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ABSTRACT: Cu2ZnSnS4 (CZTS) holds great promises as an absorber
material for sustainable and low cost thin film solar cells. Kesterite and wurtzite
are two common phases of CZTS. Until now, the synthesis and the growth of
both phases are not clearly understood. In this work, kesterite CZTS
nanoparticles, wurtzite CZTS nanoparticles as well as CZTS particles with a
mixture of both structures were prepared by using elemental sulfur, 1-
dodecanethiol, and thioacetamide, respectively. Time dependent studies were
conducted and the reaction rate of sulfur source was found to be the key factor
in determining the phase formation. Elemental sulfur reacts with oleylamine to
produce highly reactive small molecule H2S, which leads to the formation of
kesterite phase. The reaction pathways of the long alkane chain 1-dodecanethiol yield the formation of wurtzite phase via a binary
phase. Thioacetamide yields a mixture of kesterite and wurtzite phase in the final product. The optical and electrical properties of
kesterite and wurtzite CZTS were also evaluated.

1. INTRODUCTION

Quaternary chalcogenide Cu2ZnSnS4 (CZTS), with a direct
band gap of around 1.5 eV and an absorption coefficient of the
order of 104 cm−1, is a particularly suitable material for thin film
solar cells. Since CZTS consists of only nontoxic and earth-
abundant elements, it offers the added advantages of being low-
cost and the technology being environmentally sustainable.1−3

High conversion efficiency of 8.4% were achieved for solar cells
based on system containing purely S and 11.1% based on
system containing both S and Se.4,5 In the past decade, various
deposition methods have been developed to prepare CZTS
thin films including thermal evaporation, sputtering, electro-
deposition, spray pyrolysis, nanoparticles ink approach and
hybrid solution-particles approach.6−12 The nanoparticles ink
approach has drawn a wide interest due to its potential
application in low cost manufacturing processes associated with
solution-based methods.13−15 The CZTS nanoparticles is
dispersed in solvents to form the “ink” which can then be
deposited onto substrates to form CZTS thin film using
techniques such as spin-coating, spraying, drop-casting and
doctor blading. Guo and co-workers synthesized CZTS
nanocrystals via hot injection method and these nanoparticles
was then used for the fabrication of solar cells with efficiency of
up to 7.2%.16

The most common phase structure obtained for CZTS is the
zinc blende derived structures, of which kesterite and stannite
are the two low-energy polytypes.17 These two polytypes have
different cation orderings: the kesterite lattice has alternating

cation and anion layers in the order of CuZn/SS/CuSn/SS
along crystallographic c-direction, while for the stannite lattice,
this ordering changes to CuCu/SS/ZnSn/SS.10 Both theoreti-
cal calculation and experimental work have shown that the
kesterite structure is the lower energy form and is thus more
thermodynamically stable than the stannite structures.17,18

Recently, wurtzite-type CZTS has been reported by several
different research groups.19−22 Lu and co-workers synthesized
wurtzite CZTS nanostructures, which adopted a hexagonal unit
cell.19 Other wurtzite-related phases or more accurately
wurtzite−kesterite and wurtzite−stannite phases were also
reported.23,24 Despite the excellent progress in the synthesis
and preparation of different polytypes of CZTS accompanied
by some propositions on the effect of 1-dodecanethiol in the
synthesis of hexagonal phase CZTS, there is little conclusive
evidence on the possible factors that could influence phase
formation. In addition, the formation mechanisms of the above
CZTS polytypes were also not clearly understood.
Figure 1 shows the unit cell structures of CZTS kesterite and

wurtzite. The cations in the kesterite structure (Figure 1a) sit in
the tetrahedral sites surrounding the sulfur anions. In the Cu/
Zn layer, due to the small energy differences, the positions of
Cu and Zn are interchangeable, and the Cu and Zn ions can be
considered as randomly distributed in this layer. In the wurtzite
structure (Figure 1b), sulfur anions are located in the hexagonal
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close packed positions; Cu(I), Zn(II), and Sn(IV) cations
randomly occupy half of the interstices of the sulfur anions. The
ratio of Cu, Zn, and Sn ions is maintained at 2:1:1.
Differences in phase structure have an effect on material

property. For example, calculations based on density functional
theory showed that kesterite structure is thermodynamically
more stable than stannite polytypes of CZTS.17,18 In the past,
stoichiometry changes were commonly used to change the
band gap in CZTS, but more recently, it has been shown that
structural variations can also alter the bandgap.25 On top of all
these phase-dependent properties, there is another important
advantage of being able to selectively control the phase
formation, and that is the transformation of metastable phase-
required lower energy. This advantage is shown recently in the
transformation of metastable wurtzite phase at relatively low
temperature that drives grain growth.26 In view of all these
advantages, the understanding of what promotes the formation
of kesterite and wurtzite phases are urgently needed. On top of
this, the impact of structural differences on the optical
properties will also need to be better understood.
In this work, we report the controlled synthesis of CZTS

nanoparticles with different crystallographic phases by simply
tuning the sulfur sources. Essentially, elemental sulfur (S), 1-
dodecanethiol (DDT), and thioacetamide (TAA) were
dissolved in oleylamine (OLA) and used as the sulfur
precursors. Using these three precursors, kesterite, wurtzite,
mixed kesterite and wurtzite type CZTS were formed. To
understand why this happened, time-dependent studies were
performed to investigate the formation mechanism of kesterite
and wurtzite CZTS. It was found that the reaction rate of S
source determines the phase formation of CZTS: the highly
reactive OLA−S leads to an immediate precipitation of
kesterite CZTS; the less reactive OLA−DDT results in the
formation of Cu7S4 at the early stage and then gradually
developed into wurtzite CZTS; and the moderately reactive
OLA−TAA yields a mixture of kesterite and wurtzite CZTS in
the final product. In addition, the optical and electrical
properties of kesterite and wurtzite phases were evaluated

and compared based on UV−vis−NIR absorption measure-
ments and cyclic voltammetry techniques.

2. EXPERIMENTAL DETAILS
Materials. Copper(II) acetate (Cu(OAc)2, Aldrich, 98%), zinc

chloride anhydrous (ZnCl2, Sigma-Aldrich, 99.99%), tin(IV) chloride
pentahydrate (SnCl4.5H2O, Sigma-Aldrich, 98%), elemental sulfur (S,
Aldrich), oleylamine (OLA, Aldrich, 70%), 1-dodecanethiol (DDT,
Aldrich, 98%), thioacetamide (TAA, Sigma-Aldrich, 98%), toluene
(Aik Moh Paints & Chemicals), and ethanol (Aik Moh Paints &
Chemicals, 95%) were purchased and used as received.

Synthesis. CZTS nanocrystals were synthesized using hot injection
method. In a typical synthesis, 0.5 mmol Cu(OAc)2, 0.25 mmol ZnCl2,
0.25 mmol SnCl4·5H2O, and 5 mL of OLA were mixed in a 50 mL
three-neck flask. The mixture was then pumped under vacuum
conditions for 30 min to remove moisture or O2. Subsequently, the
mixture was purged with N2 gas and heated to 150 °C. The
temperature was maintained at 150 °C for 30 min to form stable Cu-,
Zn-, and Sn-OLA coordinating complex or metal precursors. After
that, the mixture was heated rapidly to 235 °C, where the injection of
sulfur precursors took place. The sulfur precursor was prepared by
dissolving/mixing 1 mmol sulfur source with 1 mL of OLA at room
temperature. Three different types of sulfur source were used, and they
are elemental sulfur (S), 1-dodecanethiol (DDT) as well as
thioacetamide (TAA). The reaction temperature was maintained at
235 °C for 1 h before cooling to room temperature. The as-prepared
CZTS nanoparticles were washed several times using toluene and
ethanol. From here onward, the nanoparticle products synthesized
from elemental S, DDT, and TAA will be denoted as sample S, sample
DDT, and sample TAA, respectively.

Characterization. The grazing incidence X-ray diffraction
(GIXRD) patterns of the thin films were collected using Bruker D8
Advance equipped with Cu Kα radiation (λ = 1.54 Å). The diffraction
patterns were collected at a fixed incident angle of 1° and were
collected from 20° to 70° in steps of 0.05°. The atomic ratio of Cu, Zn,
Sn, and S was measured with an accelerating voltage of 20 keV using
an Oxford X-MAX energy dispersive X-ray spectroscopy (EDS)
detector, which is equipped on a JEOL JSM 7600F FESEM. The
Raman analysis was performed using a WITec confocal Raman
spectroscope with a 532 nm laser, which provided an extra evidence
for the formation of CZTS compound in addition to XRD. The
transmission electron microscopy (TEM) analysis was performed
using a JEOL 2100F with a field emission source and at an accelerating
voltage of 200 kV. The UV−vis absorption spectra were obtained
using a Shimadzu UV−vis−NIR PerkinElmer Lambda 900 spec-
trophotometer. Cyclic voltammetry (CV) measurements were
performed using an Autolab PG302N electrochemical workstation.
Carbon and gold electrodes were used as working and counter
electrodes, respectively, with Ag/AgCl electrode as reference electrode.
CZTS samples were coated onto working electrode by drop casting
CZTS nanoparticles suspension in chloroform.

3. RESULTS AND DISCUSSIONS

CZTS nanoparticles were synthesized using three different
sulfur precursors, namely, S, DDT, and TAA. From here
onward, the samples synthesized using the different precursors
will be referred to according to the sulfur precursors used.
Figure 2 shows the XRD patterns of the as-synthesized
nanoparticles. It can be seen that sample S matched very well
with kesterite CZTS (JCPDS No. 26−0575). The XRD pattern
shows three major peaks at 28.5°, 47.6° and 56.3°,
corresponding to (112), (220), and (312) lattice planes,
respectively. The results are in good agreement with the
previously reported data for kesterite CZTS.13,14 For sample
DDT, a totally different XRD pattern is observed, and this can
be matched to the simulated diffraction pattern of wurtzite
CZTS structure. The major XRD peaks at 26.9°, 28.3°, 30.2°,

Figure 1. Unit cell structure of CZTS (a) kesterite (in the Cu/Zn
layer, the Cu and Zn ions have equal occupancy of 0.5) and (b)
wurtzite (the red ion represents Cu, Zn, or Sn ions with the 0.5
occupancy of Cu ion, 0.25 occupancy of Zn ion, and 0.25 occupancy of
Sn ions).
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47.6°, 51.0°, and 56.2° can be observed for sample DDT, which
indicates that this sample is essentially wurtzite CZTS. As for
sample TAA, the XRD pattern shows a mixture of kesterite and
wurtzite phases. Using Rietveld refinement, it is found that this
sample consists of 50.3 wt % kesterite and 49.7 wt % wurtzite
(refer to Supporting Information, Figure S1). The Cu/Zn/Sn/
S ratios were determined by SEM EDS for sample S
(2.07:0.91:0.88:4.00), sample DDT (2.41:0.74:1.10:4.00), and
sample TAA (2.18:0.97:1.14:4.00), respectively.
Besides structural analysis using XRD, Raman spectroscopy

was also performed to confirm the formation of CZTS phases.
The Raman shifts of kesterite CZTS were reported to be 288
cm−1, 338 cm−1, and 368 cm−1, where the 338 cm−1 peak
represents the Raman A mode of CZTS.27,28 A slight shift in
Raman peak positions can often be observed which may be due
to the differences in preparation methods and compositions.29

The wurtzite CZTS have similar Raman A mode shifts to those
of the kesterite structure. Singh et al. reported a strong Raman
peak at 333 cm−1 for wurtzite CZTS nanorods.20 As shown in
Figure 3, the Raman A mode sample S exhibits a strong single
peak at 336 cm−1, which is indicative of kesterite CZTS. The
two shoulder peaks at ∼288 and 368 cm−1 could also be
noticed, which also match well to kesterite CZTS. For sample

DDT, the Raman A mode peaks at 334 cm−1 also agrees well
with CZTS. The shoulder peak at 288 cm−1 is visible, while the
one at 368 cm−1 is less obvious. As for sample TAA, the major
peaks at 336 cm−1 and two shoulder peaks at 288 and 368 cm−1

could also be observed. During this synthesis of quaternary
CZTS, the binary and ternary sulfide phases are usually formed
as impurity phases.30,31 Among them, the Cu2S (JCPDS No.
4−15−2234), ZnS (JCPDS No. 5−0566), and Cu2SnS3
(JCPDS No. 1−089−4714) share similar crystal structure as
well as XRD patterns with CZTS. Hence, Raman analysis is
necessary in addition to XRD to confirm the formation of
CZTS phase. From our Raman results, no noticeable peaks
corresponding to Cu2S (475 cm−1), ZnS (278 and 351 cm−1),
or Cu2SnS3 (298 and 356 cm−1) can be observed.32−34

Therefore, the Raman results confirm the formation of
quaternary CZTS phases rather than binary or ternary phases
for all the three samples.
TEM images of CZTS nanoparticles synthesized using

elemental S as the sulfur source are shown in Figure 4a,b.

These CZTS nanoparticles have irregular shape and possess an
average size of 19.8 ± 6.5 nm. From the HRTEM image
(Figure 4b), the lattice spacings were found to be 0.33 and 0.27
nm, which correspond to the d-spacing of (111 ̅) planes and
(020) planes, respectively, for kesterite CZTS.14 To distinguish
the two similar polymorphskesterite and zinc blendeselect
area electron diffraction (SAED) patterns were also collected
(refer to Supporting Information, Figure S2). The rings
associated with (211) and (105) planes, unique to the kesterite
structure, were observed and hence confirm that the phase
formed is mostly kesterite. The TEM images of CZTS
nanoparticles synthesized using DDT are shown in Figure
4c,d. The nanoparticles are nearly spherical in shape, with an

Figure 2. XRD patterns of as-synthesized samples using elemental S,
DDT, and TAA as the sulfur source. The XRD pattern for kesterite
CZTS (JCPDS No. 26−0575) and simulated XRD pattern for wurtzite
CZTS are also presented and indexed for comparison.

Figure 3. Raman shifts of sample S, sample DDT, and sample TAA.
The peak positions of 288, 336, and 368 cm−1 are marked by dotted
lines.

Figure 4. TEM images of (a) sample S, (c) sample DDT, and (e)
sample TAA and the HRTEM images of (b) sample S, (d) sample
DDT, and (f) sample TAA. The lattice spacings for the various
particles are shown in the HRTEM images.
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average diameter of 12.9 ± 1.2 nm. The HRTEM image
(Figure 4d) shows that there are two lattice spacings of 0.33 nm
each, which is consistent with the d-spacings of (11 ̅0) planes
and (100) planes, respectively, for wurtzite-type CZTS.19

Figure 4e,f shows the TEM images of CZTS nanoparticles
synthesized using TAA. Interestingly, the twin boundary defects
are clearly observed in these nanoparticles. Looking at the
HRTEM image (Figure 4f), both the kesterite and wurtzite
CZTS can be observed in different nanoparticles. Fan and co-
workers have also reported the formation of nanoparticles with
both kesterite and wurtzite phases for CZTSSe nanoparticles,
and in that case, both phases coexist in a single particle; this
phase formation is controlled by the reaction temperature.35 It
is also worth noting that the kesterite CZTS nanoparticles
(Figure 4a) generally have a polydisperse size distribution.13,14

This is again most probably due to the fast reaction rate when
elemental S is used as the precursor, and this resulted in a
growth process that is not diffusion limited, and in both
nucleation and growth occurred simultaneously. The detailed
mechanism involving sulfur as the precursor will be discussed
later. On the other hand, the wurtzite CZTS nanoparticles
(Figure 4c) have a size distribution that is more mono-
dispersed, suggesting a slow reaction dynamics.
To control the development of kesterite and wurtzite phases,

it is important to understand the growth mechanism that
resulted in the two phases. Time-dependent studies were
carried out to study the phase evolution for both kesterite
(sample S) and wurtzite samples (sample DDT). Samples were
extracted at various intervals: 10 min, 30 min, 1 h, and 2 h.
From the XRD patterns of sample S in Figure 5, it can be

observed that highly crystalline kesterite CZTS phase exists in
this sample. There are weak but noticeable non-CZTS peaks,
which could be attributed to binary or ternary impurity phases
that are commonly observed in films synthesized via solution
routes.30 Even as early as 10 min after the injection, the
diffraction peaks observed are at 28.5°, 47.6°, and 56.3°, and
they are all characteristic of kesterite phase. This indicates that
the reaction process is very fast. All the other samples extracted
after 30 min, 60 min, and 2 h also matched well with crystalline
kesterite CZTS phase. These findings suggest that the

formation of kesterite CZTS occurred rapidly, and since this
reaction is fast, there is very little morphological control as seen
in the TEM images in Figure 4.
With different S precursors, there is a possibility to moderate

the growth process. Instead of using elemental S, as shown
earlier, DDT can also be used as the S source to produce CZTS
nanoparticles. In the case of DDT, there is a long alkyl chain
that can moderate the phase evolution process. The XRD
patterns for sample DDT extracted at the time intervals of 10
min, 30 min, 1 h, and 2 h are shown in Figure 6. After the first

10 min, only Cu7S4 binary sulfide phase is formed, indicating
that DDT first preferentially reacts with the Cu species. After
30 min, in addition to the dominant Cu7S4 phase, XRD peaks at
26.9°, 30.2°, and 51.0° are observed, which suggests the
formation of wurtzite CZTS phases. At 60 min, the crystallinity
of the sample improved substantially, and all the major XRD
peaks associated with wurtzite CZTS can be observed. The
minor peaks at 34.2° and 37.8° corresponding to Cu7S4 could
still be observed. When the reaction time further increases to 2
h, the XRD pattern appears very similar to that observed for 60
min where both wurtzite CZTS and Cu7S4 coexisted. In
contrast to the synthesis of kesterite CZTS nanoparticles using
S as the precursor, the nanoparticles synthesized using DDT
went through a slower phase evolution process via a binary
phase for wurtzite CZTS nanoparticles. Binary Cu7S4 phase was
formed at the early stage of the reaction. From the XRD data, it
can be seen that over time there is an increase in the wurtzite
CZTS phase and a decrease in the Cu7S4 phase.The formation
of intermediate Cu7S4 phase and its gradual development into
wurtzite phase indicate that DDT will result in a slower
reaction rate. The size of the resultant nanoparticles is more
uniform. At this moment the exact nature of the transformation
between the phases in these nanoparticles is unclear and is the
subject of ongoing research.
The phase development in CZTS nanoparticles is strongly

related to the reactivity of sulfur precursors. Highly reactive
elemental S yields fast formation of kesterite CZTS phase,
while DDT results in a slow and gradual formation of wurtzite
CZTS phase starting with the formation of binary Cu7S4

Figure 5. XRD patterns of sample S extracted at 10 min, 30 min, 1 h,
and 2 h. The XRD patterns for kesterite CZTS and wurtzite CZTS are
also presented for comparison.

Figure 6. XRD patterns of sample DDT extracted at 10 min, 30 min, 1
h, and 2 h. The XRD patterns for kesterite CZTS, wurtzite CZTS, and
Cu7S4 (JCPDS No. 23−0958) are also presented for comparison.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500956n | Inorg. Chem. 2014, 53, 10874−1088010877



(JCPDS No. 23−0958). In an earlier work, it was found that
sulfur and the amine group could react to form alkyl
ammonium polysulfides at room temperature.36 At elevated
temperature, these polysulfide ions can easily react with excess
amine to release H2S.

37 In this reaction, OLA−S mixture is
injected into metal complexes solution kept at above 200 °C,
thus subjecting the OLA−S mixture to a high temperature, and
this resulted in the formation of H2S according to previous
works.36,37 After injection of OLA−S mixture, the color of
solution mixture turned dark immediately. The H2S produced
by OLA−S mixture reacts rapidly with Cu-, Zn-, Sn-OLA
complex, which leads to fast formation of kesterite CZTS
nanoparticles. Considering the enthalpy of formation for the
Cu-binary compound (ΔHreaction = −79.5 kJ/mol) compared to
quaternary CZTS (ΔHreaction = −525.1 kJ/mol) calculated
based on their elemental standard states, the formation of
CZTS is indeed more favorable.38,39 As the reaction between
H2S and the metal ions is very rapid, it is difficult to separate
the nucleation and growth processes, which resulted in a wide
size distribution.
The reaction with DDT molecule occurs at a slower rate.

DDT molecule contains a 12 carbon chain and a thiol
headgroup. The thiol group in DDT provides S for the
formation of CZTS nanoparticles in this reaction. S is
covalently bonded to one C and one H atom, making this a
rather stable molecule compared to H2S. After the injection of
OLA−DDT mixture, the reaction mixture turned gradually
from yellow to black in ∼10 min. This reaction undergoes a
thiolate formation stage that involves the metal ions and the
DDT. Cu ions can form stable complexes with thiol, and this
can then be followed by the cleavage of C−S bonds that will
then result in the formation of Cu-based binary sulfides. In this
case, binary compound is very likely to be formed first followed
by any of the other compounds. As shown in the diffraction
patterns in Figure 6, the Cu7S4 phase was first formed in this
reaction. Subsequently, Zn species, Sn species, and the
remaining DDT reacted with Cu7S4 seed, which gradually
evolved into the wurtzite CZTS phase. These results are in
good agreement with previous the reports on wurtzite CZTS
using DDT as sulfur source.24 With the slower reaction rate of
DDT, the growth process is controlled by the bond-breaking
process to release S, and therefore a nearly monodispersed size
distribution was obtained.
As for the case of TAA, it was reported that TAA could react

with OLA to produce H2S and long-chain N-substituted
thioamides.40 The chemical reactions between TAA and OLA
are shown in Scheme 1, and this is adapted from the work of
Petrov and co-workers.40 As shown in the reaction scheme,
reactions 1 and 3 produce H2S, while reaction 2 forms N-

substituted thioamides. The highly reactive H2S leads to the
production of kesterite phases, while the less reactive long-
chain thioamides yield the formation of wurtzite phase.
Therefore, a mixture of kesterite phase and wurtzite phase
was obtained. Our findings agree well with a previous report,
which suggests a phase selectivity for CZTS based on the
reactivity of Zn and S precursors.22

The optical properties of the as-prepared kesterite and
wurtzite CZTS nanoparticles were investigated using UV−vis−
NIR spectroscopy. Figure 7 shows the (αhν)2 versus hν plots,

which are used to calculate the optical band gap, where α is the
absorption coefficient, h is Planck’s constant, and ν is the
frequency of light. The optical band gap can be derived by
extrapolation of the linear region in each curve. The optical
band gaps for kesterite and wurtzite CZTS are estimated to be
1.52 and 1.41 eV, respectively. The optical band gap for
kesterite and wurtzite CZTS estimated based on UV−vis−NIR
measurements agree well with previously reported band gap
range for CZTS.41

To investigate the conduction band (CB) and valence band
(VB) levels of kesterite and wurtzite CZTS samples, CV
analysis was performed on sample S and sample DDT.
Ferrocene was used as the reference material for all CV
measurements. The oxidation potential onset of ferrocene as
marked by the vertical dotted line (Figure 8a) is estimated to be
0.3 V. Using ferrocene as the reference material, the CB and VB
energy levels of the inorganic semiconductors can be calculated
using the following equation:42

= − +E E E[( ) 4.7]eVCB/VB red/ox ferrocene

where Eferrocene = 0.3 V.
In an earlier work, Huang and co-workers determined the

CZTS kesterite VB of 5.19 eV and CB of 3.79 eV using Mott−
Schottky plot.43 Using ultraviolet photoelectron spectroscopy
(UPS), Haight and co-workers estimated the two values to be
5.40 and 3.95 eV.44 Figure 8b presents the CV results of sample
S and sample DDT. On the basis of the results from Figure 8b,
the reduction potential (Ered), oxidation potential (Eox), CB
energy level (ECB), VB energy level (EVB), and the electrical
band gap (Eg) for both kesterite and wurtzite CZTS are
calculated and presented in Table 1. As shown in Table 1, the
VB and CB energy levels are −5.40 and −3.85 eV (sample S)
and −5.43 and −3.91 eV (sample DDT). The VB and CB
energy levels of CZTS kesterite (sample S) are similar to
reported values.44

Scheme 1. Reaction between TAA and OLA

Figure 7. (αhν)2 vs hν plot for as-prepared CZTS kesterite (sample S)
and wurtzite (sample DDT) samples.
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The electrochemical band gaps are determined by the
difference between the VB and CB energy levels to be 1.55 and
1.52 eV for kesterite and wurtzite CZTS, respectively. Both
values matched well with the reported band gap range of 1.4−
1.6 eV for CZTS.41 The slight discrepancies between electrical
band gap and optical band gap could possibly arise from the
interfacial energy barrier between CZTS samples with the
electrode. Therefore, higher band gap values for CV measure-
ments than optical measurements are expected.

4. CONCLUSION
In conclusion, we have successfully synthesized kesterite,
wurtzite, and mixed kesterite−wurtzite CZTS nanoparticles
using elemental S, DDT, and TAA as the sulfur source,
respectively. It was found that the reactivity of the sulfur
precursor plays a key role in determining the phase formation
of CZTS nanoparticles. The elemental S could react with
oleylamine to produce highly reactive small molecule H2S,
which then reacts with Cu, Zn, and Sn species to form kesterite
CZTS nanoparticles. As for the case of DDT, the covalently
bonded S is very stable and hence difficult to be broken down
to release the S atom for the reaction, resulting in a slow

reaction rate, and wurtzite phase is formed. TAA reacts with
OLA to produce highly reactive H2S and less reactive long-
chain N-substituted thioamides, and therefore yields the
formation of mixed kesterite and wurtzite phases. The optical
band gap was estimated to be 1.52 and 1.41 eV for kesterite and
wurtzite CZTS, respectively, based on UV−vis−NIR measure-
ments. The VB and CB energy levels are determined using CV
measurements to be −5.40 and −3.85 eV (kesterite CZTS) and
−5.43 and −3.91 eV (wurtzite CZTS). The electrochemical
band gaps were found to be 1.55 and 1.52 eV.
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