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a  b  s  t  r  a  c  t

Cu2ZnSnS4 (CZTS)  nanocrystals  (NCs),  a promising  alternative  for In-  and  Ga-free  absorber  materials,
were  snythesized  by  a novel  route  using  a two-step  process.  In  the  first  step,  the  precursor  powders
were  obtained  by microwave  irradiation  at 700  W  for  10  min  from  aqueous  solutions  containing  cop-
per,  zinc,  tin  and  sulfur  elements.  In  the  second  step,  the  precursor  powder  was  sulfurized  by  annealing
in  H2S  (5%)  +  N2 (95%)  atmosphere  at  550 ◦C for  1  h. The  structural,  compositional,  thermal  and  optical
characteristics  of  CZTS  NCs  have  been  investigated.  X-ray  diffraction  patterns,  X-ray  photoelectron  spec-
troscopy  and  transmission  electron  microscopy  results  showed  that  the sulfurized  NCs  were  a single
hotovoltaic
acile and low cost process

kieserite  CZTS  phase  without  Cu2SnS3, ZnS,  CuS  and  SnS  secondary  phases.  Thermo-gravimetric  analysis
and  differential-thermal  analysis  indicated  a weight  loss  at about  840 ◦C  and  endothermic  peak  at  same
temperature  from  CZTS  nature.  Energy  dispersive  X-ray  results  showed  that  composition  of CZTS  NCs
had  a Cu  and  Zn-rich  and  S-poor.  UV–vis  spectroscopy  results  indicated  that  the  absorption  coefficient
was  over  104 cm−1 in  the  visible  region.  The  direct  band  gap  energy  of  the  CZTS  NCs  estimated  at  about
1.5  eV,  is  ideal  for  its  use in  photovoltaic  applications.
. Introduction

Chalcogenide-based semiconductors, such as CuInSe2 (CIS),
uGaSe2 (CGS), Cu(In,Ga)Se2 (CIGS) and CdTe, have attracted con-
iderable interest as the efficient materials in thin film solar cells
TFSCs) [1,2]. Currently, CIGS and CdTe TFSCs have demonstrated
he highest power conversion efficiency (PCE) over 11% in mod-
le production [3,4]. However, commercialized CIGS and CdTe
FSCs have some limitations due to the scarcity of In, Ga and Te
nd the environmental issues associated with Cd and Se [5–7].
herefore, it is necessary to develop the alternative to the In-
nd Ga-free absorber materials uniting of naturally abundant and
on-toxic elements in the earth’s crust to improve the PCE of the
FSCs devices. The copper-zinc-tin-chalcogen-based kesterite, i.e.

u2ZnSnS4 (CZTS), is a promising candidate owing to its direct band
ap energy of 1.5 eV and high absorption coefficient >104 cm−1 in
isible wavelength region [8].  In addition, it contains less toxic
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material S as compared to Se [8].  Based on photon balance, Shock-
ley and Queisser et al. [9] reported the theoretical limit of 32.2%
efficiency for CZTS-based TFSCs indicating that one has to tailor the
crucial properties of CZTS absorber material for the fabrication of
low cost, efficient and high PCE TFSCs devices.

The literature survey indicates that CIGS- and CZTS-based TFSCs
devices have the highest PCE of 19.9% for CIGS and 6.77% for
CZTS based TFSCs using high vacuum techniques co-evaporation
and sputtering, respectively [1,10].  However, these high vacuum
techniques have some drawbacks such as high cost, vacuum
requirement, temperature reliance, complicated apparatus and
most importantly the formation of unwanted phases during depo-
sition processes [11–14].  Moreover, the industrial throughput
of TFSC devices is very limited to meet the energy demand of
mankind over the globe [2].  To overcome the drawback and
improve the PEC of the present solar cells and investigate other
novel alternatives, many researchers have adopted non-vacuum
approach owing to low cost and simple process which includes
spin coating [11,15],  drop coasting [13,14],  doctor blade deposition

[16], spray pyrolysis [17], sol–gel [18] and electro- and photo-
chemical deposition [12,19–21].  Recently, Todorov et al. [22] have
reported the highest PCE of 9.66% for CZTS-based TFSCs using the
hybrid solution-particle approach. Although the CZTS TFSCs using
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in the spectrometer were calibrated using the carbon 1 s line at 285.0 eV. Thermo-
gravimetric/differential thermal analyses (TGA/DTA) of NCs were performed using
a  Ta Instruments 1600 DTA (USA) with a flowing nitrogen atmosphere from room
temperature to 1100 ◦C. The optical absorption and band gap energy of the NCs were
S.W. Shin et al. / Journal of Alloy

on-vacuum approach have several merits and high PCE, they suffer
rom various problems such as incorporation of undesired impuri-
ies (carbon, oxygen, binder reminder and solvent) and chemical
oxicity (e.g. hydrazine hydrate) for scaling up massive solar cell
roduction needs to be addressed [12]. In particular, the impurities

n absorber layer and toxic chemicals are responsible for the low
CE and limited commercialization [2].

On the other hand, nanocrystals (NCs)-based absorber layer, are
ynthesized using solution-based techniques such as solvothermal
23], low temperature colloid method [16] and hot injection [24,25],
ave fascinated precise attention due to their low manufacturing
osts, possibility of large scale and high throughput using roll to
oll TFSCs fabrication processes. Recently, Guo et al. [26] reported
n the fabrication of Cu2ZnSn(S,Se)4 (CZTSSe) TFSCs with a PCE of
.2% using NCs in organic solvent under light soaking condition.
iha et al. [27], Shavel et al. [25] and Guo et al. [24] reported the syn-
hesis of CZTS or CZTSSe NCs by hot injection solution method over
25 ◦C. The oleylamine or hexadecylamine has been used to stabi-

ize the NCs in organic solvents. In addition, Steinhagen et al. [23]
eported the synthesis of CZTS NCs by a solvothermal method at a
emperature 280 ◦C using oleylamine and hexadecylamine as stabi-
izers. The PCE of the TFSCs fabricated using their CZTS NCs is about
.23%. Although the shape and size of these CZTS NCs were uniform,
he hazardous chemicals, such as oleylamine and hexadecylamine,
ave been required in the synthesis process. This issue has stimu-

ated research community to investigate the hazard-chemical free
olution-based process of CZTS NCs with adequate photovoltaic
roperties. This paper reports the synthesis of microwave-assisted
ZTS NCs without hazard chemicals and post annealing effect on
heir properties.

The CZTS NCs were prepared using a two-step process. In the
rst step, the precursor powder was obtained from aqueous solu-
ion containing 40 mL  of 0.2 M Cu acetate, 40 mL  of 0.1 M Zn acetate,
0 mL  of 0.1 M Sn chloride and 40 mL  of 0.2 M thioacetamide at
H 7 that had been irradiated with microwave energy of 700 W
or 10 min  at room temperature. In the second step, the precursor
owder was sulfurized in a tubular furnace system in N2 (95%) + H2S
5%) atmosphere at 550 ◦C for 1 h.

. Experimental

.1. Chemicals

Copper(II) acetate (Cu(OAc), 99.99%), zinc acetate (Zn(OAc), 99.99%), tin(IV)
hloride (SnCl2, 99.99%) and thioacetamide (TAA, 99.99%) were purchased from
ldrich and used as received.

.2. Synthesis of precursor powders

The precursor solution was prepared using 40 mL  of 0.2 M Cu(OAc), 40 mL  of
.1  M Zn(OAc) and 40 mL  of 0.1 M SnCl2. Subsequently, 40 mL  of a 0.2 M TAA solution
as added and the pH was  adjusted to 7 by adding an ammonia (NH4OH) solution
ith constant magnetic stirring for 10 min  at room temperature. During this step,

he color of the precursor solution changed from a transparent to a brown-green.
he  precursor solution was irradiated with microwave energy using a commercial
icrowave oven (KR-B200B, Daewoo, Korea) at 700 W for 10 min. After 6 min, the

recursor solution was boiled and the color changed from brown-green to dark-
lue. The reacted solution was  then cooled to room temperature in air. The powder
ormed in the solution was  separated from the precursor solution by centrifugation
t  3000 rpm for 10 min. This process was repeated three times. Finally, the precursor
owder was  dried in a vacuum oven at 60 ◦C for 8 h.

.3. Annealing process of powders

The precursor powder was annealed in a mixture gas of N2 (95%) + H2S (5%) at
50 ◦C for 1 h using a commercial furnace system. The heating and cooling rates
ere 10 ◦C/min. and 5 ◦C/min, respectively.
.4. Characterizations

The crystallographic information of the nanocrystals (NCs) was  obtained
rom the powder X-ray diffraction patterns (PXRD, PANalytical, X’Pert-PRO and
Fig. 1. A schematic diagram of kesterite CZTS illustrated by the Visualization for
Electronic and Structural Analysis software.

Netherlands) operated at 45 kV and 40 mA. The bright-field (BF) transmission
electron microscopy (TEM) images, their corresponding selected area electron
diffraction (SAED) patterns, and high-resolution (HR) TEM images of the NCs were
obtained using JEOL-3010 at an operating voltage of 300 kV. Elemental mapping
images and energy-dispersive X-ray spectra were acquired by energy-dispersive X-
ray spectroscopy (EDS) using a Tecnai G2 F30 installed in a scanning transmission
electron microscopy (STEM) equipped with a high-angle annular dark-field (HAADF)
unit. The simulated images of an atomic arrangement were also obtained using the
National Center for Electron Microscopy Simulation Software (NCEMSS) from the
Lawrence Berkeley National Laboratory. The compositional ratios of the NCs were
analyzed by EDS attached to a field emission-scanning electron microscopy (FE-SEM,
JMS-7500F, JEOL and Japan). The chemical binding energy of the annealed NCs was
examined by high-resolution X-ray photoelectron spectroscopy (HR-XPS, VG Multi-
lab  2000, Thermo VG Scientific and UK) at room temperature. The binding energies
Fig. 2. PXRD patterns of the microwave assisted precursor and after-annealed CZTS
NCs  [Cu K� radiation (� = 1.54 Å)]. The peaks are indexed to the different planes
according to tetragonal CZTS (JCPDS No.: 26-0575), tetragonal Cu2SnS3 (JCPDS No.:
89-4714), and cubic ZnS (JCPDS No.: 80-0020) structures, indicating that the three
compounds have similar diffraction patterns.
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ig. 3. Bright-field TEM image of the pre-annealed microwave assisted CZTS precur
istribution varying from 10 nm to 70 nm with an average size of 42.1 ± 12.7 nm.

easured by UV–visible spectroscopy (Cary 100, Varian, Mulgrave and Australia) at
oom temperature.

. Result and discussions

Fig. 1 shows a schematic diagram of kesterite CZTS illustrated

y the Visualization for Electronic and Structural Analysis soft-
are. The structure of CZTS is tetragonal kesterite in which each

ation is bonded to four sulfurs anions and the cation layer alternate
ith the sulfur anion layer along the crystallographic c-direction as

ig. 4. BF-TEM images of post-annealed microwave assisted CZTS NCs (a), and its corresp
nd  its corresponding SAED pattern with indexing (d). Magnified high-resolution TEM im
mage.
wder and the corresponding size distribution plots. The CZTS NCs show a wide size

CuZn/SS/CuSn/SS are observed [24]. This structure is similar to the
chalcopyrite structure of CuInS2 in which cation and anion layers
are alternate such as CuIn/SS/CuIn/SS [24].

Fig. 2 shows the powder X-ray diffraction (PXRD) patterns of the
microwave-assisted precursor powder and post-annealed powder
samples. The PXRD patterns of the microwave-assisted precursor

showed several broad peaks that could not be assigned to CZTS,
ZnS, Cu2−xS, SnS and Cu2SnS3 (CTS) phases. On the other hand, the
PXRD patterns of post-annealed powder show peaks corresponding
to the (1 1 2), (2 0 0), (2 2 0), (3 1 2), (2 2 4), (0 0 8) and (3 3 2) planes

onding diffraction pattern (b). High-resolution TEM image of a twinned CZTS NC (c)
age (e) of CZTS NC of (c). The inset in (e) shows an indexed phase-Fourier transform
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Fig. 5. BF-TEM image of CZTS NCs (a). A schematic diagram of the crystal structure of kesterite CZTS projected along [021̄] direction (b). HR-TEM image of CZTS NCs (c) in
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a),  and fast-Fourier transform image (d) of the dashed square region in (c). The ma
he  conditions of 30 Å thickness and 50 Å defocus and diffraction pattern (g).

f a single kesterite-type CZTS structure (JCPDS No.: 26-0575). A
houlder observed to the left of the (1 1 2) plane might have origi-
ated from a stacking faults related to cation disordering similar to
he faults observed in CuInSe2 and CIGS [24]. The values of lattice
arameters are a = 5.42 Å and c = 10.84 Å and are in good agreement
ith the kesterite-type CZTS structure [8].

Fig. 3 shows a bright-field (BF)-TEM image of pre-annealed
icrowave assisted CZTS powder (a) and the corresponding size

istribution plots (b). The BF-TEM image showed that CZTS NCs
re of irregular and faceted shapes. The diameter of the CZTS NCs
aries from 10 nm to 70 nm and average diameter of CZTS NCs is
2.1 ± 12.7 nm.  The CZTS NCs have wide grain size distribution of
0%.

Fig. 4 shows the BF-TEM image of the post-annealed microwave

ssisted CZTS powder (a) along with its corresponding diffraction
attern (b). The ring patterns obtained from the polycrystalline
aterials shown in Fig. 4(b) can be indexed to the (1 0 1), (1 1 2),

2 1 1), (2 2 0), (2 2 4) and (3 3 2) planes of a kesterite-type CZTS
d image (e) of the dashed square region in (c), its simulated lattice image (f) under

phase, which is consistent with the PXRD pattern shown in Fig. 2.
Since the PXRD pattern and ring pattern from TEM does not clearly
suggest the formation of either CTS or ZnS with a CZTS phase,
therefore, an additional diffraction pattern and high-resolution
(HR)-TEM analysis of one NC focused on the crystallographic points
has been carried out (Fig. 4(c)). The magnified BF-TEM image shows
one NC and its corresponding selected area electron diffraction
(SAED) pattern (Fig. 4(d)) obtained from Fig. 4(a). The SAED pat-
tern is well indexed to the kesterite-type CZTS projected along the
[1 1̄ 0] direction. The HR-TEM image of the NC also shows the atomic
arrangement of the CZTS phase with a d-spacing of 0.31740 nm and
0.31488 nm. The phase/fast Fourier transform image in the inset is
also well consistent with the peaks indexed to the zone axis of the
[1 1̄ 0] direction, as shown in Fig. 4(e).
Fig. 5 shows the additional HR-TEM images of (a) schematic
diagram of the crystal structure of kesterite CZTS projected along
[0 2 1̄]  direction (b), HR-atomic lattice image of one CZTS NC (c),
fast-Fourier transform image (d), magnified image (e) of the dashed
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ig. 6. HAADF-STEM image and elemental mapping images of CZTS NCs. The images
sing  a Tecnia G2 F30 equipped with a high-angle annular dark-field (HAADF) unit 

quare region in (c), simulated lattice image (f) and diffraction
atterns (g) of the CZTS NCs. It is also observed that there are
any stacking faults in one CZTS NC (a) and these defects of CZTS
Cs release is well supported by literature survey [23–26].  The
bserved values of atomic d-spacing (Fig. 5(c)) and diffraction pat-

erns (Fig. 5(d)) are in good agreement with that of Fig. 4(e). The
R-atomic lattice image (c) and fast-Fourier transform image (d)

rom CZTS NC also matches with simulated lattice image (f) and
iffraction patterns (g) obtained from the National Center for Elec-

Fig. 7. High-resolution XP spectra of CZTS NCs; (a) Cu 2p, (
obtained on carbon film-assisted Ni grids (200 mesh, Electron Microscopy Sciences)
accelerating voltage of 300 kV.

tron Microscopy Simulation Software. These TEM and simulation
results confirm that the NCs have a kesterite phase without any
other secondary phases.

Fig. 6 shows the scanning transmission electron microscopy
(STEM), energy-dispersive X-ray spectroscopy (EDS) elemental

mapping equipped with a high angle annular dark field (HAADF)
of CZTS NCs (Fig. 4). This analysis shows that Cu, Zn, Sn and S are
well distributed in the NCs without any apparent element separa-
tion or aggregation. In addition, the EDS spectrum of the CZTS NCs

b) Zn 2p, (c) Sn 3d, and S 2p core levels, respectively.



S.W. Shin et al. / Journal of Alloys and 

180015001200900600
Wavelength (nm)

A
bs

or
ba

nc
e 

(a
rb

.u
ni

t)

(a)

10008006004002000

-0.2

-0.1

0.0

0.1

TG

W
ei

gh
t (

%
)

T
em

pe
ra

tu
re

 D
iff

er
en

ce
 (º

C
/m

g)

DTA

842 °C,  -0.195 °C/mg
40

60

80

100
(b)

F

(
S
o
t

N
F
y
a
C
b
t
S
a
l
s

i
s
T
t
i
l
e
u
r
C
m
[
a
C
c
a

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[
[

Temperature (ºC)

ig. 8. UV–vis absorption spectrum (a) and TGA/DTA analysis (b) of CZTS NCs.

shown not here) showed four elements including Cu, Zn, Sn and
. The relative elemental ratio of Cu:Zn:Sn:S is 2.8:1.7:1.1:4.2. The
ther occurred C and O peaks may  be attributed to carbon adhesive
ape.

HR XPS analysis has been performed to identify the phases of the
Cs and the presence of four elements without secondary phases.
ig. 7 shows HR X-ray photoelectron spectroscopy (HR-XPS) anal-
sis of the CZTS NCs. The Cu binding energy peaks of NCs observed
t 932.7 eV and 952.3 eV corresponds to the electronic states of
u 2p3/2 and 2p1/2 core level of the CZTS compound [20]. The Zn
inding energy peak of NCs located at 1022.3 eV corresponds to
he electronic states of Zn 2p3/2 of the CZTS compound [28]. The
n 3d5/2 and 3d3/2 peaks of the CZTS NCs are located at 486.7 eV
nd 495 eV, respectively [29]. The observed binding energy peaks
ocated at 161.9 eV and 163.1 eV matches well with the electronic
tate of S 2p3/2 and S 2p1/2 core levels of the CZTS compound [27].

Fig. 8 shows the UV–vis absorption spectrum (a), (with an
nset image of band gap energy) and thermo-gravimetric analy-
is (TGA)/differential-thermal analysis (DTA) (b) of the CZTS NCs.
he optical absorption coefficient of the CZTS NCs is >104 cm−1 in
he visible region. The optical band gap energy of the CZTS NCs
s estimated to be approximately 1.5 eV from a linear extrapo-
ation on the x-axis of (ahv)2 vs photon energy (Fig. 6(a)). This
stimated band gap energy is consistent with the literature val-
es of 1.45–1.6 eV, indicating a stable band gap energy value
equired for applications in TFSCs [5].  TGA and DTA (Fig. 8(b)) of
ZTS NCs indicate a weight loss around 840 ◦C and an endother-
ic  peak at the same temperature from the CZTS characteristic

27]. It is worth to mention that from the XRD, TEM, XPS, UV–vis

nd TGA/DTA studies that the CZTS NCs with a kesterite-type
ZTS structure without CTS, ZnS, SnS2 and CuS secondary phases
an be synthesized using any hazard chemicals or complexing
gent.

[
[
[
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4. Conclusion

In conclusion, quaternary CZTS NCs can be synthesized by a
facile and simple route involving the annealing of microwave-
assisted precursors without using hazardous chemicals. XRD, TEM,
XPS, and TGA/DTA results confirmed the kesterite type structure of
the CZTS NCs with a wide size distribution of 30%. The STEM-EDS
elemental mapping image reveales the presence of four elements
in each individual NC. Although the high quality the CZTS NCs have
been synthesized successfully, a through investigation with high
PCE for the efficient TFSCs, i.e. the impact of deviated composition
ratio and understanding the mechanism of irregular shape is neces-
sarily required. Studies on optimizing the synthesis processes and
other parameters through precise control of the composition ratio
of the CZTS NCs along with the fabrication of CZTS-based TFSCs are
currently underway.
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