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ABSTRACT: Commercially available compound CulnGa (S, Se) can be replaced with
emerging quaternary compound Cu,ZnSnS, (Copper Zinc Tin Sulphur or CZSS) for
photovoltaic applications due to the high absorption coefficient and optimum bandgap.
Unstable sulphur and the co-existence of binary and ternary phases in CZSS are the
main obstacles for a single-phase kesterite quaternary compound. To overcome these
issues, the researchers are synthesising the CZSS in presence of sulphur and selenium
environment. The sulphurization and selenization are the constraints for the synthesis of
CZSS and these processes make it costlier. In the present work, the wet-chemical method
(i.e., co-precipitation method) was used to synthesise CZSS without vacuum annealing
where the sulphur constituent was controlled by changing the stoichiometric ratio.
X-ray diffraction (XRD) and Raman analysis confirm that the synthesised CZSS was in
polycrystalline and single-phase kesterite nature. The average crystallite sizes for thiourea
16, 18, 20 mmol were found 15 nm, 17 nm and 17 nm, respectively. Surface morphology
of the as-prepared film was identified by scanning electron microscope (SEM) and optical
bandgap of the film was obtained ~1.33 eV by UV-visible (UV-vis) analysis. The 18 mmol
of thiourea with stoichiometric ratio 4.:2:2:9 is found the best optimisation for synthesising
the CZSS without vacuum annealing by the co-precipitation method. Thus, the thin film of
such synthesised CZSS may be employed for the low-cost photovoltaic application.
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1. INTRODUCTION

In the last three decades, Cu,ZnSnS, (CZSS) nanomaterials have attracted
enormous attention by promising development for solar energy conversion due
to high absorbent (>10*cm™), low cost, environment-friendly, non-toxic and
sustainable earth-abundant elements. CZSS has a tunable bandgap of about 1.4 eV
to 1.6 eV, which is very close to the optimum value as an absorber layer in solar
cells."? According to the Shockley and Queisser limit, the bandgap range, 1.4 eV
to 1.6 eV, is suitable for thin-film photovoltaic cells. On the other hand, CZSS is
the counterpart of CulnGa (S, Se) (CIGS) because both Zn (+2) and Sn (+4) have
similar properties to In (+6). But the co-existence of binary and ternary phases,
the synthesis of CZSS puts a lot of hurdles in its development.* An effort has been
laid by researchers to overcome the phase problem by sulphurization process in
inert or vacuum atmosphere.> Such process also has a constraint of cost and time
consumption. So, the exploration of novel methods for the CZSS synthesis has
gained much attention across the globe.

To overcome the problems of the sulphurization process in an inert or vacuum
atmosphere, many researchers have been used other methods for synthesising
CZSS nanomaterial for wide applications such as photovoltaic, hydrogen
generation and light emitting diode (LED), etc.” Co-precipitations, sol-gel,
solvothermal, hot-injection, one-pot syntheses and microwave-assisted methods
are widely adopted for purpose of the photovoltaic application.>**!!" In a design
of a photovoltaic device, the CZSS material is used as an absorber layer.

According to previously reported results, the disadvantage of the device
structure, Mo/Absorber layer/buffer layer/nanostructured metal oxide/metal
grids, is highlighted with regard to the thermal instability in the absorber layer,
which can be only controlled by buffer interface.!? In addition to this limitation,
photovoltaic cells in this configuration have erosion reaction between CZSS and
Mo at back contact, and the surface instability of CZSS has increased during
the heat treatment.'’ This drawback can be overcome by the deposition of metal
oxide on a smooth surface of a substrate with subsequent annealing at high
temperatures to prevent the direct contact of CZSS and the conducting substrate.
It is evident from previous studies that, nanorods are the best substitute for metal
grids.'*!s Hence, the TiO, thin layer was offered the highest conversion efficiency
of 0.25%.'¢ Hamady et al. trying to develop a novel approach of InGaN Schottky
based solar cell device to make the efficiency 22%, theoretically.'” The CZSS
may be a better option in place of GaN in this device.

In the present work, we have described a facile and low-cost synthesis of wurtzite
CZSS Nanocrystals (NCs) without vacuum annealing or sulphurization by the
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co-precipitation method where ethanol and water were used as a solvent. The
co-precipitation method is done at room temperature without any surfactants and
noble gases as well as vacuum process. Besides, this method does not require
annealing the synthesised samples. As compared to other methods, this method
is simple and economical. The formation of kesterite CZSS NCs, ethanol solvent
plays an important role in the CZSS phase transition from a tetragonal structure
and the balanced stoichiometry ratio of the compound optimizes sulphur content.
The novelty in this work lies in the synthesis of NCs CZSS material by an
economically cheaper co-precipitation method without any sulphurization and
selenization because the sulphurization and the selenization processes in the
NCs CZSS synthesis are imparted huge toxicity to the environment. Hence, the
NCs are evident that the surface-to-volume ratio enhances the properties of the
material. The high absorption coefficient and optimum bandgap of NCs CZSS can
be synthesised by the co-precipitation method without sulphurization or vacuum
annealing. The cost-effective thin film of CZSS NCs can be very useful to enhance
the efficiency of the photovoltaic cells.

2. EXPERIMENTAL METHODS

2.1  CZSS NCs Powder Synthesis

The metallic Cu, Zn, and Sn cations were taken as the cupric (II) chloride
(CuCl,.2H,0, Thermo Fisher Scientific India Pvt. Ltd., Maharashtra, India,
98.5%), zinc (II) acetate (Zn[CH,COOH],.2H,0, Thermo Fisher Scientific
India Pvt. Ltd., Maharashtra, India, 98.5%), Stannous or tin (II) chloride (SnCl,,
Thermo Fisher Scientific India Pvt. Ltd., Maharashtra, India, 97%) and the sulphur
anion was taken as thiourea (NH,CSNH,, Sarabhai Chemicals [India] Pvt. Ltd.,
Ahmedabad, India [reagent grade], 98%). In a typical experimental procedure, the
preparation of metal precursor cupric (II) chloride (8 mmol, 0.5455 gram [gm.]),
zinc (II) acetate (4 mmol, 0.3512 gm.), tin (II) chloride (4 mmol, 0.3034 gm.)
were dissolved in 200 ml ethanol in a beaker. The reaction mixture was stirred
continuously for 10 min at 400 round per minute (rpm). After that, thiourea
(20 mmol, 0.6090 gm.) was added in 200 ml ethanol as a sulphur precursor and
stirred well for 5 min, and mixed within the first beaker quickly. The reaction
mixture was stirred continuously for 3.5 h and found a transparent homogeneous
solution. Then, the mixture was transferred into an oven for 3 h at 210°C
temperature and subsequently, it was cooled down to room temperature to obtain
black colour precipitation. This precipitation was further centrifuged at 7,000 rpm
for 15 min and washed several times by distilled water and ethanol, respectively.
The schematic diagram is shown in Figure 1. Finally, it was dried at 80°C in the
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oven and it was crushed into a fine powder using a mortar pestle, named sample A.
Similar process was taken for 18 mmol (0.5480 gm.) and 16 mmol (0.4871 gm.)
of sulphur in the salt thiourea and prepared the fine powder, named as samples B
and C, respectively.

o

150

i
|

Cupric (IT) chloride

L | )
u Stirrer for

200°C
2h Dried at
i 80°C
Zinc (II) acetate Mixture of CZT
(copper, zinc, tin)
\\\bf—/
Tin (II) chloride CZSS nanoparticles

Figure 1: Schematic diagram for synthesis process of CZSS NCs.

2.2 Growth and Formation Mechanism

Generally, in this synthesis process, metal salts react with ethanol and form
the metal alkoxide [M(Tu)m]-OR. Then, the nanocrystals are generated during
the polycondensation reactions. In this process, thiourea reacts with metal ions
and forms the metal thiourea complexes. The metal thiourea complexes are
subsequently subjected to alcoholysis and condensation reactions with ethanol at
210°C and formed the CZSS nanocrystals. The probable reaction mechanisms are
followed as:

M~ X+ Tu — [M(Twm] - X (1)
[M(Tuym] — X + ROH — [M(Tu)ym] — OR + H— X )
M~ X+ Tu — [M(Twm] - X 3)
[M(Tuym] — X + ROH — [M(Tu)ym] — OR + H— X (4)

[M(Tuym] — X + [M(Tu)m] — OR — [M(Tu)m] — O — [M(Tu)m] + R — X 5)
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[M(Tu)ym] — O — [M(Tu)ym] + R — X — Cu,S + ZnS + Sn.S + SnO,

+ Volatile(matter) (6)
CuS+ ZnS+ 5nS — Cu,ZnSnS, (7)
CulS + 7ZnS + Sn0O, — Cu,ZnSnS, ()

The representation of the symbols (M, X, Tu, and R, x) in these equations are
represented as M = metal ions (Cu*, Zn*, Sn*"), X = anions (CH;COO™ or
CIl'), Tu = thiourea and R = organic molecular chains of ethanol, x = quantity of
elements. The gases CS,, CO,, NO,, SO,, H,0, and NH,ClI are volatile materials
and generated during the synthesis process at 210°C. In organic solvents,
thiourea—metal complexes [M(Tu)m]-X is easily generated from thiourea and
metal ions (Cu®’, Zn*, Sn?"), and several complexes are reported with different
stoichiometry.”®" In traditional non-aqueous nanoparticle synthesis routes,
the oxygen in the formation of a metal-oxygen—metal bond is provided by the
solvent or by the organic constituent of the precursor.”’ Generally, M—O bonds,
M-S bonds, and O-M-S bonds of the thiourea—metal complex [M(Tu)m]-O—
[M(Tu)m] system (as shown in Equations from 1-8) have coexisted in the
precursor Sol-Gel method.'®

2.3 Thin Film Preparation

The soda-lime glass (SLG) substrate was used to deposit the CZSS thin film
by spin coater (HSC-8000) and this was used to analyse the scanning electron
microscope (SEM). Before the deposition of the CZSS solution, the SLG substrate
was cleaned by an ultrasonic bath in distilled water and ethanol and was dried
at 80°C in an oven. The CZSS solution was prepared in ethylene glycol (EG)
and found a homogeneous solution after ultra-sonication. The CZSS solution was
deposited by spin coater at 1,000 rpm for 30 sec and was repeated this process
three to five times to get the best thickness of the film. The CZSS film was dried in
the oven at every process of deposition.

3. CHARACTERISATION TECHNIQUES

The structural characterisation of the CZSS NCs was analysed by Bruker D8
Advance X-ray diffractometer with 0.154056 nm wavelength of X-ray (Cu K-a
radiation) in the angle range 20° to 70°. For optical properties, the spectroscopic
measurements have measured the spectra of UV-visible (UV-vis) absorption
using a UV-vis spectrophotometer (ThermoFisher Scientific, Massachusetts,
USA, Evolution 201). Raman scattering patterns were performed by the Raman
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spectrometer model (HORIBA France SAS, Loos, France Jobin-Yvon Lab
RAMHR 800UV) and the wavelength 514 nm of the Raman spectrometer was
used. The surface morphology of CZSS NCs was performed by SEM-JEOL
(JEOL Ltd., Tokyo, Japan, JSEM-6490LV).

4. RESULTS AND DISCUSSION

4.1 X-ray Diffraction (XRD) Analysis

Figure 2 shows the XRD pattern of CZSS NCs in the range of diffraction angle
20° to 70°. The XRD pattern exhibits the signature of prominent peaks at angles
(20) in 28.5°, 47.3° and 56.2° corresponds to the planes (112), (200) and (312),
respectively. The XRD pattern of CZSS confirms standard tetragonal kesterite
Cu,ZnSnS, crystal structure with JCPDS card no. 26-0575. The XRD pattern
reveals a minor presence of impurities or deformations in sample C because the low
peak intensity corresponds to the plane (312). It is cleared from the XRD patterns
of samples A and B that these samples are having less impurity as compared to
sample C. This result suggests that sample A and sample B are free from any such
impurities witnessing the formation of a pure kesterite phase. There is either a loss
in crystallinity or a decrease in crystallite size because intensity and peak positions
are varied slightly from sample A to sample C. The average crystalline size was
to be found 15 nm, 17 nm and 17 nm, respectively by Debye-Scherrer’s formula.
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Figure 2: XRD patterns of CZSS samples A, B and C with the variation of concentration
of sulphur, comparative with standard CZSS kesterite.
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According to Cheng et al., their study showed that strong peaks of Cu,SnS,,
Cu,SnS,, CuS, Cu,S, SnS, SnS, were not found in XRD patterns which is similar
to our XRD results."” So, it confirms that the synthesised CZSS NCs are in the pure
quaternary phase in nature. However, at a first glance, XRD patterns of CZSS, CSS
and ZnS are indistinguishable because the peak (220) in the CSS and ZnS has the
same as the peak (220) in the CZSS. For adequate phase formation identifications
in CZSS samples, further analysis is required. Therefore, Raman spectroscopy of
the samples A, B, and C has been done to differentiate the phases of CZSS, CSS,
and ZnS materials.

4.2  Raman Spectroscopy

The presence of spatial distributions of various chalcogenide phases can be
distinguished by Raman spectroscopy. Minute differences in the phonon densities
of states between the different chalcogenide phases can be distinguished from the
shifting peaks in the Raman scattering of the samples. According to Himmrich and
Haeuseler, CZSS and its phases have distinguished by studying the Raman spectra
and identified a strong peak at 336 cm™' and two weak peaks at 285 cm™' and
365 cm™'.?! Recently, lots of review literature reports on the Raman spectrum of
CZSS have been published where the most intense peak position is found at
332-339 em! and weak peak positions at 251-288 cm™! and 368-374 cm 1.2
The strong Raman peak of the CZSS is associated with the strong Raman peak of
the ternary chalcogenide compounds Cu,SnS; and Cu,SnS,.*

Figure 3 shows the Raman spectrum of chalcogenide CZSS nanocrystals,
which was synthesised through the homemade simple method without any
surfactant. In this figure, Raman spectra are compatible with the XRD results
because XRD data was confirmed that the prepared CZSS NCs are tetragonal
kesterite structures. In the Raman spectrum, this confirmation is justified by
high intensity (major) peaks at 328 cm™', 332 cm™!, 333 cm™' with two shoulder
peaks at 288 cm ™! and 351 cm!, 352 em!, 355 cm™! for prepared samples A,
B and C, respectively. Generally, quaternary compounds of the metal sulphides
form unstable sulphur and co-existence of binary and ternary phases. From the
Figure 3, it can be observed a good peak results for the case without annealing
of the samples. The reason is that the access quantity of sulphur has been taken
in optimisation conditions. In this process, the excess sulphur supply evaporates
sulphur and maintains the stoichiometric ratio. Some minor peaks are identified
with less intensity at 475 cm™' and 575 cm™'. These minor peaks confirm that
there may be the phases of Cu,SnS; and ZnO.* But XRD characteristics already
verified that such compounds do not exist.
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Figure 3: Raman spectra of CZSS kesterite (NCs) synthesised from Cu?, and Sn*" at
210°C while varying the S:M ratio. The sulfur source thiourea was varied from
16 mmol, 18 mmol, 20 mmol, i.e., samples A, B and C, respectively.

From Figure 3, we confirm that the peak intensities of Raman spectroscopy are
shown lower and broader. The broadening of peaks in nanocrystalline materials
is usually described by the phonon confinement model as explained by XRD
results due to crystalline size (15 nm to 17 nm). The phonon confinement leads to
a break-up of selection rules; it also means that the non-zone-centre phonons will
participate in scattering.?! This usually can be seen in an asymmetric broadening
of peaks. However, it is common to observe that the peaks are shifted towards
the higher wavenumbers (e.g., 332 cm™ to 333 cm™). According to the review
literature, the peak of sample A has the wave number 328 cm™!, which is out of the
wavenumber range 331 cm™! to 339 cm™1.222 So, we can say that this sample A is
not in a pure form of stoichiometric range. So, it may not be useful for photovoltaic
applications. The inhomogeneity in the structure is due to the disordered cation
within the sublattice that is detected by peak shifting towards the higher angle
side. Peaks related to secondary phases such as Cu,S, SnS, SnS,, ZnS, Cu,SnS;;
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and Cu,SnS, were not detected. Some of these compounds (ZnS, Cu,SnS; and
Cu;SnS,) have found partially overlapping peaks with CZSS. After analysing the
XRD and Raman characterisations, we conclude that sample B has given the best
results due to the proper stoichiometric ratio for a stable CZSS compound. The
morphology of the samples is studied by SEM.

4.3  SEM Analysis

For the SEM analysis, we have mounted the sample on a mounting stand with
the help of carbon tape. After mounted the sample, the platinum (Pt) was coated.
Figure 4(a), 4(b) and 4(c) show the surface morphology of CZSS NCs thin film
with the variation of sulphur quantity. The morphology of sample A shows
spherical type nanoparticles that are distributed roughly on the SLG substrate and
identified the more cracks in the film. There are more agglomerated crystals and it
is identified agglomeration. In samples B and C, it has been observed that the size
and shape NCs are changed. In these samples, the agglomerations are less and the
films are less cracked compared to sample A.
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Figure 4: (a), (b), (c¢) SEM images of CZSS powder thin film with samples A, B and C,
respectively, and (d) size distribution with fraction percentage.
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The problem of cracking in the film is due to the solvent evaporation rate, which may
be removed by changing the evaporation rate. Here, agglomeration is generated due
to the anisotropic growth of materials during film fabrication. During the synthesis
process, anisotropic growth is being found due to the selective binding nature of
ligands. The obtained result confirms that the crystal growth has improved from
sample A to sample C as the variation of sulphur is increased. Here, we have
analysed the surface morphology at different resolutions because the surface is
not showing the clean surface at the same resolution. Figure 4(d) explains the size
distribution of the CZSS nanocrystals of sample B with the fraction percentage.
This figure confirms that how the size of the NCs distributed in the film. Due
to having a good phase and morphology in sample B, the optical bandgap was
analysed only to see the suitability for the application of the photovoltaic cells.

4.4  Optical Analysis

The good phase and morphology in the sample B were analysed by the XRD and
Raman analysis. So, we have decided to characterise the optical analysis of sample
B only by UV-vis spectrometer. The optical bandgap of sample B is shown in
Figure 5. The energy of the optical bandgap was analysed by using the formula
o= A(hv-E,)"*/hv.

(ahv)? (eV/em?)

Absorption (a.u.)

L} v L) v L] v L} v T v 1

500 600 700 800 900 1,000 1,100
Wavelength (nm)

Figure 5:  UV-vis absorption spectrum of the CZSS NCs. Inset shows the plot of (ahv)?
vs. hv.
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After analysing, the bandgap is to be found 1.33 eV, which is suitable for
photovoltaic cell application. Shockley and Queisser theoretically announced that
such bandgap limit should be =1.5 eV for the highly efficient photovoltaic cell.
So, the calculated bandgap of sample B is covered in this range and sample B is
highly suitable for a photovoltaic cell. Besides this, the XRD analysis has been
shown that the Cu,SnS,; and ZnO phases do not exist which is confirmed by the
optical spectroscopy characteristics. The novelty in this work lies in the synthesis
of CZSS NCs by an economically cheaper co-precipitation method without
any sulphurization and salinization processes. In the absence of sulphurization
and salinization processes, it imparts less toxicity to the material as well as the
environment. The nanocrystals of CZSS have enhanced the surface to volume ratio
properties of the synthesised material. The single quaternary phase, good surface
morphology, suitable optical bandgap in the sample B having CZSS nanocrystals
may be a very useful material for photovoltaic cell application.

5. CONCLUSION

In this article, we synthesised the CZSS nanocrystals with sulphur variation of
the 16 mmol, 18 mmol and 20 mmol thiourea by the co-precipitation method.
The spin coater was used to fabricate the thin-films as samples A, B, C and such
thin films have been used to analyse the surface morphology of all samples. After
the XRD, Raman, and SEM characterisations of the samples A, B and C, it was
confirmed that the sample B with 18 mmol thiourea concentration was found
the best optimisation with the polycrystalline kesterite phase having the better
morphology than the samples A and C. The average crystalline size of sample B
was found at 17 nm. The calculated optical band gap of the sample B by UV-vis
characterisation was showed the suitable for electron-hole generations. These
exciting results demonstrate that the synthesised CZSS NCs by co-precipitation
method without sulphurization may be fulfilled the promise of a low-cost thin film
for photovoltaic cell application. The novelty of this work lies in the synthesis
of CZSS nanocrystals by co-precipitation method without any sulphurization
and selenization processes, which is less toxic to the material as well as the
environment. By the characterisations analysis of the CZSS NCs of sample B,
it has been revealed that the thin film of the CZSS NCs is the economically
cheapest and the best material for photovoltaic cell applications.
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