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Abstract

Cu,ZnSnS, generally abridged as CZTS is a potential material for economical thin film
solar cells, due to its appropriate band gap energy of around 1.5 eV and great absorption
coefficient of above 10* cm™. All the constituents of this material are plentiful in the earth’s
crust, and they are non-hazardous making it an elegant alternative. Subsequent to the early
achievement of the CZTS based solar cell with its light to electrical conversion efficiency of
0.6%, significant advancement in this research area has been attained, particularly in the last
seven years. Currently, the conversion effectiveness of the CZTS thin film solar cell has
enhanced to 24%. More than 500 papers on CZTS have been available and the greater part of
these converses the preparation of CZTS thin films by diverse methods. Until now, many
physical and chemical methods have been engaged for preparing CZTS thin films. Amongst
them, spray pyrolysis is a flexible deposition technique. Spray pyrolysis is a simple deposition
technique that finds use in widespread areas of thin film deposition research. This method is
appropriate for depositing good quality films with low cost, clean deposition, and simplicity and
flexibility in the manufacturing design. This script, reviews the synthesis of CZTS
semiconductor thin films deposited by spray pyrolysis. This analysis initiates with a portrayal of
the spray pyrolysis system, and then establish the CZTS and preparation of the CZTS precursor
for coating. A review of spray pyrolysis of CZTS thin films are discussed in detail. To conclude,
we present perspectives for advancements in spray pyrolysis for a CZTS based solar cell
absorber layer.
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Conventional Spray Pyrolysis Technique

Spray pyrolysis technique is rooted in forming an aerosol from diverse precursor solutions of
metallic salts or a colloidal solution. The created solution droplets are then very quickly heated in
a furnace at specified temperature, thus transient throughout a number of stages: (1)
disappearance of the solvent from the exterior of the droplets, (2) drying the droplets including
the precipitated solute, (3) the annealing of the precipitate at elevated temperatures (4) growth of
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micro porous particles of definite phase composition, (5) creation of solid particles . In the spray
pyrolysis process, preparation of consistent and fine droplets of reactants and their controlled
thermal decomposition are tricky operations.
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Fig 1. Conventional Spray Pyrolysis Unit.

Contrast with other synthetic methods, spray pyrolysis has a number of unique benefits. Mainly,
due to its uncomplicated equipment and investigational set up, spray pyrolysis process is an
economic method, and, similarly, it does not necessitate the utilization of premium reagents and
the compositions. Moreover with different synthesis circumstances, the morphology and
dimension of particles can be proficiently controlled. Spray pyrolysis method has several
drawbacks, including (1) it is not simple to improve (2) oxidation of sulfides when processed in
air atmosphere is possible; (3) there are some hurdles in determining the growth temperature. The
spray pyrolysis method is economic and one of the leading methods through which porous films and
films with high-density packaging and high uniformity of particles are obtained. It is also an essential
technique for achieving ultrafine powders with small particle size (<1 um), narrow size distribution (1—
2 um), high purity, high porosity, and large surface area. Typical spray pyrolysis apparatus consists of an
atomizer, precursor solution, substrate heater, and temperature controller (Fig.1) Spray pyrolysis
method has been applied to deposit a wide range of thin films, which are used in different devices such

as solar cells, sensors, and solid oxide fuel cells.

Novel Nebulizer Spray Pyrolysis

Nebulizer Spray pyrolysisis a method in which a nanostructure is obtained when a
solution consists of a precursor is sprayed by a nano porous nebulizer against the hot substrate in
the furnace, leading to the decomposition of the precursor to form the final preferred material on
the substrate. The nanostructure parameters like particle size, shape, and thickness are altered by
controlling the spray energy (gas inlet to nebulizer, gas flow pressure), droplet size of the
precursors, time duration of spray, distance between the spray gun and the substrate, and the
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temperature of the furnace and substrate using manual or automated control systems. Nebulizer
spray pyrolysis is very helpful for the preparation of nano thin films and clusters at large scale, if
the parameters can be maintained constant. Examples of this are Cu, TiO,, CdS, and CdSe.

Alr camprassar Temperature controller

Fig 2. Nebulizer Spray Pyrolysis Unit.

Copper Zinc Tin Sulfide (CZTS):-

The main outstanding prospect energy asset is the solar energy due to its adequate infinite
existence, unlimited power, and little effects on the surroundings. Although the Si-based solar
cells have high efficiency, utilizing these solar cells is limited owing to less flexibility, heavy
weight, and high cost of installation. Bearing in mind, many alternatives have been enquired to
build up flexible, light weight, economic, high efficiency solar cells. Additionally, there has been
an improved recall on utilizing plentiful economical and environmental friendly materials in
fabricating thin film solar cells.

The I,-11-1V-VI1, quaternary semiconducting compound Cu,ZnSnS, (CZTS) which
looks like a greenish black crystal is an appropriate potential substance for solar cell due to
its suitable band-gap energy of about 1.5eV and high optical absorption coefficient over
10* cm™ [1-4]. Contrast to the element In and Ga used in the film of CulnGaSe,(CIGS),
the Zn and Sn inthe CZTS are nontoxic and plentiful. Copper zinc tin sulfide thin film
shows potential of capturing sunlight and converting it into electricity. Structural, optical and
electrical properties of this layer have a deep impact on the whole performance of the solar cell.
So the CZTS thin film is the inexpensive environment friendly absorber layer for thin film solar
cell. So far, the reported vacuum methods for fabricating CZTS thin films consist of pulsed laser
deposition [5], magnetron sputtering [6] and fast co-evaporation method [7], which are
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comparatively expensive since ultra-high vacuum equipment is required. Also, there are some
inexpensive non-vacuum solution techniques for the preparations of CZTS thin films, such as

sol-gel [8], electrodeposited [9], and spray pyrolysis [10].

{3) Kestorine CITS (b) Stannite CI75e

Fig 3. The unit cell of tetragonal (a) kesterite CZTS and (b) stannite CZTS

Table 1. Physical properties of CZTS Thin Films [11, 12].

Properties
S.NO | Parameters

1 Chemical CupZnSnS,
formula

2 Molecular 439.47 gram/mol
weight

3 Density 45 gglem®

4 Melting 999°c (1810°F ; 1260K)
point

5 Boiling N/A
point

6 Solubility in | Insoluble
water

7 Solubility Soluble in acids and alkalis
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Fig. 1. Schematic diagram of the solution based spray pyrolysis route for CZTS thin films.
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CZTS thin films be processed by spray pyrolysis method onto microscopic glass slides
from a precursor solution consisting of copper chloride (CuCl2), zinc chloride (ZnCl2), tin
chloride (SnCl4) and thiourea [(NH2)2CS] with deliberately in excess concentration, dissolved
in distilled water using magnetic stirrer to get a clear solution. Few drops of HCI were added as a
stabilizing agent. Appropriate substrate temperature is needed for good adherence of the film to
the substrate. For thin film deposition, the nozzle-to-substrate distance may be atleast 15 - 30 cm,
whereas a solution flow rate of 5ml/min with air as carrier gas at pressure of 68.95 kPa and
spraying time of 30 is required [13]. The samples were allowed to cool to room temperature and
then taken out for the characterization.

Review of CZTS Thin Films:

1. Impact of stoichiometric and optimal compositional ratios:

Arvind Chavda, et al [14], synthesized CZTS thin films on a F:SnO2 and soda lime glass
substrates by spray pyrolysis method. The prepared samples were post treated by rapid thermal
processing method of sulfurization to increase the stoichiometry and crystallinity of the film. The
structural, optical, surface morphology and electrical properties of RTP sulfurized films were
studied by them. The X-ray diffraction pattern revealed the development of tetragonal CZTS
phase, and is confirmed by Raman analysis. They found that the sulfurized film exhibited better
crystallinity and improved stoichiometry. The optical and electrical data reveal the direct optical
band gap, bulk carrier concentration and resistivity of 1.5 eV, 2.28x1018 cm-3 and 1.21 Q/cm2,
respectively.

Maykel Courel, et al [15], assessed the CZTS thin films physical properties processed beneath
stoichiometric (Cu2ZnSnS4) and best (Cul.6Zn1.1Sn0.9S4) compositional ratios by spray
pyrolysis technique. They studied the effect of different substrate temperatures on the optical,
electrical, morphology and structural properties bearing in mind both compositional conditions.
They performed characterization techniques such as EDX, AFM, Raman, XRD, XRF,
transmittance and reflectance measurements, 1-V, I-T and Hall measurements and confirmed that
samples coated beneath finest compositional ratios shows superior morphological and structural
properties in addition to lower involvement of secondary phases along with band-gap energy

values close to to 1.5 eV as requisite for solar cell applications.
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2. Effect of post deposition annealing:

Tarun Chandel, et al [16], coated single phase nanocrystalline (CZTS) thin films by the spray
pyrolysis method. Using glass substrates the films were coated at 300°C and were consequently
vacuum annealed for 1 hr, at various temperatures ranging from 350°C to 500°C. XRD studies
reveal that the films crystallize in the CZTS kesterite structure fit in to the tetragonal structure.
XRD, AFM and SEM studies showed that the vacuum annealed films are made up of nano-sized
(below 15 nm) particles of CZTS. Optical studies reveal that the optical band gap values are
alike with the reported values for thin film CZTS.

Chan Kim & Sungwook Hong [17], fabricated CZTS thin films using spray pyrolysis method.
The films were annealed in air at annealing temperatures of 350-550°C in increments of 50°C
for annealing durations of 1, 2, and 3 min. The prepared films were investigated using X-ray
diffraction, field-emission scanning electron microscopy (FE-SEM), and ultraviolet visible near-
infrared (UV-Vis-NIR) spectrometer. They found that the best CZTS film is a film annealed at
500°C for 1 min, which had modest properties for fabricating a solar cell device; its band gap
energy was found to be 1.46 eV respectively.

Tarun Chandel, et al [18], coated CZTS thin films on soda lime glass substrates at 300°C.
Aqueous solutions of copper chloride, zinc chloride, stannous chloride and thiourea were used as
precursors and were mixed well to obtain the spray liquid. The films were annealed in vacuum at
350°C, 400°C and 450°C after deposition. Structural and optical characterization was carried out
on the CZTS films using X-ray diffraction and UV-VIS spectrophotometry. XRD results showed
that the films are single phase nanocrystalline CZTS. Optical studies revealed that the optical gap
values are 1.44 eV for the as-grown film and 1.46 eV, 1.48 eV and 1.49 eV for the films
annealed at 350°C, 400°C and 450°C, respectively.

Bwamba Jonah A, et al [19], deposited CZTS thin films on soda-lime glass (SLG) substrate
using electrostatic field-assisted economic spray pyrolysis method. The precursor solution, with
Cu,Cl, ZnCl,, SnCl, and thiourea at optimized concentrations, was sprayed on heated SLG
substrate at a flow rate of 0.33ml/min. The deposition was done at fixed substrate temperatures
of 300°C with different precursor concentrations. After coating, the films were annealed at a
temperature of 350°C in argon atmosphere for 60minutes. The XRD pattern revealed a peak at
the 20 position of 31.7200° with a FWHM of 0.3600° and d-spacing of 2.81863A. The annealed
CZTS films were found to be polycrystalline orthorhombic structure, which is confirmed from

Volume 23, Issue 9, September - 2021 Page-1201



Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

XRD results. The average sheet resistance of the films is in the region of 7.264X107 Qsq of
thickness 100nm under dark conditions. The film micrograph acquired using Carl Zeiss optical
interference microscope confirmed light agglomeration of grains and voids of sparcely dispersed
films.

3. Influence of copper concentration

S. Mahjoubi, et al [20], studied the cause of copper concentration (0.01 to 0.04M) on the
optical, morphological and structural properties of CZTS thin films. The XRD results have
revealed the development of polycrystalline CZTS thin films. They found that the raise in the
copper concentration has enhanced the crystallinity of the CZTS thin films. The optical band gap
was calculated to be 1, 1.8 and 1.6eV respectively for copper concentration 0.02, 0.03 and
0.04M.

K.G. Deepa, et al [21], deposited Cu2ZnSnS4 films by ultrasonic spray pyrolysis method. They
investigated the optoelectronic properties by varying Zn and Sn compositions in the film. The
prepared Films illustrate a tetragonal kesterite structure by privileged orientation along the (112)
plane. They found that the sample with the maximum Cu concentration revealed the least band
gap of 1.46 eV.

In a further investigation, Deepa K.G. and Gauthaman Chandrabose [22], used an automated
ultrasonic spray pyrolysis setup to coat CZTS thin films. They varied Sn concentration to
achieve properties appropriate for solar cell applications. Kesterite tetragonal structured CZTS
phase was prevailing in the entire films. When Cu/(Zn+Sn) > 0.83, films revealed Cu,S phase
besides CZTS phase. Film is almost stoichiometric when Cu/(Zn+Sn) concentration ratio in the
precursor solution is 1.07. When Sn concentration is condensed, Cu concentration increased
proportionally and a remarkable transform in morphology aroused for the Cu-rich films. Every
samples are of p-type in character with resistivity varies between 255 and 0.9 x 10  ohm cm.

Sample with Cu/(Zn+Sn) ratio of 0.83 is appropriate for solar cell applications.

4. Impact of varying molar concentration:

Kiran Diwate, et al [23], deposited thin films of CZTS by spray pyrolysis on glass (SLG)
substrates with different sulphur molar concentration. They used Copper chloride, zinc chloride,
tin chloride and thiourea as precursor materials. They studied the Influence of sulphur variant on

the optical, electrical, morphology and structural properties of CZTS films using a variety of
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characterization techniques such as Raman spectroscopy, low angle XRD, FE-SEM, four probe
methods, UV-Visible spectroscopy, etc. The creation of CZTS was established by Raman
spectroscopy and low angle XRD. The structural investigation revealed arrangement of kesterite
tetragonal phase with favored (112) direction. The energy gap values of CZTS thin films were
found in the range 2 - 2.25 eV over the complete array of sulphur variation studied. The cause for
the difference in energy gap may perhaps because of quantum confinement effects at nanoscale.
The morphological studies of Kiran Diwate, et al, showed arrangement of islands of nanoscale
particulate clusters which comprise the films in the majority of the samples. The films show

advanced resistivity values (in KQ) due to occurrence of the strain in the films.

5. Influence of substrate temperature:

S. A. Khalate, et al [24], deposited CZTS thin films using spray pyrolysis method at diverse
substrate temperatures. They reported the influence of substrate temperature on the optical,
morphological, compositional and structural properties. From the XRD and Raman analysis they
found that the prepared CZTS thin film show kesterite phase devoid of any secondary phases.
Also the internal compressive stress unperturbed with substrate temperature for all CZTS thin
films. The harmonized character of CZTS thin films were pragmatic from chemical composition
and surface morphology study. The optical study endow with improved optical absorption (10*
cm-") in the visible region and energy gap was reduced and initiate pretty close to the most
favorable value of about 1.57 eV to 1.49 eV for solar cell application.

Srinivasan Thiruvenkadam, et al [25], used spray pyrolysis technique to coat CZTS thin films
on soda lime glass substrates. They investigated the impact of variant of substrate temperature on
the optoelectronic and structural properties. The XRD studies revealed that the crystallinity was
enhanced by rising substrate temperature and a polycrystalline nature with (112), (220) and (116)
phases were obtained. AFM was used to investigate the surface morphology of the films. They
found that the average roughness and grain size increases as the substrate temperature increases.
Using UV-Vis—NIR spectrometer, they calculated the optical energy band gap of the films and
was found to be 1.40-1.60 eV which is almost near the optimum band gap of CZTS based solar
cell.

W. Daranfed, et al [26], coated CZTS thin films by ultrasonic spray pyrolysis technique. They
varied the substrate temperature from 280°C to 360°C to examine its influence on CZTS films
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properties. The deposition rate showed two activation energies 0.16 and 0.53 eV, respectively at
low and high substrate temperatures. This revealed that CZTS deposition by spray pyrolysis
passes by two dissimilar processes by rising substrate temperature. The temperature 320°C
corresponds to the changeover between these two processes. The XRD studies revealed that the
coated films have a kesterite hexagonal structure with (112) favored alignment and a crystalline
size, varied from 30 to 52 nm with escalating substrate temperature. Stannate ZnSnQs is there as
a secondary phase. They found that the occurrence of this secondary phase leads to films optical
band broadening. Broad emissions at roughly 1.27 eV was pragmatic in the photoluminescence
spectrum intended at 77 K, it is go together with a small peak positioned at 1.75 eV due the
occurrence of zinc stannate phase ZnSnO3.

6. Impact of film thickness:

N. M. Shinde, et al [27], coated CZTS thin films on glass substrates by spray pyrolysis method.
They investigated the thickness reliant (244-754 nm) optical, structural, morphological and
electrical properties of CZTS films. The X-ray diffraction studies showed the creation of
polycrystalline CZTS films. The SEM image showed the creation of even, condensed and
consistent CZTS surface. Absorption coefficient was of the order of 10* cm™ and based on the
film thickness the direct changeover was observed with energy gap in the series from 1.6 to
1.67eV. The thermo emf measurement revealed that the CZTS films exhibited p-type electrical
conductivity.

7. Effect of starting-solution pH:

Y. B. Kishore Kumar, et al [28], effectively coated CZTS thin films on glass at a substrate
temperature of 643 K. They studied the effect of starting-solution pH on the properties of the
developed films. They varied the solution pH in the range 3.0 to 5.5. The films were
characterized by studying their optical, structural and electrical properties. XRD patterns reveal
that polycrystalline CZTS films with kesterite structure may possibly be produced by a solution
with pH = 3.0. They found that the films are nonstoichiometric and may have binary phases in
the amorphous form. Films coated by a solution with pH = 4.5 have binary phases along with
CZTS. The lattice parameters of CZTS films are found to be a = 0.542 nm and ¢ = 1.085 nm.

The optical band gap of these films is 1.45 eV and the optical absorption coefficient is >10* cm™
1
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8. Impact of spray duration:

N. Kamoun, et al [29], studied growth circumstances and several properties of sprayed CZTS
thin films in order to establish the most excellent preparation conditions for CZTS based solar
cells. The thin films are developed by spraying aqueous solutions containing zinc chloride,
copper chloride, tin chloride and thiourea on heated glass substrates at diverse temperatures.
They optimized the growth circumstances of the CZTS films with two sequences of experiments.
In the first sequence the spray time was set at 30 min and in the second it is fixed at 60 min.
They varied the substrate temperature in each sequence from 553K to 633K. From the
investigation of XRD results, the finest crystallinity was attained for 613K as substrate
temperature and 60 min as sprayed duration. Furthermore, these CZTS films show evidence of
the kesterite structure with favored orientation along the [112] direction. After annealing, they
calculated the optical energy band-gap of the CZTS thin film with finest crystallinity as 1.5 eV
and is very near to the most favorable range for a solar cell.

Recommendations and Conclusion:

Due to uncomplicated nature and more economic over other leading techniques, spray
pyrolysis method would be preferable in order to obtain porous films with high uniformity of
particles. Over the conventional techniques, novel automated nebulizer spray pyrolysis technique
would be preferred for synthesizing nano thin films at a large scale.

CZTS thin films with most excellent synthesis conditions with good crystallinity would
be obtained by novel nebulizer spray pyrolysis technique with starting solution pH values in the
range (3.0 — 5.5), with maximum copper concentration of 0.04M and a spray duration of 30-60
minutes at a substrate temperature ranging from 340°C to 360°C with film thickness in the range
(300nm — 700 nm) and annealed at temperatures ranging from 350°C to 500°C for 30 min — 60

minutes duration.
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