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Abstract—Cu,ZnSnS, is suitable for high-performance thin-film solar cell because of its high absorbance
coefficient, presence of non-toxic elements, excellent optoelectronic properties, and a near-perfect direct
band gap. The effect of thermal annealing time (1—4 h) on the optical, morphological, and structural prop-
erties of Cu,ZnSnS, coated through a simple solution processable method has been studied in the present
work. All the CZTS films are crystalline in nature with Kesterite structure as shown by X-ray diffraction stud-
ies. Crystallite size, strain, and dislocation density were calculated. However, no notable changes in these
parameters were obtained by varying the annealing time in the above range. Field emission scanning electron
microscopy images show good quality compact films with particle size in the order of 10—15 nm. Absorption
spectroscopy results show an optical band gap of 1.46 eV. Raman spectroscopy was used to check binary or
ternary phases present. It shows that the impurity phase decreases and the pure Cu,ZnSnS, phase was

obtained by increasing the annealing time to 3 and 4 h.
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1. INTRODUCTION

In recent years, the worldwide attraction for
research in the areas of photovoltaics (PV) has
increased, due to challenges like limited availability
and serious environmental issues associated with con-
ventional energy sources [1]. In the last decade, prog-
ress in thin-film technologies has strongly promoted
the second-generation solar cells. Thin-film technol-
ogies effectively reduce the cost of material due to the
demand for fewer material and solution processability
[2]. Besides, thin films can be easily deposited on a
substrate like glass, stainless steel, plastic, etc. [3].

There are many thin-films solar-cell technologies
available that make use of amorphous silicon, copper
indium selenide (CIS), cadmium telluride (CdTe),
copper indium gallium selenide (CIGS), gallium arse-
nide (GaAs) [4]. Solar cells based on the above mate-
rials have high light-to-electricity conversion effi-
ciency of ~20% and are comparatively low in cost.
However, amorphous silicon is not stable, GaAs and
CdTe contain toxic elements like arsenic and cad-
mium, CIGS contain rare indium, and therefore these
type of solar cell materials will not be effective [5]. The
search for alternative thin-film technologies is in
progress through active research. Currently, the qua-
ternary compound Cu,ZnSnS, (CZTS) is widely con-
sidered as an alternative PV material due to the prop-

erties similar to CIGS. CZTS is a p-type semiconduc-
tor of groups I,—II—-IV—VI, and has a direct band gap
~1.5eV. It has high absorption coefficient in the visible
region of solar radiation, low cost, absence of toxic
elements, and presents in abundance on earth [6].
Since the rare and expensive indium is replaced by
cheap and earth-abundant zinc and tin, it is regarded
as an alternative to CIS and CIGS materials. Due to
many distinguishing characteristics of CZTS, solar
cell based on thin-film of this material is the best can-
didate for low-cost energy generation in the future [7].
CZTS thin film can be synthesized by various non-
vacuum or vacuum-based deposition techniques like
electrodeposition using ionic liquid, successive ionic
layer adsorption and reaction, chemical spray pyroly-
sis, chemical bath deposition, sol-gel spin coating
method, etc. [8]. Vacuum-deposition techniques are
complicated, expensive, and non-versatile. Solution-
based deposition techniques are attractive because of
low-cost deposition, low input energy and effective
control over the shape and size of nanocrystals [9].
Thermal annealing the thin films is a common
method used to obtain materials with desired phase
and properties [10, 11].

In the present work, we have studied the effect of
thermal annealing especially focusing on annealing
time on the CZTS thin film properties, prepared by a
comparatively new sol-gel multiple-layer spin coating
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Fig. 1. X-ray diffraction spectra of the different CZTS samples annealed at 300°C for different times.

method. The films have been annealed for different
times (1—4 h) and the effect on the optical, morpho-
logical, and structural properties has been studied by
X-ray diffraction, UV-visible absorption spectros-
copy, field emission scanning electron microscopy,
and Raman spectroscopy studies. Our studies show
that thermal annealing time is critical in removing
impurity, and pure CZTS can be formed upon thermal
annealing for the optimum time.

2. EXPERIMENTAL

CZTS sol—gel precursor solution was synthesized
by adopting the following procedure [12]. In the syn-
thesis of 10 mL of CZTS precursor solution, 10 mL
dimethylsulfoxide was taken in a 25-mL volume coni-
cal flask. Then 0.852 g of CuCl, - 2H,0 (0.5 M) was
added in DMSO to get a deep blue solution. Then pre-
cursor of 0.564 g of SnCl, - 2H,0 (0.25 M) was added
in the flask. The solution was then stirred for 12 h at
room temperature, after which the suspension changes
color to clear light green. Thereafter, 0.341 g of ZnCl,
(0.25 M) was added into the solution, resulting in a
solution having a yellow tint. Thereafter, 1.142 g of
thiourea (1.5 M) was added. A transparent and colour-

less solution was obtained when thiourea completely
dissolves. Finally, 0.058 g of NaCl (0.1 M) was added
into the solution. This solution was then spin-coated
on the glass substrate. In well-optimized conditions
we get a uniform thin film of CZTS material after dry-
ing the samples on the preheated hot plate at 200°C for
2 min. This cycle was repeated six times to obtain the
desired thickness. After final drying, CZTS films were
transferred to muffle furnace to anneal for 1—4 h at
300°C temperature. Thereafter, the films were allowed
to cool to room temperature.

X-ray diffractometer (using CukK, radiation with
A = 1.54060 A, Bruker D8 ADVANCE) was used to
study the structural properties of the formed CZTS
films. Field effect scanning electron microscopy
(FESEM) using Hitachi S4822 was used to study the
surface morphology of the samples. The optical prop-
erties of all samples were measured by UV-visible
absorption spectrometer Shimadzu 1601. Raman
spectra were recorded by using LABRAM HR-800
single spectrometer equipped with an excitation
source 632.8 nm line of He-Ne laser and CCD detec-
tor with a spectral resolution 1 cm™".

Table 1. Values of FWHM, crystallite size, dislocation density, and strain in CZTS films annealed for different times

Annealing time, h 20, deg FWHM Crystallite size, nm Dis.loca.tion ) _3S t.rairzl, 4
density, lin/m 1072 lin~" m
1 28.5 0.6268 13.7 5.4 x 106 2.7
2 28.5 0.5974 14.3 5.2 x 106 2.6
3 28.5 0.6287 13.9 5.4 x 1016 2.7
4 28.4 0.6152 13.6 4.9 x 1016 2.5
SEMICONDUCTORS Vol. 54 No.9 2020
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Fig. 2. Crystallite size and FWHM of CZTS films grown by sol—gel spin coating method.

3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction Study

X-ray diffraction pattern of the CZTS films
annealed at 300°C for different times is shown in
Fig. 1.

X-ray diffraction patterns of the films were
recorded in the 20 range 20° to 70°. The crystallite size
D, strain €, and the dislocation density & were calcu-
lated by using the following formula [13]:

D =(0.94%}
BcosO
_BcosH
4 5

100.nm

*15:32 1 |

Fig. 3. FESEM images of the CZTS films annealed at
300°C for different times.
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where B is the full width at half maximum (FWHM).
From the X-ray diffraction pattern, it is revealed that
for all CZTS samples characteristics peaks were
observed at 28.5°, 32.9°, 47.4°, and 56.3° values of 26.
These are attributed to the (112), (200), (220), and
(312) planes, respectively, and matches with the
JCPDS data (26-0575). It confirms the kesterite struc-
ture of the CZTS thin films. Crystallites have a prefer-
ential orientation in the (112) plane direction and have
a tetragonal phase [14]. The sharp peak for (112) ori-
entation is due to crystalline nature in the material.
The calculated values of FWHM, crystallite size, dis-
location density, and strain are shown in Table 1.

However, there was no clear trend observed with
variation in annealing time in all these quantities. The
crystallite size calculated was in the range 13.5 to
14.5 nm. This indicates that the effect of annealing
time from 1—4 h does not have a significant effect on
the CZTS structure. Also a significant effect on the
defects in the films was not observed. The variations of
FWHM and crystallite size with annealing time are as
shown in Fig. 2.

3.2. Film Morphology and Optical Properties

Particle size and morphology mainly depends upon
the annealing parameters and the composition of the
film. Figure 3 shows the FE-SEM micrograph of
CZTS films annealed at 300°C for different times.

Effect of annealing time on the morphology both at
the nanoscale and micrometer scale was studied.
Upon increasing the annealing time, the particle size
was not affected. The particle size observed was 10—
15 nm for all the films. It was obvious that the surface
morphology of all the films is smooth and uniform
with very few cracks. At the micrometer scale also the
film annealed for 1 h is smooth, and larger features
were not visible in the films. Further, as the annealing
time increases to 2 h, larger particles were seen in the
film. This is due to the growth of some of the particles
in the films. This is consistent with XRD results. Upon
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Fig. 4. UV-visible absorption spectra of the CZTS samples annealed at 300°C for different times.
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Fig. 5. Raman spectra of the CZTS samples annealed at 300°C for different times.
annealing for 3 h, a large contrast was observed Figure 4 shows the absorption spectra of the CZTS
between different regions of the film and the film films annealed for different times.
appeared rough. Upon annealing for 4 h, such features Absorption onset for all the annealed samples is
were also seen. near the 850 nm suggesting an optical band gap of
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1.46 eV. Broadly, the absorption coefficient increases
with a decrease in wavelength. This is consistent with
the already reported literature [15, 16].

3.3. Raman Spectroscopy

Figure 5 shows the Raman spectra of CZTS films
annealed at 300°C for different times.

Excitation was performed with 632-nm wavelength
to confirm the phase purity of samples. It is important
to acknowledge that XRD is singly insufficient to
determine the phase purity of the CZTS films [17, 18].
The Raman spectra show high intense peaks at
336 cm~! and a comparatively less intense peak at
287 cm™~! consistent with previously reported values
for CZTS material [19, 20]. These peaks are corre-
sponding to the A4, mode due to the vibration of
S atoms surrounded by motionless neighboring atoms.
The intensity of these peaks is, however, less for the
film annealed for 1 hour, and it increases by increasing
the annealing time. This is an indication of enhanced
crystallization after annealing for 2 h and more. The
peaks at 257 and 287 cm™! are also attributed to the
CZTS keserite phase [21]. A less intense shoulder peak
was observed at 343 cm~! upon annealing for 1 hour.
This is attributed to the Cu;SnS, phase [22]. The
intensity of this peak increases upon annealing for 2 h.
Upon annealing for longer times, however, this peak
disappears indicating the time-dependent phase
transformation towards the formation of pure CZTS.
This suggests that good phase of CZTS in the films is
formed upon annealing for 3 and 4 h of annealing
times.

CONCLUSIONS

We have reported the effect of thermal annealing
time on the CZTS film properties prepared by sol—gel
spin coating method on glass substrates. CZTS sam-
ples annealed for 1, 2, 3, and 4 h. CZTS film annealed
at 300°C for different times show the kesterite phase in
all the samples. Raman spectroscopy results show the
presence of Cu,;SnS, upon annealing for 1 and 2 h.
The content of this impurity decreases upon increas-
ing the annealing time. Thermal annealing time is
therefore a critical factor for obtaining pure CZTS
films.
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