the size
of the nanoparticles can be easily tuned by varying the
reaction time. In addition, the size distribution also increases
with increased reaction time as shown in Figs. 1(e)–1(h).
The results suggest that the nucleation process was con-
tinuously carried out during early reaction stage. The four
samples with different reaction time all had the same
TEM diffraction pattern, indicating the only crystal structure
(wurtzite structure) obtained in the present study.

Figures 2(a) and 2(b) show the XRD patterns and high
resolution TEM images of CZTS nanocrsyatls reacted for
40min respectively. The XRD patterns are not the typical
keterite phase but can be indexed to the patterns of wurtzite
phase. Corresponding to the diffraction pattern obtained
from HRTEM, the diffraction peaks [Fig. 2(a)] can be
identified according the previous literature20) as indicates in
the inset of Fig. 2(b). Moreover, it can be carried out that the
lattice constants a and c of the CZTS nanocrystals are 3.81
and 6.28 �A, respectively, which is consistent to the reported
literature with a ¼ 3:83 �A and c ¼ 6:33 �A.20) The EDX data
shown in Fig. 2(c) reveals that the as-synthesis nanoparticles
compose of copper, zinc, tin, and sulfur, suggesting that all
the metals from the precursors were incorporated into the
final product. Additionally, the ratio of four elements,
naming Cu, Zn, Sn, and S, are 2:0 : 1:1 : 0:9 : 4:0, are near
the target ratio of 2 : 1 : 1 : 4.

The CZTS nanocrystals with different crystal structure
can be attributed to the different sulfide precursor and

Fig. 1. (Color online) TEM images (a–d) and size distribution (e–h) of CZTS nanoparticles with respective to different reaction time, 5 (a, e), 10 (b, f),

20 (c, g), and 40min (d, h), respectively.

Fig. 2. (Color online) (a) XRD pattern, (b) HRTEM image and

diffraction pattern, and (c) EDS analysis of CZTS nanoparticles reacted at

240 �C for 40min.

M.-H. Jao et al.Jpn. J. Appl. Phys. 51 (2012) 10NC30

10NC30-2 # 2012 The Japan Society of Applied Physics



surface ligand used. In order to prove the precursor effect on
the CZTS crystal structure, we also employed elemental
sulfur dissolved in oleylamine as sulfide precursor during
the synthesis with all the other process remained the same.
It can be obtained that the final CZTS nanocrystals exhibit
kesterite phase (Fig. 3) which is consistent to the previous
literature.5,10) As a result, the present work demonstrates that
the crystal structure of CZTS can be controlled by using
different sulfide precursor and surface ligand, i.e., n-dode-
canethiol in octadecene or sulfur element in oleylamine for
wurtzite of kesterite phase respectively.

The absorption and transmission spectra of as-synthesis
CZTS nanoparticle with different reaction time are show in
Fig. 4. Generally, from both the absorption and transmission
spectrum, the obtained wurtzite CZTS nanocrystals harvest
the wavelength from UV–vis to near infrared region, which
exhibits potential application for further optoelectric appli-

cation. Additionally, from the absorption spectra it can be
observed that no excitonic absorption peaks were observed
because the size of the synthesized nanoparticles is much
more larger than the Bohr radius of CZTS. Moreover, the
inhomogeneous size distribution of the as-synthesis CZTS
nanoparticle also leads to unclearly excitonic peaks. How-
ever, we can still observe the shift of absorption band edge.
Namely, for the nanoparticles reacted for 5min, the absorp-
tion band edge is about 800 nm while the one of nanoparticles
reacted for 40min extends to near 900 nm. The red shift of
absorption band edge is due to the size-induced quantum
confinement effect. The change in the absorption band edge
further indicates the band gap change of CZTS nanoparticles.

4. Summary

In summary, we used commercially available precursors to
synthesize Cu2ZnSnS4 nanoparticle by simple solvothermal
method. The n-dodecanethiol was used to control the
reactivity of metal ions, leading to the controlled size of
CZTS nanoparticle by simply varying the reaction time.
Furthermore, the as synthesized CZTS nanoparticles have
novel wurtzite crystal structure. As a result, a red shift of
absorption band edge between the CZTS nanoparticles with
different size was obtained. The present study provides an
extending method of nanocrystal ink preparation awaiting
for photovoltaic device application.
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Fig. 3. (Color online) XRD pattern of kesterite CZTS nanoparticles using

elemental sulfur as sulfide precursor reacted at 240 �C for 40min. The red

line is the experimental result and the grey line is the data obtained from

RRUFF (Ferrokesterite R060870 Powder Diffraction).

(a)

(b)

Fig. 4. (Color online) (a) Absorption spectra and (b) transmission spectra

of CZTS nanoparticles reacted for different time.
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