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Copper-zinc-tin-sulfide (Cu2ZnSnS4 or CZTS) is a promising p-type semiconductor material as absorber
layer in thin film solar cells. The sulfides of copper and tin as well as zinc and sulfur powders were dissolved
in hydrazine. The effect of chemical reaction between precursor species, at room temperature, was assessed
for 6 to 22 h. For 22 h reaction time, the effect of spin coated film thickness on the resulting composition,
after annealing under N2 flow at 500 �C for 1 h, was investigated. The morphology, composition, and
optical properties of the annealed films were determined by means of x-ray diffraction, scanning electron
microscope, and spectrophotometer studies. It was found that, for less than optimal reaction time of 22 h or
film thickness below 1.2 lm, other ternary phases namely Cu4SnS4, Cu5Sn2S7, and ZnS co-exist in different
proportions besides CZTS. Formation of phase-pure CZTS films also exhibited a tendency to minimize film
cracking during annealing. Depending on the processing conditions, the band gap (Eg) values were
determined to be in the range of 1.55 to 1.97 eV. For phase-pure annealed CZTS film, an increase in the Eg

value may be attributed to quantum confinement effect due to small crystallite size.

Keywords band gap, Cu2ZnSnS4, kesterite, semiconductor, thin
films

1. Introduction

I-III-VI2 group-based compounds are p-type semiconductors
with chalcopyrite crystal structure. The chemical composition
CuInxGa1�xSe2, a solid solution of CuInSe2 and CuGaSe2,
possesses very high absorption coefficient (>105 cm�1) and
the ability to tailor band gap energy value in the range of 1.0 to
1.7 eV. Incorporating CuInxGa1�xSe2 as an absorber layer in
thin film solar cells, record power conversion efficiencies of
21.7 [1] and 16.5% [2], respectively, were reported for
individual solar cells and a flexible module with 1.09 m2 area.
The issues of extensive use of In for LCD industry casting
doubts on it future availability, high cost of Ga and hazardous
nature of Se, however, have prompted exploration of alternative
cost-effective, non-toxic compositions. For this purpose,
chalcogenide compounds with general chemical formula,
Cu2(MII)(MIV)(SSe)4, where MII = Mn, Fe, Co, Ni, Zn, Cd,
Hg, and MIV = Si, Ge,Sn, are attractive due to their availability

as naturally occurring minerals and direct band gap values.
Among various stoichiometric compositions, the quaternary
compound copper-zinc-tin-sulfide (Cu2ZnSnS4 or CZTS), has
turned out to be a strong candidate as a cost-effective
alternative replacing In, Ga, and Se by relatively inexpensive,
more abundant and non-hazardous Zn Sn and S. CZTS is a p-
type semiconductor with the cost of natural resources that is
much less than those for CdTe, CIGSSe or Si (amorphous or
polycrystalline)-based thin film PV technologies [3, 4].

CZTS has kesterite crystal structure with direct band gap
energy in the range of 1.0 to 1.5 eV and high absorption
coefficient of ‡ 104 cm�1 [5-8]. CZTS films can be produced
using both vacuum and solution-based processing techniques.
Vacuum-assisted synthesis offers better process control and
minimum contamination level with maximum reported efficiency
of 6.67% [9, 10]. Liquid processing routes, on the other hand,
offer cost-effective alternatives for commercialization, thus
making them more attractive [11]. Synthesis of CZTS nanocrys-
tals and thin films has been accomplished by devising various wet
chemistry routes namely SILAR method [6], electrochemical
deposition followed by sulfurization [12], colloidal synthesis
[13], sol-gel sulfurization [14], spray pyrolysis [15], and
hydrothermal technique [16]. Recent reports [17-20] have
described a particle/solution hybrid approach involving use of
both hydrazine and non-hydrazine solvents towards fabrication
of CZTS-based solar cells with very high efficiencies.

Although initial research focused on vacuum processing of
CZTS/CZTSe-based solar cells, non-vacuum-based techniques
were also explored to assess solar cell device performance.
CZTS incorporation into solar cells using sol-gel method,
electrochemical deposition and solvothermal synthesis resulted
in maximum efficiencies of 1.61 [21], 3.4 [22], and 5.9% [23],
respectively. Record efficiency of 12.6% [24] was reported for a
solar cell incorporating CZTSSe absorber layer fabricated
through a hydrazine solution process. In a typical particle/solu-
tion hybrid approach, an appropriate choice of metal precursors
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together with presence of particles in the solution facilitates wet
processing by resolving the limited solubility issues of any
particular chemical reagent, acting as an efficient binding
medium, possibility to produce relatively thicker stress-free
and crack-free layers and providing the intimate contact for rapid
reactions, thus leading to homogeneous phase formation. Since
this processing approach is relatively new, there are numerous
process parameters that need to be investigated for their effect on
the composition, shape, and morphology of the resulting product.

Among various processing parameters, the reaction time
between precursor species is very critical towards formation of
phase-pure CZTS composition. In this work, we present the
effect of reaction time for a particle/solution mixture containing
sulfides of copper and tin and zinc metal powder with Zn/Sn
and Cu/(Zn + Sn) ratios (by mole) to be �1.36. The film
thickness values obtained from certain spin coating cycles is
another variable whose effect was investigated. Both as-
deposited and the annealed films were characterized for surface
microstructure, composition, and optical properties.

2. Experimental

2.1 Thin Film Deposition

The chemicals used for this study were of analytical grade
with 99.99% purity (Aldrich chemicals) and were used without
any further treatment. Small coupons of sodalime glass (SLG),
259 25 mm2 in size, were used as substrate. The substrates
were ultrasonically cleaned in acetone and then rinsed with
distilled water.

The experiment was carried out at room temperature (23 �C)
in a glove-box under N2 environment to avoid exposure to
hydrazine. The solution was prepared by dissolving copper
sulfide (CuS) and tin sulfide (SnS) in hydrazine (N2H4) in the
presence of zinc metal (Zn) powder. The molar ratio of
Cu:Zn:Sn:S was taken to be 0.90:0.38:0.28:2.0. The S content
in the solution was maintained in excessive amount using S
powder to compensate for its loss during annealing process.

Theoretically, the Cu/(Zn + Sn) and Zn/Sn ratios were main-
tained at a value of 1.36. Complete dissolution of the CuS and
SnS salts as well as Zn metal powder was ensured at room
temperature by means of magnetic stirring at 350 rpm. The
reaction time between various chemical species was varied
from 6 to 22 h to investigate formation of different phases.

After desirable reaction times, the solution was spin cast
over clean SLG substrates at 1200 rpm for 45 s. To ensure
reasonable film thickness, the films were produced after five (5)
spin coating cycles. The annealing treatment was carried out at
500 �C for 1 h under nitrogen flow. Using the solution obtained
after 22 h reaction time, films with different thickness values

Table 1 Identification scheme, processing conditions, and composition of the CZTS films

ID Processing conditions Thickness lm Phase(s) CZTS %
t (nm)

EDS (at.%)

%T Eg (eV)(112) Cu/(Zn + Sn) Zn/Sn

Spin Coating cycles 22 h, 1200 rpm, 45 s
1. 1 cycle 0.97 s Cu4SnS4

¤ Cu2ZnSnS4

1.15 0.47 1.77± 0.04

2. 3 cycles 2.59 s Cu4SnS4
¤ Cu2ZnSnS4

1.03 0.87 1.78± 0.04

3. 5 cycles 3.33 ¤ Cu2ZnSnS4 1.28 0.71 1.89± 0.05
4. 7 cycles 4.80 s Cu4SnS4

¤ Cu2ZnSnS4

1.10 0.55 1.97± 0.05

Reaction time 1200 rpm, 45 s, 5 cycles
5 6 h 0.91 s Cu4SnS4

¤ Cu2ZnSnS4
• Cu5Sn2S7

9.3 7.1, 15.9
59.9
514.8

1.23 0.46 43 1.55± 0.04

6. 12 h 1.54 s Cu4SnS4
¤ Cu2ZnSnS4

+ ZnS

23.6 50.9, 63.3 32.5 1.02 0.88 64 1.61± 0.04

7. 18 h 2.41 ¤ Cu2ZnSnS4
s Cu4SnS4

37.9 42.9
25.5, 29.5

0.72 1.27 75 1.66± 0.04

8. 22 h 3.53 ¤ Cu2ZnSnS4 99.2 29.5 1.21 0.83 44 1.82± 0.05

Fig. 1 X-ray diffraction patterns of the annealed CZTS films ob-
tained after different spin cycles
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Fig. 2 Low and high magnification microstructures of the CZTS films produced after 22 h reaction time and from different spin coating cycles:
(a, b) 1 cycle, (c, d) 3 cycles (e, f) 5 cycles, and (g, h) 7 cycles
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for up to 7 spin coating cycles were produced and examined.
Table 1 lists processing conditions and properties of the
annealed CZTS films.

2.2 Characterization Studies

The crystalline quality and composition of the annealed
films were determined from x-ray diffraction studies (XRD;
STOE Stadi MP) using monochromatic CuKa radiation
(1.5405 Á̊) at operating voltage and emission current values
of 30 kV and 12 mA, respectively. The diffraction patterns
were obtained for 2h values in the 20� to 50� range with 0.01�
step size and 2�/min scan rate. The crystallite size t for phases
present was computed from Scherrer relation t = 0.94k / (b1/2
cosh) where k and b1/2 are the wavelength of the Cu-Ka
radiation and full-width-at-half-maximum (FWHM) of the
diffraction peaks. For spherical particles, the shape factor is a
constant with a value of 0.94.

The surface and cross-sectional morphology was examined
under scanning electron microscope (SEM; JEOL JSM6409A)
operating at 20 kV and field-emission transmission electron
microscope (FE-TEM; JEOL JEM-2100F) with 300 kV accel-
erating voltage, LaB6 electron gun and 0.18 nm point-to-point
resolution. Energy dispersive spectrum (EDS) analysis using
Oxford Instruments X-act detector was carried out over a large
area and the composition was averaged using three sets of

Fig. 3 X-ray diffraction patterns of the annealed CZTS films pro-
duced after different reaction times

Fig. 4 SEM micrographs of the annealed CZTS films prepared from different reaction times: (a) 6 h, (b) 12 h, (c) 18 h, and (d) 22 h. The inset
represents low magnification view and the scale-bar represents a length of 50 lm
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measurements. The thickness values for the spin coated films
were determined using an optical profilometer (Nanovea, PS20)
as well as from SEM images of the film cross-sections.

The optical properties such as percent transmittance (%T)
and band gap energy (Eg) values were measured using UV-vis
spectrophotometer (Labomed UV2500). The optical absorption
spectra were obtained at room temperature in the wavelength

range of 200 to 1200 nm. The nature of direct optical inter-
band transition was computed from Tauc plots using equation,

a ¼ ao hm�Eg

� �
=hm;

where a, hm, and Eg are respective values of the absorption
coefficient, incident photon energy corresponding to a particu-
lar wavelength and the band gap energy.

Fig. 5 The Annealed film produced from powder obtained after 22 h slurry reaction (sample 8, Table 1): (a) Low magnification SEM micro-
graph and (b) Elemental maps for the Cu, Zn, Sn, and S
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3. Results and Discussion

3.1 Effect of Spin Coating Cycles

The annealing temperature was optimized by investigating
the effect of annealing temperature in the range of 480 to
560 �C. It was noticed that annealing at 560 �C causes loss of
SnS to the vapor phase in a two-step reaction: solid SnS
formation along with liberation of S vapors followed by SnS
vaporization [25]. In some cases, SnS evaporation has been
reported to occur at temperatures as low as 350 �C [26]. While
annealing at 560 �C was noticed to induce a drastic change in
surface morphology due to formation and evaporation of some
low temperature volatile phase(s) with residual porosity, the
annealing at 540 �C was also found to be in close proximity to
the CZTS decomposition temperature. Although no significant
difference in film surface morphology was seen upon annealing
at 480 and 500 �C, an optimal value of 500 �C was chosen for
further experimentation to avoid Sn loss as well as CZTS phase
decomposition. Therefore, after 22 h reaction between precur-
sor species at room temperature, the films with different
thicknesses were produced from up to seven spin coating cycles
and subsequently annealed at 500 �C for 1 h. The x-ray
diffraction patterns of the resulting films are presented in Fig. 1.
The XRD results reveal presence of a diffraction peak at 28.52�
with maximum relative intensity which can be assigned to the
(112) plane of the CZTS structure. For both single and seven
spin coating cycles, coexistence of Cu4SnS4 phase is also
noticed through peaks located at 35.6� and 38.8� besides
diffraction peaks characteristic of hexagonal ZnS structure. The
surface morphologies of the annealed films at low and high
magnifications are shown in Fig. 2. For single spin coating
cycle, two distinct regions comprising smooth (appears dark)
and rough morphologies are seen. For multiple spin cycles, the
film surfaces exhibit homogeneous coverage with rough
granular deposits which, at high magnification, are found to

be clusters made up of fine particles along with surface pores.
Among the four different samples, film prepared from five spin
coating cycles indicate relatively more dense morphology and
less porosity level.

For 22 h reaction time between precursor reagents, the film
thickness progressively increases from <1 lm to few microm-
eters upon increasing the number of spin coating cycles from 1
to 7. The samples 3 and 8, prepared under identical processing
conditions, exhibit thickness values in close proximity to each
other (Table 1). An increase in the reaction time (from 6 to
22 h) results in an associated increase in the film thickness for
same number of spin coating cycles, implying that longer
reaction times produce more homogeneous deposit at greater
deposition rate.

3.2 Effect of Reaction Time

To investigate the effect of slurry reaction time on formation
of different phases, films of same thickness values were
prepared after slurry reaction times of 6, 12, 18, and 22 h via
five spin coating cycles and annealing at 500 �C for 1 h. The
XRD patterns presented in Fig. 3 show that after 6 h reaction
time, Cu4SnS4 and Cu5Sn2S7 were the predominantly formed
phases as evident from presence of the diffraction peaks. As the
reaction time was increased from 6 to 22 h, the overall
composition of the films changed from multiphase i.e., different
mixed sulfides of Cu, Sn, and/or Zn to phase-pure CZTS. The
diffraction peaks positioned at 2h values of 28.52� and 47.64�
can be assigned to (112) and (220) planes of CZTS tetragonal
structure (JCPDS 26-0575) [20]. While the peak at 28.52� is
weak with relatively low intensity, it gradually becomes more
intense as the precursor chemicals in the slurry are allowed
prolonged reaction time. The other phases, that are present for
low reaction times and diminish as the time is increased, are
Cu5Sn2S7 (JCPDS 40-0924), Cu4SnS4 (JCPDS 29-0584), and
ZnS (JCPDS 89-2422).

To assess the reaction time effect on crystallite size (t) of
various phases formed, the crystallite size of the CZTS phase
was calculated using Scherrer equation. From (112) diffraction
peak, the t values were found to be in the range of 29.5 to
59.9 nm. The maximum value of 59.9 nm for the film produced
after 6 h reaction time cannot be attributed to the CZTS phase
due to overlap in peak positions for the CZTS and Cu2SnS3
phases. Among other reaction times, while the crystallite size
value for the CZTS phase maximizes for 18 h reaction time, the
reduction in size for 22 h reaction time may be caused by
transformation of other phases to CZTS phase for extended
reaction time between precursor species. For 6 h reaction time,
the crystallite size of the Cu5Sn2S7 phase was �515 nm which
completely disappears upon increasing reaction time. On the
other hand, the Cu4SnS4 phase shows an initial increase in
crystallite size from 7 to 51 nm followed by a decrease to
26 nm upon increasing the reaction time to 12 and 18 h. For
12 h mixing, ZnS phase is found to co-exist with other phases,
as indicated by the weak peak at 21.52�. Thus, among different
reaction times investigated, the reaction time of 22 h was found
to promote formation of phase-pure CZTS structure. It is
noteworthy, however, that Scherrer equation only yields a lower
bound on the particle size with several factors besides crystal
size, namely instrument broadening, microstrain arising from
different lattice defects and non-homogenous solid solution. In
our case, the error margin in the calculated values must not
exceed 5% of an individual value.

Fig. 6 The transmission spectrum of the CZTS film (sample 8, Ta-
ble 1) with inset showing absorption coefficient as a function of
wavelength
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Microstructural examination at low (inset) and high mag-
nification, shown in Fig. 4, indicates presence of rough,
granular microstructure over a relatively smooth surface. At
high magnification, large particles with a change in apparent
surface morphology can be seen (white arrows) which is
indicative of chemical interaction between precursor species
during reaction and afterwards during annealing treatment. The
size of such features is in the range of �350 to 550 nm and
progressively becomes finer upon increasing the reaction time.
For reaction times of 12 and 18 h, some degree of cracking is
also evident in the microstructures, presented in Fig. 4(b, c),
presumably due to solvent removal during the initial phase of
annealing and film consolidation at elevated temperatures
during annealing.

For sufficiently prolonged reaction time of 22 h, the films
become Cu-poor, as indicated by the Cu/(Zn + Sn) values in
Table 1. The presence of binary or ternary compositions, if any,
is believed to be in an extremely small fraction that cannot be
detected from XRD analysis. A low magnification microstruc-
ture of the sample 8 (Table 1) with elemental maps for Cu, Zn,
Sn, and S are shown in Fig. 5. The results indicate homoge-
neous distribution of the constituent elements throughout the
microscopic area selected for mapping.

3.3 Optical Properties

The transmittance spectrum of the sample 4 in the wave-
length range of 200 to 1100 nm is shown in Fig. 6. The

Fig. 7 Tauc plots for the annealed films (500 �C, 1 h) after different reaction times between precursor reagents (samples 5–8, Table 1)
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transmittance values are in the range of 0.50 to 0.62 with value
of the absorption coefficient to be >104 cm�1 as calculated
using the relation a = (1/d)ln[(1�R2)/T], where R is the
reflectance at the surface, d is the film thickness and T is the
transmittance. Since the reaction is allowed to occur at room
temperature, longer reaction times promote the presence of
relatively more broad absorption at wavelengths of >500 nm
beside the presence of CuS phase in the films [27-29].

The band gap energy values as determined from Tauc plots
(Fig. 7) are listed in Table 1. The degree of uncertainty in the
estimated values is caused by errors in determining the slope of
the straight line and the x-intercept. From comparison of the
values obtained, it is found that with an increase in the reaction
time from 6 to 22 h, the Eg values increase from 1.55 to
1.82 eV. For low reaction times, presence of other ternary
phases such as Cu4SnS4 (Eg� 1.5 eV), Cu5Sn2S7 (Eg 1.45 eV)
beside Cu2ZnSnS4 yields an overall low value of the band gap
energy. Up to 18 h reaction time, the increase in the Eg value
can be attributed to some degree of ZnS phase formation and
indirect transition in Cu4SnS4 phase (Eg 1.61 to 1.84 eV)
whereas the higher value obtained for 22 h time is attributed to
quantum confinement effect in the CZTS nanoparticles. The
fact that Cu2SnS3 phase has a relatively low value of Eg

(�0.93 eV) confirms that this phase does not exist [14].
Although quantum confinement effect is more pronounced

once the crystallite size is reduced below 10 nm, it is believed
that a significant fraction of nanoparticles in that size range may
be present in our films (samples 5, 8), thus inducing this
increase in the band gap energy value. A comparison of the Eg

values as a function of crystal size, as predicted theoretically
using bulk CZTS Eg (1.50 eV), Bohr exciton radius
(aB = 4.3 nm) and exciton energy (Eb = 28 meV) [30] in the
expression E(t) = E(¥) + Eb(p aB/t)

2 and the experimentally
estimated Eg values by different groups is made in Fig. 8a. In
contrast with studies that report particle size control using
oleylamine as a capping agent [31, 32], our work is believed to
produce nanoparticles with broad size range along with
significant proportion of ultrafine nanoparticles. The synthesis
conditions including solution chemistry, temperature, and
reaction time affect the nanostructure size with prolonged
reaction times usually leading to an increase in the crystallite
size with subsequent diminishing of the quantum confinement
effect. In our case, however, a relatively longer reaction time of

22 h is anticipated to be optimum for phase-pure CZTS
formation, eliminating presence of other undesirable phases.
The high resolution transmission electron microscope image,
presented in Fig. 8b, shows few individual ultrafine spherical
nanoparticles after annealing of the powder after 22 h reaction
time between precursor chemicals. The particles are 2 to 5 nm
in size and the lattice fringes exhibit inter-planar spacing values
that correspond to the CZTS phase.

4. Conclusions

The processing parameters such as reaction time and film
thickness govern phase composition in the annealed films
prepared from hybrid particle/solution slurry containing zinc
and sulfur and sulfides of copper and tin. Among the range of
synthesis conditions explored, a reaction time of 22 h between
precursor species and a coating thickness of �1.4 lm were
found to yield phase-pure CZTS composition. Increasing the
reaction time from 6 to 22 h progressively reduces the fraction
of compositions other than CZTS, as indicated by x-ray
diffraction data and crystallite size measurements. Also,
elimination of other undesirable phases upon annealing min-
imizes film cracking during annealing. The optical band gap
values indicated a gradual increase with an increase in the
solution mixture reaction time or greater thickness of the films
produced after 22 h reaction time.
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