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CuzZnSnSs (CZTS) is a promising material for use in solar cells. The
special properties of this substance include its occurrence on earth, its
low cost, its non-toxicity, its high absorption coefficient, its p-type
conductivity and its ideal band gap. CZTS has a stannite (ST) and
kesterite (KS) crystal structure. Kesterite has excellent thermodynamic
stability compared to stannite. Therefore, CZTS is most common in
this era. Sputtering, thermal evaporation, pulsed laser deposition, spray
pyrolysis, chemical vapor deposition, spin coating, electrodeposition,
SILAR, sol-gel, solvothermal and hydrothermal processes are among
the various processes used to produce CZTS thin films. The
solvothermal and hydrothermal processes are widely used to produce
high quality nanocrystals with unique morphology and crystallographic
structure and to produce them at low cost. In addition, the solvothermal
and hydrothermal processes have been used to fabricate various
categories of photovoltaic devices with CZTS, including
photoelectrochemical cells, dye-sensitized solar cells, perovskite solar
cells, and heterojunction solar cells. In addition, the solvothermal and
hydrothermal methods have been used to fabricate other types of
photovoltaic devices with CZTS, such as photoelectrochemical cells,
dye-sensitized solar cells, perovskite solar cells, and heterojunction
solar cells. In addition, it provides an overview of the use of CZTS in
photovoltaic applications produced by hydrothermal and solvothermal
techniques. The article also addresses the obstacles encountered in the
implementation of these applications. Finally, it offers the possibility
of finding solutions to these difficulties.
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1. Introduction

Because of the anticipated increase in global energy consumption, humanity must be able to generate 30 TW of
electricity (1 TW = 10% W) by 2050 without emitting carbon dioxide. Solar photovoltaic (PV) offers the
potential to supply the world's energy requirements in the future [1]. The two most common wafer technologies
used to produce photovoltaic (PV) cells are crystalline silicon and polycrystalline silicon, which account for
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more than 80% of the market. Thicker coatings are necessary for these technologies' indirect bandgap absorber
material to maximize the amount of solar energy absorbed. The need for perfect crystals in high-efficiency solar
modules drives up the cost of PV equipment. As a result, thin-film PV technologies have become increasingly
popular as an alternative to traditional PV technologies in modern PV development [2]. Recent reports indicate
that thin-film PV systems utilizing direct bandgap materials, such as cadmium telluride, copper indium
diselenide, and copper indium gallium diselenide, can achieve module conversion efficiencies ranging from
16.5-21.5 percent [2-4]. The presence of hazardous Cd and Te and the expensive cost of Ga and In restricts the
potential for further developments in solar cells [5-7]. Therefore, researchers are looking into cheaper, more
efficient, and safer alternatives for solar cell construction. The discovery that Cu,ZnSnSs (CZTS) and CIGS
share structural similarities piqued the interest of scientists. As well as the earth's abundance, low cost, non-
toxicity, perfect band gap, high absorption coefficient, and P-type conductivity of CZTS are additional special
features [8]. Because of these features, it is perfect for use in solar cells. The electrical and optical properties
greatly affect solar cell performance, mainly regulated by the absorber material's composition and crystal
structure [9].

There are a variety of physical and chemical techniques that can be used to prepare CZTS. Chemical techniques
offer greater convenience and cost-effectiveness in comparison to physical processes. Chemical procedures
include vapor-based and wet chemical (solution-based) methods. The wet chemical approach is more cost-
effective compared to chemical vapor-based technologies. The material is synthesized using a variety of
processes, including spray pyrolysis, electrodeposition, spin coating, anodization, hydrothermal, solvothermal,
sol-gel, co-precipitation, and combustion. Typically, these approaches entail a reaction process that may or may
not involve thermal aid [10]. Chemical methods offer more ease in controlling deposition parameters compared
to physical approaches. Techniques such as sequential ionic layer adsorption and reaction (SILAR), spin coating,
solvo/hydrothermal, electrodeposition, spray pyrolysis, and chemical bath deposition (CBD), anodization are
employed to produce microcrystalline films onto the substrate directly. Meanwhile, various techniques such as
hydrothermal, sol-gel, co-precipitation, and combustion are employed to synthesize nanoparticles of the desired
material [11]. These nanoparticles are then mixed with a suitable solvent to produce an ink or paste and
subsequently subjected to heat treatment. Solvothermal and hydrothermal approaches have also gained
significant popularity due to their ability to produce high-quality nanocrystals with distinctive shapes and crystal
structures. Also, it offers several morphologies [12-15].

Several exhaustive reviews published on CZTS were prepared using sputtering, spray pyrolysis, and pulsed laser
deposition methods [16-18]. However, there is no comprehensive review of the preparation of CZTS by
solvothermal and hydrothermal methods. This review primarily concentrates on the fundamental aspects of
CZTS growth by utilizing the solvo/hydrothermal process. We provide a concise examination of the factors that
impact the structure, shape, and optical characteristics of CZTS produced using hydrothermal and solvothermal.
Finally, we summaries the photovoltaic devices fabricated based on the CZTS compound and the challenges that
affected these devices.

2. Structure of CuZnSnS,

Due to its distinctive features, the scientific community has recently been more enthusiastic about the (CZTS).
12-11-1V-1V4 quaternary semiconductor compound was developed by replacing In atoms in CulnS; (CIS)
chalcopyrite ternary compound with Zn and Sn atoms, respectively. The crystal structure of CZTS is composed
chiefly of stannite (ST) and kesterite (KS).As can be seen in Fig. 1, the crystal structures of the CZTS
compounds ST and KS have been determined. The only difference between the two structures is how the Cu and
Zn atoms are arranged [18]. The KS has a lower formation energy; the KS and ST bond energies are identical (3
MeV/atom). Kesterite is thermodynamically more stable than stannite. Hence, it is the phase in which CZTS
typically occurs. CZTS and CIGS share similar carrier concentrations and absorption coefficients. CZTS also has
poor qualities like carrier lifetime. This short carrier lifetime could be caused by recombination at grain
boundaries or a large concentration of functional defects [20]. CZTS has a direct band-gap energy of 1.4 to 1.5
eV, p-type conductivity, and uses non-toxic and abundant earth elements, all of which may stimulate its
widespread adoption as an inexpensive, non-hazardous, environmentally secure, and abundant absorber layer in
thin film solar cells (TFSCs) [21]. Table 1 shows the physical properties of the CZTS compound [17, 22].
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Figure 1: kesterite and stannite structures of CZTS compound [19].

Table 1: The properties of the CZTS compound [17, 22].

Parameters Properties
Chemical formula Cu2ZnSnSs
Molecular weight 439.47 g/mole
Density 4.56 g/cm?
Melting point 990 C°
Solubility in water Insoluble
Solubility Soluble in acids and alkalis
Thermal conductivity for single crystalline 51 WmlK!
Thermal conductivity for poly crystalline 40Wm'K!
Lattice constant a 542 A
Lattice constant ¢ 10.848 A
Conductivity P-type

3. Solvo/hydrothermal Method

A solvo/hydrothermal reaction is any chemical reaction that occurs in the presence of water or an aqueous
organic solvent and mineralizes at high pressures and temperatures to dissolve and recrystallize generally
insoluble materials [23]. These methods have been widely used in waste treatment [24], synthesizing traditional
and modern materials and imitating geothermal and biohydrothermal processes. As a result, the study of
solvothermal and hydrothermal processes is the initial stage in creating new materials such as TiO,, CdS, CuS,
ZnS, TiO2:Mn, TiO2:Ni, Bi2MOs and CdS: Mn [25-31]. Three features distinguish a hydrothermal system: it
accelerates the rate of hydrolysis, increases the rate of interaction between complex ions, and significantly
modifies the redox potential of the reactants. Typically, there are two types of elementary chemical reactions. An
example of such a reaction is the ionic reaction, which involves the exchange of ions in inorganic substances and
can be rapidly accomplished at ambient temperature. The free radical reaction is another example, as is the
explosive decomposition of organic molecules [32]. Understanding the correlation between water pressure and
temperature helps enhance understanding of hydrothermal synthesis [33, 34]. The relationship between water
pressure and temperature for different fill degrees is seen in Fig. 2. The degree of fill and pressure for a normal
solvo/hydrothermal synthesis experiments are typically between (50%-80%) and (200-3000) bar, respectively.
The reaction solution's filling affects the pressure under hydrothermal conditions [34, 35]. Occasionally, the
reaction pace can be enhanced when the solvent or a constituent of the reactants alters the chemical and physical
characteristics of both the reactants and the resulting products [34]. In summary, under high temperature and
hydrothermal pressure conditions, water may function as water serves as reaction media for hydrothermal
synthesis. In contrast, other organic solvents are used in solvothermal synthesis. In solvothermal synthesis, the
organic solvent serves as both a reaction media and a solvent-reactant complex that dissolves or partially
dissolves the reactants, affecting the rates of the chemical reactions [23, 33]. The organic solvent might
potentially influence the concentration and condition of the reactive active species, hence modifying the
reaction's progression. Before selecting an organic molecule as a solvent, evaluating its role in the synthesis
process is essential. The solvothermal method has utilized a variety of alcohols. The relationship between the
organic pressure and the temperature of various organic solvents is illustrated visually in Fig. 3 and 4 is a
representation of autoclaves made of stainless steel and Teflon that have components on the inside. The
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hydro/solvothermal technique for crystal growth has benefits over other approaches, such as forming unstable
crystal phases close to the melting point. The hydrothermal method also permits the hydro/solvothermal

development of substances with high vapor pressures near their melting points. The process is also well suited
for the composition-controlled development of massive, high-quality crystals [35].
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Figure 2: The correlation between water temperature and pressure at various fill levels [34].
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Figure 3: The relationship between temperature and pressure for several organic solvents [36].
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Figure 4: Image of Teflon lined stainless steel autoclave with inner components [37].
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3.1 Advantages of Hydrothermal and Solvothermal Methods

There are several advantages of hydrothermal and solvothermal methods such as Oxides, hydroxides, chlorides,
acetates, and nitrates are used as inexpensive precursor chemicals in the process. Also, low-temperature
hydrothermal synthesis may produce various effects even at temperatures below 300°C. Stable precursors may
be destroyed under pressure at a comparatively low temperature, preventing the significant agglomeration that
solid-state processes often bring about at high sintering temperatures. The powders made during
solvo/hydrothermal synthesis are notably purer than the components used in the process. Growing crystals or
crystallites have a natural tendency to avoid absorbing impurities from their surroundings during the
hydrothermal crystallization process post-sintering or calcination processes are seldom necessary for
powders/film generated using the solvo/hydrothermal technique. Because it employs a closed system that allows
for the retrieval and reuse of numerous different components, synthesis is an environmentally friendly process
[34, 36, 38].

3.2 Disadvantages of Solvo/ hydrothermal Method

The disadvantages of solvo/ hydrothermal method are: a major drawback of the solvo/hydrothermal synthesis
technique is the rather long procedure, which can take anything from four to seventy-two hours. One
disadvantage of hydrothermal and solvothermal synthesis is the energy consumption it entails due to the
temperatures and pressures normally needed. Extreme and corrosive conditions, including high pressures,
temperatures, and reactive solvents, are common for hydrothermal and solvothermal reactions to take place.
Corrosion of the reaction vessels or degradation of the produced materials are some of the potential outcomes of
these conditions. These corrosive and reactive situations necessitate using specialized materials and equipment
that can endure them. Finally, achieving reproducibility and standardization can be challenging in hydrothermal
and solvothermal synthesis. Small variations in parameters for reactions, such as pressure, concentration,
temperature, and reaction time, can significantly affect the resulting materials. Ensuring consistent and reliable
synthesis conditions can be demanding and require careful optimization [34, 36, 39].

4. Growth Mechanism
CZTS compound may be grown by solvo/hydrothermal as particles or as a film.

4.1 Growth Mechanism of Particles

Crystallization directly from solutions is a procedure used to synthesize materials using hydrothermal/
solvothermal processes. Nucleation and crystal growth are the two usual steps to synthesize materials using
hydrothermal and solvothermal processes. By adjusting processing variables like pH, reactant concentrations,
temperature, and additives, it is feasible that the final product can be made with the specified particle sizes and
shapes. Improve the size and shape regulation achieved by adjusting the process parameters. Supersaturation
determines the overall rates of nucleation and growth. Supersaturation is the difference between the saturation
concentration and the accurate concentration of a species in a solution [40]. Nucleation occurs when the solute's
solubility in the solution surpasses its limit or when it is supersaturated. Even though it is difficult to estimate the
precise reaction equilibrium due to the large number of species involved, various thermodynamic models have
been created to evaluate the solubility of the species in hydrothermal/solvothermal systems, particularly in
aqueous solutions. For instance, Shock and colleagues have revised the Helgeson-Kirkham-Flowers (HKF)
model [41, 42]. Hundreds of inorganic compounds' aqueous solution solubilities have been predicted using the
HKF model across a large temperature and pressure range (25-1,000 C, 1-5000 bar). The solvent's
characteristics, especially its density and dielectric constant, significantly impact the solubility of species in the
solution. The process is irreversible, and the solute forms crystal aggregates that can grow to a macroscopic
scale. After nucleation, the crystals engage in many processes that lead to their growth, such as incorporating
growth units from the surrounding solution into the existing crystal structures. There is no difference in
composition between these growth units and crystal entities, and the structures can be the same or different. The
various processes involved can be simplified into four general categories: surface unit mobility, surface unit
attachment, growth site attachment, and solution unit movement. The crystal growth of particles prepared by a
cuhydrothermal/solvothermal method is depicted in Fig. 5 [42].
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Figure 5: The mechanism of crystal development in a hydrothermal/ solvothermal environment [42].

4.2 Growth Mechanism of Film

A CZTS film was deposited using a solvo/hydrothermal process with the help of a complexing agent. Because it
gradually releases metal ions throughout the deposition process, the organic complex agent is critical for
producing high-quality thin films. Ostwald's ripening rule is the fundamental principle governing the
development of thin films. According to reports, large crystals grow at the cost of smaller crystals [43]. Many
tiny crystals form during the start of a system, but almost all of them disappear after a while, except a handful
that enlarge. The smaller crystals' nucleation nuclei contribute to the formation of larger crystals. The smaller
crystals in the vicinity disappear as the larger crystals expand. During the solution phase reaction, it is common
for smaller clusters with a higher number of atoms to form, often resulting in a nucleation process. During the
nucleation process, the formation of several smaller particles occurs, resulting in the production of larger
particles [43]. CZTS films were formed explicitly due to the progressive liberation of ions from the complexes'
dissolution. During a typical reaction bath, metal ions (Cu*, Zn?*, Sn **) and chalcogen (S**) constantly move
and nucleate on the substrate surface. Following the initial reaction stage, the ions promptly condense under
optimal reaction conditions as the reaction time increases. Thus, the formation of the necessary thin layer is
identified by observing the step-by-step process of ion-by-ion condensation through the successive accumulation
of ions on the surface of the substrate. [45]. Fig. 6 shows the schematic and photograph for film prepared under
elevated temperature and pressure.

oy AT
-9 »' 2 2
Hydrothermal method ‘

Figure 6: shows the (A) schematic diagram of preparation CZTS film and (B) photograph of CZTS film [46].

Power
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5. Effect of Hydro/solvothermal Parameters on Structural, Morphological, and Optical Properties of
CZTS

Many papers reported the formation of CZTS NPs/ film using hydrothermal and solvothermal methods [47-48].
Table 2 shows the survey of synthesis of CZTS using hydrothermal and solvothermal methods.

Table 2: The materials source and work conditions of CZTS prepared using solvo/hydrothermal methods.

. Complex Preparation Preparation
Material sources Method agent Solvents Times (h) Temperature (°C ) Ref.
CU(CHsCOO)z, Hydro-
Zn(CH3COO0),, SnCl, - Water 24 200 [47]
. . thermal
and thioacetamide
CuCly, Zn(C2H303),, Solvo- Ethylene
SnClsand S thermal diamine 16 180 [48]
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CuCly, Zn(C2H302),, Hydro-

SnClyand NH.CSNH;  thermal ] Water 16 180 [48]
CU(CHsCOO)z, Solvo-
Zn(CH3CO00);, SnCl; - Ethanol 48 400 [49]
. thermal
and L-cysteine
CuCly, ZnCly, and Hydro-
SnCly, and NH,CSNH,  thermal i Water 24 200 [50]
CuCl,-2H,0, Hvdro.
(SnCl,-2H,0, ZnCl, th:rmal Water 20 200 [51]
and NH2CSNH2
CuCly, ZnCly, and Hydro- .
SnCl, and NH,CSNH, thermal Citric acid Water 24 190 [52]
CuCly-2H,0,ZnCly, Polyvinyl
SnCla-5H,0,and tig:‘sal pyrrolidone Et:'ylf):‘e 30 180 53]
NH,CSNH; (PVP) gy
Cu(CH3COO)z,. XH,0
Zn(CHsCOO0)s, SNCl, tig:‘r’;’al : etlhi';”te 12 180 [54]
and NH,CSNH, g
CUClz,ZﬂClz,
SnCla.5H;0,and tiz:\r/r?m ; Em:ng 24 210 [54]
SC(NH,),
CuSOs, Hydro-
Zn(NO3).6H:0, chrmaI CaHaN; Water 25 200 [56]
SnCly.5H,0, and S
Cu(CH3CO0). HO
Zn (CH3COO)2 Hzo thermal CleH35N Ethenol 4 200 [57]
SnCLg,and SC(NHz)z
Water
ZnCl3,SnCl;,CuCl; and Solvo- ) FHMTM+ 18 220 [56]
Na.S thermal
C2oHsgN2

5.1 Impact of Preparation Temperature

Below is a survey of the last 5 years of studies that show the effect of preparation temperatures on structure,
morphology, and optical properties. Pinzon et al. conducted the preparation of Cu,ZnSnS, particles utilising a
hydrothermal method, employing various temperature conditions (200 °C, 220 °C, 240 °C, 260 °C, and 280 °C)
over 32 hours. Subsequently, the solid materials underwent calcination at 400°C for 2 hours. The structure of
CZTS particles was proven to possess a tetragonal geometry. The preferred orientation of the CZTS crystal
aligned with the (112) facet. Additionally, all samples exhibited the production of Cu,xS within CZTS. The
transmission electron microscopy (TEM) investigations revealed that, despite undergoing thermal treatment, the
sample maintained a nanometric structural shape. The samples demonstrate absorption in the wavelength region
of (600-800) nm, indicating a band gap energy of approximately 1.54 eV [59].

Kalyani T. et al. employed an efficient, cost-effective hydrothermal technique to synthesize quaternary CZTS
nanostructures. CZTS material characteristics were investigated in detail as a function of reaction temperature
(140, 160, 180, and 200) °C. They found pure CZTS obtained at 180°C and 200 °C. The binary or ternary phase
impurities obtained at lower reaction temperatures are due to incomplete reaction. Spherical particles of uniform
size that extend from 100 nm to 1 pm were acquired under a temperature condition of 200°C. The UV-visible
measurement indicated that all samples exhibited strong and broad absorption spectra. The values of the optical
band gap estimated from the Tauc plot were (1.10, 1.25, 1.48, and 1.50) eV for samples prepared at (140,
160,180, and 200) °C, respectively [60].
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Zheng H. et al. employed the solvothermal method to fabricate CZTS thin films on FTO substrates. The
morphology, structure, and optical properties of CZTS thin films were analysed using Scanning electron
microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy, and ultraviolet-visible spectrophotometry.
The films were deposited at different temperatures (140 °C, 170 °C, 200 °C, and 230 °C). The XRD and Raman
investigations verified the presence of a single phase during the preparation process at temperatures of 230 °C
and 200 °C. Nevertheless, the samples synthesized at 140 °C and 170 °C exhibit limited binary and ternary
impurities. CZTS thin films at 140°C and 170°C consist of many spherical particles with a typical size range of
300-450 nm. The nano-sized Cu,ZnSnS, thin films produced at 200 °C spread vertically across the FTO
substrates. The CuZnSnSs thin films exhibit a composition consisting of spherical particles. When the
deposition temperature is raised to 230 °C. However, closer inspection reveals that these particles are composed
of many nanorods with dimensions of 200 nm in length and 20 nm in diameter. The samples were found to have
high and wide absorbance spectra. The optical band gaps that were retrieved from samples made at 140 °C, 170
°C, 200 °C, and 230 °C are 1.58 eV, 1.54 eV, 1.52 eV, and 1.53 eV, respectively [61].

Satish, S. P. and colleagues successfully synthesized CZTS films using a one-step hydrothermal technique. The
researchers investigated the impact of different preparation temperatures (180°C, 200°C, and 220°C) on the
structural, morphological, and optical characteristics. The evolution of uniform and densely packed nanospheres
and pure kesterite CZTS structure was confirmed by utilizing XRD and field emission scanning electron
microscopy techniques. The creation of polycrystalline thin films is confirmed through high-resolution
transmission electron microscopy (HR-TEM) and selected area electron diffraction (SAED) analyses. The UV-
visible measurements indicated that the films showed intense and broad absorption spectra in the UV-visible
region. The optical band gaps were determined to be 1.54 eV, 1.50 eV, and 1.44 eV for samples synthesized at
temperatures of 140 °C, 170 °C, 200 °C, and 230 °C, respectively [10]. Table 3 shows the details of
solvo/thermal methods based on temperatures. Fig. 7 displays the SEM images of the Cu,ZnSnS, sample
prepared at different temperatures. Table 4 shows the effect of preparation temperatures on structure,
morphology, and optical band gap for the last twelve years.

Table 3: The details of solvo/hydrothermal methods based on preparation temperatures for the last twelve years.
Preparation

Metals sources Sulfur method Solvents Pre_paration Temperatures Ref.
sources Times (h) °C)
CU(N03)2'3H20,
Zn(CH:CO0),-2H;,0),  CH.N,S  Hydrothermal ~ Water 24 160, ;38 and e
and (SnCls-4H,0)
Cu, Zn, and Sn Absolute 230, 240, and
powders S powder Solvothermal alcohol. 18 250 [63]
CU(N03 )3 .3H2 O,
Zn (CH3 COO0); , and CH4N,S Hydrothermal Water 32 200,220,240,260, [59]
and 280
SnC|2
CuCl,.H;0, ZnCl,, 140, 160, 180,
and SnCl,.5H,0 CeH12N204S;  Hydrothermal Water 30 and 200 [60]
CuCl3-2H20,ZnCl,, 170, 190, 210,
and SNCl.-5H,0 C2H:sNS Hydrothermal Water 24 and 230 [64]
Polyethylene
glycol-400
CuCl3-2H20,ZnCl,, 160, 170, 180,
and SnCly-2H,0. CH4N,S Solvothermal  (PEG-400), 22 and 190 [65]
ethanol
(CH3CH,0H)
Cu (CH3COO)2.H20, ethvlene
Zn(CHsCOO0), .2H:0, CH:sN,S Solvotherm | cgll (EG) 24 180, and 220 [66]
and SnCl,.2H,0 gy
(CuClz-2H,0), ZnCl,, CH:4N,S Solvothermal H,C,0. 24 140, 170,200,  [61]
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and SnCl,-2H,0 HesC,0 and 230
Cu(CH3C00),-2H;0,
Zn(CH3CO0),- 2H,0, CH4N,S Hydrothermal Water 4 180, 200,220  [10]

and SnCl,

AN

Figure 7: The SEM images of CZTS film prepared at different temperatures [61].

Table 4: The structure, morphology, and optical band gap of CZTS prepared by solvo/hydrothermal method as a

function of preparation temperatures for last twelve years.

Preparation Optical
temperature °C Structure Morphology baneci/ gap Ref.
Irregular in shape
128 CZTCS;%JZ‘XS Sheet-like structures igg 62
Sheet-like structure were cross- : [62]
200 CZTS . 1.50
connected to form a flower- like
230 CZTS+Cu,-xS - -
240 CZTS+Cu».xS Nano-flakes oriented - [63]
250 CZTS perpendicular to the surface of the 1.45
substrates
170 CZTS+ CupxS+ ZnS+ Cu,SnS;+ Hexagonal nanoplates -
CuZSnS4
190 CZTS+Cuz.xS+ CuzSnS, Hexagonal nanoplates - [64]
210 CZTS+ ZnS +Cu,SnS3 +CusSnSy Agglomeration nanoparticles -
230 CZTS Spherical nanoparticles 1.49
160 CZTS Spherical structure -
170 CZTS Agglomeration spherical structure - 65
180 CZTS Worm-like structure 1.62 [65]
190 CZTS +ZnS Worm-like structure -
180 CZTS Spherical-like structure 1.45 66
220 CZTS Flower-like structure 1.28 [66]
140 CZTS+ CurSnS; +CuzxS Spherical structure 1.58
Spherical structure
170 CZTS+ CuSnS; +Cuy.xS -
200 C7TS Nano-sized 1.54 [59]
Spherical particles composed of a 1.52
230 CZTS
large number of nanorods 1.53
140 CZTS+ CusSnS4, ZnS, and SnS; - 1.10 [60]
160 CZTS+ Cu3SnSs4, ZnS, SnS, - 1.25
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180 CZTS - 1.48

200 CZTS Spherical particles 1.50

200 CZTS+ CuzxS Nanometric structure -

220 CZTS+ CupxS Nanometric structure -

240 CZTS+ CuzxS Nanometric structure - [61]
260 CZTS+ CupxS Nanometric structure -

280 CZTS+ CuyxS Nanometric structure 1.50

180 CZTS Spherical particles 1.54

200 CZTS Spherical particles 1.50 [10]
220 CZTS Spherical particles 1.44

This survey shows that as preparation temperatures increase, the crystal structure improves, and the secondary
phases disappear.

Elevated temperatures can enhance the creation of a desired crystal structure by aiding a restructuring of atoms
and permitting the movement of particles to obtain the desired crystal arrangement. Furthermore, the preparation
temperature plays a vital role in the development of the secondary phase in CZTS. Cu2ZnSnSs4 can undergo the
formation of secondary phases as a result of impurities, defects, or non-stoichiometric compositions. The
secondary phases may exhibit distinct crystal structures and chemical compositions in contrast to the desired
CZTS phase, such as the presence of copper sulphide (CuzS) or zinc sulphide (ZnS) phases. At high
temperatures, the stability of the desired CZTS phase can be favored over the secondary phases. The increased
energy and mobility of atoms at high temperatures allow for the rearrangement of atoms, leading to the
dissolution or transformation of secondary phases into the desired CZTS phase (single phase) [59, 63].

The investigation also reveals that the morphology and form of CZTS grains alter with different processing
temperatures. Grain growth is accelerated at high temperatures because atomic and ionic motion is enhanced.
This has the potential to make the film surface smoother and the grain sizes larger. Submicron grains and coarser
surfaces could be the outcome of reduced atomic mobility caused by lower temperatures. Under specific
temperature conditions, certain crystallographic planes or directions may experience accelerated growth rates,
resulting in a preference for growth in particular directions. This leads to the formation of elongated or faceted
grains [61, 62]. Finally, the survey shows the effect of preparation temperatures on energy gap values. Due to the
preparation, temperature can affect the composition of CZTS. CZTS can contain various defects, such as
vacancies, anti-site defects, and interstitials. The preparation temperature can influence the formation and
concentration of these defects. Defects can introduce energy levels within the band gap, affecting the energy gap
of CZTS. Higher temperatures generally promote better crystallization and larger grain sizes. The presence of
grain boundaries and crystal defects can influence a material's electrical characteristics, specifically affecting the
energy gap. [64-66].

5.2 Impact of Preparation Times
The following is a review of the last five years of research on the effect of times of preparation on structural,
morphological, and optical properties.

Satish S. P. et al. effectively achieved the synthesis of affordable CZTS nanocrystalline thin films at different
reaction durations (3, 4, 5, and 6) h using a single-step hydrothermal method. The structural, morphological, and
electrochemical features of the CZTS films were examined to explore the impact of hydrothermal reaction
duration on their growth. Structure properties revealed the formation of pure nanocrystalline keserite CZTS
films. In addition, the structure analysis showed that the crystallinity of films improved as reaction time
increased. SEM images showed that the CZTS particles looked like nanograins. The optical investigations
revealed that the Cu.ZnSnS, films had high absorbance spectra with a decrease in optical band gap energy from
1.52 eV to 1.41 eV [11]. In a study by Kasim I. M. et al., CZTS particles were produced using the hydrothermal
technique and subsequently applied onto a substrate using the doctor-blading technique. Inspection of the
structure revealed the presence of Kesterite CZTS NPs. Analysis of samples prepared for (12, 36, and 48) h
showed that secondary phases were present, specifically SnS and Cu,.xS, inside the CZTS compound. However,
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the sample prepared for 24 hours exhibited the creation of a single-phase CZTS compound. After 12 hours, the
hydrothermal reaction resulted in the prevalence of uniformly distributed spherical flower-like particles in the
sample. Spherical particles with a homogeneous composition were observed after 24 hours of reaction time.
Particles resembling flowers began to agglomerate together after 36 h. The particles underwent additional
aggregation, forming larger agglomerates after 48 hours of reaction time. UV-visible spectra showed high
absorption spectra with energy gap values equal to 1.52 eV, 1.51eV, 1.51eV, and 1.52 eV for samples prepared
for 12 h, 24 h, 36 h, and 48 h, respectively [67]. Table 5 shows the details of the solvo/hydrothermal method
based on time. Fig. 8 shows the SEM images for CZTS film prepared at various times. Table 6 shows the
structure, morphology, and optical band gap of CZTS prepared by solvo/hydrothermal method as a function of
preparation time.

Table 5: The details of solvo/thermal methods based on times.

Metals sources s%lljjl:gers Method Solvents P‘T’?qursa(tri]c)m Terﬁggf:tzartégrzo Q) Ref.
C:gszsigfsﬁ:glz CH4N2S Hydrothermal Water 6325;1(132 4 190 [68]
CUCI;-nZdHSZE)C,:ian. CH4N,S Hydrothermal Water 3,45, and 6 180 [11]
Czrc]:(;z'szn%ﬁ Sar;glz C:HsNS Hydrothermal Water 12;:;14’4:6' 150 [67]

Cu;:’cigcl_lfz'gnd CH4N2S Hydrothermal Water 18, 23‘:') and 200 [69]

CZTS films

FTro

Glass S00nm

Figure 8: The SEM images of CZTS film prepared at different times [61].
Table 6: The structure, morphology, and optical band gap of CZTS prepared by solvo/hydrothermal method as a
function of preparation time for last twelve years.

Preparation Optical band
time h Structure Morphology gap eV Ref.
18 CZTS+ZnS Agglomeration and a shape resembling plates - 11
24 CZTS+ZnS Agglomeration and a shape resembling plates [11]
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30 CZTS Agglomeration and a shape resembling plates 1.70

3 CZTS+ CuS Microsphers -

6 CZTS+CusS Microsphers - [67]
12 CZTS Nanosheet -

24 CZTS Nanosheet 1.45

12 CZTS+ SnS+ Cuz.xS Spherical flower-like particles 1.52

24 CZTS Spherical flower- like particles 1.51 [68]
36 CZTS+ SnS+ Cuz.xS Agglomeration of flower-like particles 1.51

48 CZTS+SnS+ CuzxS  Larger Agglomeration of flower-like particles 1.52

3 CZTS Nanograin 1.52

4 CZTS Nanograin 1.48 [69]
5 CZTS Nanograin 1.46

6 CZTS Nanograin 1.41

This review shows that as preparation time changes, the structure, morphology, and band gap change. This is due
to. During the preparation process, the structure of a material can evolves and transform over time. Increasing
the preparation time allows for more extensive atomic rearrangements, forming a more thermodynamically
stable crystal structure [67, 69]. In addition, more atoms or molecules can nucleate and grow during longer
preparation times, resulting in more extensive and well-developed structures. This phenomenon can result in
bigger grains, enhanced uniformity in film thickness, and increased surface smoothness. In addition, extended
preparation durations can facilitate the merging of smaller particles, leading to alterations in the overall structure
and distribution of particle sizes [11, 69]. Finally, extended preparation periods can enhance crystallinity and
reduce structural flaws, leading to a more precise electrical band structure. These effects can alter the material's
electrical transitions and energy levels, resulting in modifications to the optical band gap. Furthermore, longer
preparation durations can facilitate the elimination of contaminants or undesired chemical components, which
can impact the energy levels and band structure, thereby altering the material's optical characteristics [68].

5.3 Impact of Complex Agent Types and Concentrations
The five years of research that demonstrate how complex agent types and concentrations affect structural,
morphological, and optical properties are summarised here.

Cristobal J. D. et al. successfully fabricated Nanoparticles (NPs) of Cu.ZnSnS, by microwave hydrothermal
route for different Polyvinyl pyrrolidone (PVP) surfactant weights. XRD and Raman's measurements examined
kesterite CZTS NP production. These tests also showed single-phase CZTS nanoparticles in PVP samples. The
sample without PVP creates secondary Cu..xS phases in CZTS nanoparticles. TEM and STEM were used to
observe the synthesized material without PVP. Nanoparticle agglomerates with an average size of 1650 nm were
found. The NP agglomeration size was 210 nm, 560 nm, 550 nm, 450 nm, and 350 nm for 0.04 g, 0.16 g, 0.32 g,
0.64 g, and 0.128 g of PVP content, respectively. The results show that increased PVP concentrations lead to
larger agglomerates. The optical properties showed high absorbance spectra, and the sample prepared using 0.64
g of PVP showed the highest absorbance spectra compared with the other samples. The energy gap values were
1.73 eV, 1.56 eV, 1.77eV, 1.58 eV, 1.76 eV, and 1.72 eV for samples prepared using 0 g, 0.04 g, 0.16 g, 0.32 g,
and 0.64 g respectively [70].

Yas A. and colleagues successfully synthesized pure kesterite CZTS nanocrystals using solvothermal. XRD and
Raman spectroscopy revealed single-phase CZTS nanoparticles in the 2 mg/mL glycine sample. Other samples
showed secondary phase development. The 0.5 and 1 mg/mL films had rough granular structures with obvious
holes. The surface shape improved when the glycine complex agent was 1.5 mg/mL and grain size was (1-1.4) p.
A 2 mg/mL glycine concentration resulted in a smooth, compact, crack-free thin film with grains ranging from 2
to 2.8 p. The strong absorbance spectra were seen in the 300-1000 nm range of the optical spectra of the
Cu2ZnSnS, nanocrystals. The glycine concentration affected the Eg values: 0.5 mg/ mL, 2.27 eV; 1 mg/mL, 1.77
eV; 1.5 mg/mL, 1.64 eV; and 2.0 mg/mL, 1.54 eV [71].

Feng L. et al. used a solvothermal method to develop CZTS particles using diethylenetriamine (DETA). XRD
and Raman investigations showed that DETA-treated samples generated pure CZTS nanoparticles (1:4, 1:2),
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while DETA-free samples formed CuS. CZTS surface structure was examined by SEM. Different nanoparticle
forms were evident in the samples. Increases in DETA concentration resulted in less nanoparticle aggregation. In
optical investigation, DETA-prepared samples with DETA volume to total volume ratios of 0:1, 1:4, and 1:2
have energy gaps of 1.85, 1.59, and 1.53 eV [72]. Table 7 shows the details of solvo/thermal methods based on
complex agents. Fig. 9 shows the TEM images for CZTS film prepared using different complex types [72].
Table 8 shows the structure, morphology and optical band gap of CZTS prepared by solvo/hydrothermal method
as a function of complex agent types and concentration

Table 7: The details of solvo/thermal methods based on complex agent.

Metals sources Sulfur Complex agents Solvents Times (h) Tem&erature Ref.
sources (°C)
CTAB (0 M,
C‘;ﬁézszré? ’?_i”g'z’ CHN;S  0.002M,0.004M,  HyCsOs 24 200 [72]
2o and 0.00625 M)
Z”(NO3)2'6'3201 PVP(0,126,064,
CuSQO;4 and, ethylene
SnCl,-2H,0 CH4N2S 0.32,0.16 and glycol 0.2 200 [74]
0.04 g)
. glycine solutions
CuCl2H:0, ZnCl, CH.NS (051,15 and2  Oleylamine 14 240 [75]
and SnCl,-2H,0
mg/mL)
Water+
CUClz-2H0, ZnCl, s DETA ethanol 12 180 [73]
and SnCl; - 2H,0
absolute
Cu(CHsCOO0)z, hydrazine, Nas.
Zn(CH3COy)2-2H,0,  thioacetamide citrate, and Water 24 200 [74]
and SnCl, Na,EDTA

_um - 1 ﬂ" ~, AL '.' :
Figure 9: The FESEM images of CZTS film prepared with different of citric acid at 190 °C for 24 h. (a) 0 mmol
(b) 1 mmol (c) 2 mmol (d) 4 mmol (e) 8 mmol (f) 16 mmol [68].

Table 8: The relationship between complex agents and the structure, morphology, and optical band gap.

Complex agent Optical band
Concentration and type Structure Morphology gap eV Ref.
Without complex CZTS - 1.67 [72]
Hydrazine CZTS - 1.51
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Nas-citrate CZTS - 1.44
Na,-EDTA CZTS - 15
Non-uniform and loosely aggregated structures
0M CTAB CZTS+ CusSnSe Flower- like mlt;,]r::ggir:ef[:ompos of small 11.450
0.002 M CTAB CZTS+ CusSnS, ke mi i '
0.004 M CTAB CZTS+ CUSNS, Flower- like mlcrospZﬁgztcompose small nano 122 [73]
0.00625 M CTSB CZTS+ CusSnSs Flower- like microsphere compose of small
nano-sheet
0 PVP CZTS +CuzxS Nanoparticle agglomerates 173
0.04 g PVP CZTS Spherical-shaped agglomerates 1.56
0.16 g PVP CZTS Spherical-shaped agglomerates 177 [74]
0.32 g PVP CZTS Spherical-shaped agglomerates 1.58
0.64 g PVP CZTS Spherical-shaped agglomerates 1.76
0.128 g PVP CZTS Spherical-shaped agglomerates 1.72
0 DETA 185
1:4 (volum to total volum) CZTS+ CuS Different shape of nano-particles 1'59
DETA CZTS Different shape of nano-particles ' [70]
1:2 (volum to total CZTS Different shape of nano-particles 153
volum) DETA '
0.5 mg/mL glycine
complexing agent
1 mg/mL glycine CZTS+ CupsS Rough granular structure + visible pores 2.27
complexing agent CZTS+ CuxxS Rough granular structure + visible pores 1.77 [71]
1.5 mg/mL glycine CZTS + Cuz4S Better rough granular structure 1.64
complexing agent CZTS Better rough granular structure 1.54

2 mg/mL glycine
complexing agent

The notice from this review is the influence of types and concentrations of complex agents on the structure,
morphology, and optical band gap of CZTS. These agents can interact with metal ions, control their coordination
environment, and influence the crystal growth and nucleation processes. By selecting appropriate complex
agents. It is feasible to facilitate the development of the intended kesterite phase while inhibiting the production
of undesired secondary phases. As well, Complex agents can also influence the morphology of CZTS materials.
They can act as shape-directing agents, controlling crystal facets' growth rate and direction. They can also
prevent particle agglomeration, influencing the overall morphology, size, and distribution of CZTS particles or
thin film features. Finally, complex agents can influence the formation of defects, impurities, or surface states
within the material. These defects can introduce additional energy levels within the band gap, affecting the
absorption and emission properties. [70, 72, 73].

5.4 Impact of Thiourea Concentrations and Sulfur Sources

This text presents a review of recent studies that examine the influence of thiourea concentration and sulphur
sources on the structural, morphological, and optical features. These studies were published within the last five
years. Mkawia E. et al. M. successfully developed CZTS NPs by the solvothermal route. They studied the
influence of the sulfur sources (Thiourea, atrium thiosulfate, L-cystine, and methionine) on the properties of
CZTS NPs. XRD and Raman analyses exhibited the preparation of pure Cu,ZnSnS, NPs. Also, the SEM images
revealed that the nanoparticles synthesized using thiourea for 12 hours exhibited consistent and clearly defined
spherical particles, with sizes ranging from 50 to 80 nanometers. The energy gap value of the Cu2ZnSnSs NPs
formed using thiourea equalled 1.51 eV. Table 9 shows the details of solvo/thermal methods based on thiourea
concentrations and sulfur source. Table 10 shows the structure, morphology, and optical band gap of CZTS
prepared by solvo/hydrothermal method as a function of thiourea concentrations and sulfure source. Fig. 10
shows the SEM images for CZTS film prepared as a function of thiourea concentrations and sulfur source [75].

Table 9: The details of solvo/thermal methods based on thiourea concentrations and sulfur sources.
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Metals sources Sulfur sources Method Solvents Times (h) Temzeé?ture Ref.
CuCl2.2H,0, ZnCl;  CH4N,S (0.15 M, 0.2 M,
andSnCL.2H,0  0.25Mand0325M)  Sovothermal - HaCoO, 24 200 [74]
CUClz, ZnC|z, and CH4N23 (10,15,20,25
SnCl,-2H,0 and,30) mmole Hydrothermal CsH13N3 72 180 [75]
CUC|2.2H20, ZnC|2, CH4N28, C2H5NS, and
and SNCl..5H,0 NasS Hydrothermal Water 24 240 [76]
CuS04-5H,0, (CS(NH2)2,Na,S;03, Ethviene
ZnCl,-2H;0, and CeHiz2N20sSzand  Solvothermal | ycol 14 240 [77]
snCl, CsHuNOS glyco.

Table 10: The structure, morphology and optical band gap of CZTS prepared by solvo/hydrothermal method as
a function of thiourea concentrations and sulfur sources types for twelve years.

Thiourea concentrations Optical
Structure Morphology band gap Ref.
and sulphur source oV
Naz2S CZTS Nano particlres -
C2HsNS CZTS Nano particles 151 [75]
CHaN2S CZTS+ Cu7Ss + Cu2SnSs Nano particles -
0.15 M Thiourea CZTS Uniformly shaped spherical particles 1.37
0.2 M Thiourea CZTS Uniformly shaped spherical particles 1.41 [76]
0.25 M Thiourea CZTS Microsphers look like flower 1.52
0.32 M Thiourea CZTS Nano sheet look like flower 1.54
CZTS+ ZnS+ SnS+SnSz+
. CuzxS
10 m mole thiourea CZTS+ZnS+SnS+SnS+ Flakes -
15 m mole thiourea ClzxS Flakes -
20 m mole th!ourea CZTS+ZNnS+SnS+SNnSs+ Flakes - [77]
25 m mole thiourea ClzxS Flakes -
30 m mole thiourea CZTS Flakes 1.45
CZTS
Thiourea CZTS Sphere- like particles 151
Atrium thiosulfate CZTS - - [74]
L- cysteine CZTS - -
Methionine CZTS - -

o (002) 4=

o/ Q1D

- —(312)

- (332)

nanoparticle [77].
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As shown in the study, the influence of sulfur concentrations on structural, morphological, and optical band gaps
is due to the sulfate source providing the sulfur required to form CZTS. The availability of sulfur ions during the
reaction or deposition process can impact the formation of CZTS and crystal structure. Sulfate sources with
higher sulfur availability promote the formation of stoichiometric CZTS with the desired crystal structure. The
sulfate source can affect the reaction kinetics and sulfur incorporation into the CZTS structure. Different sulfate
sources can have different reactivity or dissolution rates, influencing the reaction speed and availability of sulfur
ions during synthesis. The choice of sulfate source and concentrations can influence the formation of sulfur
defects in CZTS materials. Sulfur vacancies or interstitial sulfur atoms can act as defect states within the CZTS
band gap, affecting its electronic and optical properties [74-77].

5.5 Impact of other parameters

Mahesh S. et al. successfully prepared CZTS NPs using a one-step hydrothermal route. They studied the
influence of pH values (4.3, 5, 7, and 9) on structural, morphologic, and optical properties. According to XRD
and Raman measurements, the pH 7 samples formed single-phase kesterite CZTS nanocrystals. At pH=4.3 and
pH=5, CuSnSs, Cu..xS, and SnS; formed, whereas at pH=9, they formed too. The BF-TEM images of CZTS
NCs at pH=7 showed uneven, polydispersed crystals. The optical band gap energy of synthesized nanoparticles
was 1.5, 1.2, 1.44, and 1.28 for samples prepared at 4.3, 5, 7, and 9, respectively [74]. This is due to the higher
concentration of OH ions compared to H ions, which enhances the hydrolysis of thiourea. As a result, sulfur ions
are released, leading to the formation of CZTS. The changes in surface morphology resulting from a change in
pH values are attributed to the modification in the equilibrium constant of the reaction and condensation
processes, thus affecting the surface morphology. Finally, pH variations can alter the concentration of impurities,
defects, or sulfur vacancies within the CZTS structure, which can modify the electronic band structure and
optical transitions. Different pH conditions can lead to variations in the band gap energy, absorption coefficient,
and optical band edge of CZTS materials, influencing their photovoltaic or optoelectronic characteristics [78].

Vanalakar S.A. et al. fabricated CZTS NPs using the hydrothermal method. The XRD and Raman investigations
revealed the presence of ZnS, Sn,Ss, and SnS compounds within the CZTS NPs in the sample generated using
deionized water DW. The sample was prepared using ethylene diamine EN and DW solvents, incorporating ZnS
inside the CZTS material. Additionally, the sample generated using the combination of Sodium dodecyl sulfate
SDS and DW consists of Sn,Sz and ZnS within CZTS. The change in structure is due to the solvent type, which
can impact the solubility of precursor compounds and the dissolution of reactants. Different solvents have
varying abilities to dissolve metal salts or organometallic precursors used in CZTS synthesis. Solvents with
higher solubility for the precursor compounds can facilitate their dissolution, leading to better homogeneity and
reactivity during subsequent reactions. The choice of solvent can influence the availability of metal ions and
sulfur species, affecting the formation of CZTS and its crystal structure. The CZTS: DW sample has particles 20
nm and is more significant in a non-uniform distribution. DW+EN produced nanoparticles with a diameter of 10
nm or more. SDS+DW samples had 4-8 nm particles. This may be due to the choice of solvent, which can result
in different fluidic properties and surface interactions, leading to particle shape, size, and aggregation behavior
variations. Solvents with specific surface energies or surface-active properties can influence surface diffusion
and attachment kinetics, forming specific morphologies. The band gap energy values for the CZTS: DW, CZTS:
WD +EN, and CZTS: WD+SDS samples were determined to be 1.53 eV, 1.55 eV, and 1.85 eV, respectively
[76]. The change in band gap values as the change in solvent types may be related to solvents, which can
influence the electronic structure of CZTS by altering the surface states or surface electronic properties. The
presence of solvents can modify the distribution of charge carriers, introduce surface traps, or modify the band
alignment at the CZTS surface. The alterations in the electronics structure can impact the band gap, energy
levels, and optical characteristics of CZTS [79].

Yahong X. et al. successfully prepared hierarchical CZTS nanostructures using a solvothermal approach. They
studied the effect of zinc concentrations (0.005 M, 0.02 M, and 0.05 M) on structural, morphological, and optical
properties. The XRD analysis confirmed the formation of single-phase CZTS NPs in all samples. A Cu2ZnSnS,
hierarchical nanostructure, like a flower, was successfully synthesized at a zinc concentration of 0.005 M. The
average diameter of the nanostructure was around 2 mm. At 0.02 M zinc concentration, a structure with a
mixture of hierarchical rods, hierarchical spheres, and particles was observed. Nanoparticles with average sizes
ranging from 50 nm to 60 nm were produced under conditions with a zinc concentration of 0.05 M, exhibiting a
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virtually uniform and monodisperse distribution. CZTS properties change as Zinc concentration changes due to
Zn atoms acting as nucleation centers. Table 11. Shows the details of solvo/thermal methods based on
temperatures. Fig. 11 shows the SEM images for CZTS film prepared with various zinc concentrations [80].

Table 11: The details of solvo/thermal methods based on other parameters.

Metals sources Sulfur Parameters Solvents Time  Temperature Ref.
sources (h) (°C)
CU(C02CH3)2, .
Zn(CHsCOz), and  Thioacetamide ¥ 10uS PH values Water 24 200 [78]
(4.3,5,7,and 9)
SnClz
ZnCly, CuCly, and Various types of DW,DW+EN,and
snCl; NagS solvents DW+SDS 18 180 [79]
Various zinc
CUCl2HZ0, ZnClz, i iea  concentration (0.005, Water 48 200 [80]

and SnCl..2HO, 0.02, and 0.05) M

\STTETITOR |

Figure 11: SEM iages of CZTS prepared with variousbziné concentrations efore arinealing (a) 0.005 M,
(b)0.02 M, and (c) 0.05 M. and SEM images of CZTS prepared with various zinc concentrations after annealing
(d) 0.005 M, (€)0.02 M, and (f) 0.05 M [80].

» ’ 4

The influence of hydro/solvothermal parameters on the structure, morphology, and optical properties of CZTS
has been studied, and the following results have been discovered: The significant impact of preparation
temperature on structure, morphology, and optical band gap. Also, the optimum preparation temperature is 200
°C. Preparation time, complex agent, and thiourea have an excellent impact on structure and energy gap while
showing that they play a less influential role on morphology. The optimum preparation time is 24 h, and the
optimum pH is 9. Different shapes are formed by using the solvo/hydrothermal method. Finally, there is a lack
of studies on the effect of Sn, doping CZTS, and co-doping CZTS prepared by solvo/hydrothermal method.

6. Overview of Literature

Various techniques can be employed to fabricate CZTS on diverse substrates. Such as sputtering, thermal
evaporation, laser ablation, pulsed laser deposition, sol-gel, spray pyrolysis, chemical vapor deposition, spin
coating electrodeposition, and SILAR [47-53]. The hydro/solvothermal method has been widely utilized as a
chemical method to synthesize high-quality nanocrystals with distinctive morphology, crystal structure, and low-
cost manufacturing [52-57]. Numerous studies have been done on the solvothermal and hydrothermal processes
for forming CZTS film and powder for photovoltaic applications. In 2013, Sekou et al. developed CZTS-based
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photoelectrochemical cells using hydrothermal with assistance spin coating [81]. Aixiang et al. effectively
produced a heterojunction solar cell in 2014 by employing a solvothermal process with CTAB as a complicated
agent [70]. 2015, Yaohan et al. used the solvothermal approach to prepare a CZTS-based photoelectrochemical
cell [61]. In 2018, Shih-Jen Lin fabricated a CZTS-based perovskite solar cell using the hydrothermal method
with spin coating assistance [82]. In 2021, Satish et al. successfully synthesized CZTS-based
photoelectrochemical cells using the hydrothermal method [10]. Table 12 shows the literature Survey on using
the solvo/hydrothermal method for preparing CZTS compound for photovoltaic application.

Table 12: The literature survey of using the hydro/solvothermal method for preparing CZTS compound for
photovoltaic application.
Voc

Preparation

Isc o inati
method Solar cell structure V) n% Application Ref.
Solvothermal+ FTO/TiO2/CHsNH:Pbls 1320 624+ _
spin coating ICZTS/AU ) 0.35 Perovskite solar cell [71]
methods mAfcm '
Solvothermal FTO/CZTS/electrolyte/graphite 733 5.56 118 Photoelectrochemical [61]
Method interfacial mA/cm? ' (PEC) cell
Counter electrodes:
Hydrothermal + CZTSITiIO/FTO 763 13.253 6.24 Dye-sensitized solar [83]
doctor blading Photoelectrodes mA/cm? ' cell
Tioo/TiCl/FTO
One-pot .
. 3.28 Photoelectrochemical
hydrothermal FTO/CZTS/Eu(NO3)s/graphite 771 Alem? 4.87 (PEC) cell [10]
roue
Counter electrodes: CZTS/FTO .
F(;Yd:othslrggl + Photoelectrodes 460 A9/.2 265 Dye-sensn;lzed solar [84]
octor blading Tioy TiOW/FTO mA/cm ce
Hydrothermal + 8.87 Photoelectrochemical
doctor blading FTO/CZTS/Na,SO./Pt 580 mA/cm? 2.98 (PEC) cell [85]
Hydrothermal+  ITO/(CZTSNPs+PEDOT:PSS)/ 19 .
spin coating MAPDbI2/C60/BCP/Al 840 mA/cm? 755 Perovskite solar cell - [86]
Counter electrodes: CZTS-
Sol\_/other?aH MWCNTSs 760 16.6 9.04 Dye-sensitized solar 87
Spin coating Photoelectrodes: DS- mA/cm? : cell [87]
methods TiO2/FTO
i- 1.40 iuncti
Solvothermal FTO/CZTS/CdS/i 220 0.162 Heterojunction solar [88]
method Zn0O/ZnO:Al mA/cm?2 cell
Solvothermal  COUNer electrodes: CZTS/FTO 134 6.13  Dye-sensitized solar
Photoelectrodes 730 [89]
method mA/cm?  +0.21 cell

N719/TiCl/TiO./FTO

7. Challenges and Solutions to Enhance the Performance of Solar Cells Based on CZTS

The survey table indicates that the manufacture of CZTS-based solar cells using the solvo/hydrothermal
approach is currently being researched, and there is a continuing attempt to enhance their efficiency. Despite
significant progress in achieving higher photovoltaic (PV) efficiencies for CZTS thin solar cells, the reported
efficiencies of the best device still fall short of the theoretically estimated efficiency of approximately 31%.The
efficiency of CZTS-based solar cells remains relatively low in comparison to previously reported efficiencies
due to kesterite experts widely agree that the Voc (voltage open circuit) is the primary limiting factor for
kesterite-based thin film solar cells (TFSCs). However, the exact cause of this limitation is still a subject of
ongoing disagreement among researchers. To increase the Voc, the concentration of Cuz, antisite defects caused
by Cu and Zn intermixing must be reduced, which can be accomplished by substituting other large-size
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elements/atoms for Zn or Cu, which may prevent the formation of defects and thus improve sample quality. So,
developing alternative novel materials is essential in improving the performance of CZTS solar cells [90]. In
addition to the Voc deficit, non-uniformity of the film's considerable series resistance, low fill factor, low shunt
resistance, faster electron-hole recombination at the junction, non-post-annealing in sulfur or selenide
environment involved in the manufacture of CZTS solar cells results in poor quality film thus enhancing
recombination thereby resulting in poor solar cell device performance. Also, Cliff-like band alignment,
interfacial flaws, and inadequate band bending are critical issues in heterojunction optimization. Alternative
buffer layers with enhanced CBM are especially desirable for CZTS with a wide bandgap. The Zn1..CdxS buffer
generated from the CdS buffer affords favorable spike-like band alignment and spontaneous interface
passivation. With this buffer, efficiency is above 10%, and additional optimization is conceivable because
recombination is still interface-dominated. On the other hand, Cd-free buffers are more environmentally benign
and may lower the blue light parasitic absorption and lattice mismatch associated with the CdS buffer. Because
of the passivation effects of the self-formed Zn(S, O) phase during deposition, the ALD-ZTO buffer layer is a
better choice. Passivation layers could also be added to enhance the quality of the interface [91]. Some dielectric
materials with suitable characteristics could provide field and chemical passivation, preventing interfacial
recombination. The device performance is negatively affected by the over-chalcogenization of Mo and the
decomposition of kesterite at the back interface between them. Implementing an intermediary layer at the
kesterite/Mo interface is viable. To successfully suppress the expansion of molybdenum chalcogenide, 1- a
quantity of less than 5 nm of CAO and CuO is sufficient. 2-Furthermore, certain p-type materials with high-work
function, referred to as HTL, provide advantageous carrier selectivity and passivation effects. 3-Thus, more HTL
materials can be investigated to meet kesterite's specific back contact needs. 4-The self-organized nanopattern
Al;O5 layer may be a more favorable intermediate material due to the advantages of maintaining local contact
between kesterite and Mo [92]. One potential method for improving the performance of photovoltaic (PV)
devices is to explore alternate device topologies, such as tandem structures. An alternative method proposed to
enhance the device's efficiency involves annealing in an atmosphere containing sulfur or selenium to acquire
superior-quality crystals. Overall, as our comprehension of the loss mechanism in kesterite solar cells becomes
more profound, numerous feasible strategies have been identified. While consistently investigating novel
optimizations, it is crucial to take a comprehensive approach to incorporate these tactics grounded in many
mechanisms.

8. Conclusions

Nowadays, Kesterite CZTS has attracted the interest of researchers because of its fascinating features. Many
chemical synthesis routes, including sol-gel, spray pyrolysis, hydrothermal, and solvothermal have revealed
some benefits and disadvantages for the preparation of CZTS. Hydrothermal and solvothermal are simple, non-
toxic, inexpensive processes. The structure, morphology, and optical properties of CZTS depend heavily on
hydrothermal and solvothermal parameters such as preparation temperature, preparation time, complex agent
type, and source of sulphur. The preparation temperature plays a great role in the structure, morphology, and
optical energy gap. In addition, preparation time shows a small impact on morphology. All parameters show a
good impact on structure and optical band gap. The challenges faced by CZTS-based solar cells were discussed
and we found a suitable solution. We suggest these works as future works: 1- study the effect of Sn
concentrations on CZTS prepared by hydrothermal and solvothermal methods, prepared doping-CZTS and co-
doping CZTS by solvo/hydrothermal method, fabricated doping, and co-doping CZTS based dye sensing solar
cell, and perovskite solar cell, fabrication doping-CZTS based heterojunction solar cell.
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