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ABSTRACT

Organic and inorganic materials such as perovskites, copper indium gallium diselenide, cadmium
telluride, and copper zinc tin sulfide/selenide (CZTS/Se) have been employed to capture unlimited
sunlight through the photovoltaic effect. CZTS/Se is regarded as the most promising, most environ-
mentally friendly, most abundant candidate with high absorption coefficient and tunable bandgap for the
generation of solar energy. Superstrate architectures have numerous advantages over the substrate ar-
chitectures and for this reason; it offers a promising route for producing solar cells at a relatively low
cost. This article reviews the state-of-the-art knowledge on the synthesis, crystal structure, electronic
properties, defects, and secondary phases of CZTS. The CZTS solar cell device architecture and mechanism
of the substrate and superstrate configurations were also covered in the review. The preparation of
superstrate CZTS via vacuum and non-vacuum methods, as well as their photovoltaic efficiencies were
critically discussed. The microwave synthesis and characterization of CZTS nanoparticles were also
reviewed with respect to the effect of temperature, surfactant, and reagents on the physical properties of
the nanomaterials. The application of microwave-synthesized CZTS nanoparticles in the advancement of
thin film solar cells was also critically examined. Finally, the challenges and the prospects of CZTS solar
cells were also presented.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The use of energy is vital to the economic growth, social
development, technological advancement, and better living con-
ditions in developed, developing, and underdeveloped countries in
the world. There are basically three sources of energy: renewable,
fissile, and fossil. The fossil sources include natural gas, coal, pe-
troleum, oil shales and tar sands; the renewable includes but not
limited to solar, hydropower, biomass, wind, and geothermal, while
the sources of fissile energy are thorium and uranium [1—3]. Energy
demands and consumption is expected to skyrocket in the near
future due to rise in the population and increase in standard of
living. It is expected that the demand on fossil fuels will also in-
crease as more than 85% of the world's total energy is generated by
fossil fuels, which is a finite source [4,5]. The combustion of fossil
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fuels is inextricably linked to global warming due to the high
emission of greenhouse gases (CO,, methane, and other gases),
which have dreadful consequences on the environment and human
lives [6,7]. In addition, energy produced from fossil fuels is
becoming more expensive and it is at the verge of being scarce in
the coming future. As a result, it is critical to intensify research into
alternative energy sources that can help manage rising energy
demand while also lowering CO, emissions [6,7]. Due to its infinite
supply, cleanliness, sustainability, reproducibility, and ability to be
replenished quickly, renewable energy is the only source that can
address the world's energy problems [2,7,8]. The search for alter-
natively renewable, clean, inexhaustible, and primary sources of
energy that can tackle the growing energy demand and reduce
environmental pollution is important. Solar energy is currently the
only renewable energy source that can completely replace con-
ventional energy sources because it is the most abundant, most
promising, cost-effective, scalable, flexible, and efficient of all
renewable energy sources [9—11]. Solar photovoltaic (PV) has been
predicted to be the largest source of renewable energy by 2040
with a production capacity of about 25.1% out of the global power
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generation [12—14]. Several PV technologies, including thin film,
organic, and wafer have been thoroughly studied to achieve high
efficiency, cost-effectiveness, and reliability. Silicon-based solar cell
devices are desirable owing to their availability, robustness, high
efficiency, and compatibility with microelectronics technology.
However, due to the low absorption of Si, silicon-based technology
consumes a lot of material (~100 um); the price of processing c-Si
solar cells is on the high side and also involves complicated pro-
cedures such as ion implantation and high-temperature treatment
which hinders the effective competition with fossil energy [15].
Thin-film PV technologies satisfy the minimum material usage, low
manufacturing costs, and high efficiency requirements, which are
some of the major factors that need to be met in order to generate
power at a relatively low cost and enable high penetration of solar
energy in the market. Essentially, copper indium gallium dis-
elenide/disulfide (CIGS), cadmium Telluride (CdTe), amorphous
silicon (a-Si), and copper indium diselenide/disulfide (CIS) are the
only thin films commercially available from which only CIGS and
CdTe have reached a power conversion efficiency (PCE) of above
20% [16]. Nevertheless, the toxicity of cadmium and telluride, the
rarity and high cost of indium have hindered these technologies for
large-scale production, and this has contributed to the hunt for
novel earth-abundant and environmentally safe semiconductor
materials for PV applications [17—25]. In the PV research commu-
nity, quaternary Kesterite-structured tetrahedral semiconductors
such as CuyZnSnS; (CZTS), CuyZnSnSes (CZTSe4), and
CuZnSn(Sx,Se1-x)a have become the most auspicious semi-
conductor active-layers for affordable thin-film solar cell (TFSC)
applications due to their abundance in nature, low toxicity, excel-
lent absorption capabilities, direct bandgaps, and high theoretical
efficiency [26—34]. Various synthetic routes to kesterite thin films
are available in the literature, and it includes both vacuum-based or
physical deposition techniques and non-vacuum-based or chemical
techniques. The most commonly used vacuum based is sputtering
and co-evaporation, and it uses highly expensive vacuum equip-
ment, consumes a lot of energy, which makes it unsuitable for
industrial-scale applications, while non-vacuum techniques are
beneficial for scalability and economic viability because they do not
make use of vacuum, do not require high temperatures, provide
relatively homogeneous films, ease of preparation, and the use of
small materials. It includes hot injection, sol-gel, electrodeposition,
hydrothermal, solvothermal, nanocrystal dispersion, hydrazine-
based deposition, spray pyrolysis, chemical bath deposition
(CBD), microwave, and other pure-solution methods. The highest
efficiency for CZTSSe is 12.6%; it is currently the champion of
CZTSSe solar cell and was fabricated by highly toxic and flammable
hydrazine-based solution method by International Business Ma-
chines (IBM) solar cell, which makes it non suitable as a source of
green energy [26,35—45]. In the field of nanomaterials synthesis,
microwave is beginning to see a huge surge as it provides an
alternative uniform heating source that allows for the realization of
chemical reactions at shorter times, faster reaction speed, side re-
action suppression, increases yield, and is highly reproducible
compared to the traditional laboratory heating methods, which is
usually carried out for days or hours thereby leading to a reduction
in price, saving energy, and improves the materials production ef-
ficiency [46—50].

Majority of CZTS solar cell devices have been developed with the
architecture of Mo/absorber-CZTS/buffer/metal oxide nano-
structures/metal electrodes, and it has been shown that these
configurations have some drawbacks including the degradation of
the metal oxide caused by the thermally unstable absorber layer
resulting to the creation of buffer interfaces. Furthermore, the re-
action between the molybdenum (Mo) back contact and CZTS leads
to corrosion and instability of the surface of CZTS throughout the
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heating temperature. A potential way to mitigate the above prob-
lems is by introducing a superstrate architecture in CZTS solar cells
by directly depositing the metal oxide on the substrate, which is
then preceded by annealing at a higher temperature in order to
avoid the direct contact between the CZTS and the conducting
substrate [51]. Combining the advantages of nanostructures with a
thin film has been shown to increase the conversion efficiencies of
thin film solar devices and metal oxide nanostructures due to their
controllable dimensions and aligned morphologies have been
shown to generate, collect, and transfer charges efficiently as a
result of the large junction area and the short collection distance
from the interface [52]. This review aims to discuss some of the
properties of CZTS. Insights into device architecture in both the
substrate and superstrate will be discussed. The different fabrica-
tion techniques of CZTS absorber materials in the superstrate
configuration will be reviewed. The effect of parameters such as
concentration, surfactant, and temperature on microwave-synthe-
sized CZTS nanoparticles as well as their PV efficiencies will also be
discussed.

2. Kesterite
2.1. Crystal structure

Kesterite with the formula Cuy(Zn, Fe)SnSy is a dense, green-
black, or black sulfide mineral. The zinc-rich form is called kesterite,
and the zinc-poor form is called ferrokesterite or stannite. It is
sometimes called isostannite because of their similarities [53]. In
the literature, kesterite abbreviated as CZTS is referred to as the
sulfide, selenide, or sulfide-selenide form of the material. It is a
quaternary compound with the configuration I,—II—-IV—VI4 derived
by substituting indium with equal amount of zinc and tin in CulnS,
ternary compound (Fig. 1) but still maintaining the charge
neutrality and the overall valence state of the compound [54]. CZTS/
Se can exist in three tetragonal crystal structures: stannite (space
group 142), kesterite (space group 14), and primitive-mixed CuAu
(PMCA) (space group P42 m) as shown in Fig. 2 [55—58]. Kesterite
(KS) is derived from group I-1lI-IV, chalcopyrite (CH) structure,
while stannite (ST) and PMCA are both formed from group I-1II-IV;
CuAu-like (CA) structure [56]. Kesterite (KS) and stannite (ST) are
both body-centered tetragonal where c = 2a, whereas the structure
of the PMCA is primitive tetragonal with c-a. The three funda-
mental structures differ in the way the metal cations are arranged
and stacked within the tetrahedral voids. In KS, two of the three
cation layers alternate each consisting of Cu and Sn or Cu and Zn,
whereas in PMCA and ST structures, one of the Cu layers alternates

Element Group
I I \% Vi

ZnS
1-VI

CulnS,
I-111-V1,

Cu,ZnSnS,
lo-11-IV-VI,

Fig. 1. Ternary, quaternary, and binary semiconductors relationship leading to the
formation of Cu,ZnSnS, beginning with the parent compound II-VI. [Copyright with
permission from John Wiley & Sons] [54].
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(a) Kesterite

O Copper ‘ Zinc

Fig. 2. Kesterite, stannite, and PMCA structures for CZTS/Se. [Copyright with permission from American Institute of Physics] [58].

with one of Zn and Sn layer [58]. Studies have shown that kesterite
(KS) is more thermodynamically stable compared to stannite (ST)
and primitive-mixed structures due to smaller strain energy, lower
Madelung energy, larger bandgap, and more negative coulomb
energy [56]. Computational studies show that KS is only about few
meV (about 3 meV/atom) lower in ground energy state per formula
unit than the ST and PMCA, which may be indicative of the coex-
istence of these structures in synthesized samples [56]. CZTS/Se
materials have been shown to experimentally crystallize in either
KS or ST structures, while PMCA is yet to be observed experimen-
tally [56,58]. Using X-ray diffraction (XRD) technique to distinguish
between these structures is very difficult as Cu* and Zn?* are
isoelectronic and due to the interaction of X-rays with the atoms'
electron shells [59]. Due to the disparity in neutron scattering
lengths of copper (bcy = 7.718(4) fm) and zinc (bz, = 5.680(5) fm)
[60,61] synchrotron, neutron diffraction X-ray, and Raman spec-
troscopy [58] have been used to distinguish between these struc-
tures. However, because Cu and Zn are practically randomly
positioned, there is still no agreement on the real structure of CZTS/
Se [55].

2.2. Electronic band structure

The electrical properties, such as the energy band width, doping
behavior, transport properties, and density of states, are of utmost
importance for considering a material as an absorber for PV ap-
plications [59]. The CZTS/Se bandgap is usually determined
experimentally by investigating the absorption spectra or reflection
spectra at the place where a straight line intersects the abscissa
axis, through extrapolation [53]. Details of the electronic band
structures of CZTS/Se are well reported by Persson in 2010 [62]. The
result showed that CZTS and CZTSe electronic band structures have
similar band structures with direct energy gaps of I'-point as
shown in Fig. 3. The estimated energy gap (Eg) for kesterite (CZTS)
is 1.56 eV; for stannite (CZTS), it is 1.42 eV; for kesterite (CZTSe), it is
1.05 eV; and for stannite (CZTSe), it is 0.89 eV. The above values are
in agreement with vast majority of investigations on the CZTS
bandgap, which is calculated to be close to 1.5 + 0.01 eV irrespective
of the methods used for the determination of bandgap, and for the
CZTSe bandgap, there are huge discrepancies among the reported

(b) Stannite
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values. The bandgap reported for CZTSe can be categorized into two
groups, around 1 eV and 1.5 eV, respectively. The explanations for
the discrepancies is difficult to ascertain due to the combination of
several complex methods of preparation and dissimilar methods of
determining the bandgap [27,53,62—73]. However, two interesting
points were made by Ahn et al. [74] in their study. The first was that
the bandgap of 1.5 eV only resulted from transmission measure-
ments, while the bandgap of 1.0 eV resulted from other procedures
such as photoluminescence, external quantum efficiency (EQE) of
the completed device, and the theoretical calculations. The second
point made is that majority of researchers analyzed their samples
using only XRD method as the only phase identification technique,
which may not be able to detect the existence of secondary phases
like ZnSe and CuySnSes [74]. In view of the points mentioned above,
it was concluded that the key explanations for the variations be-
tween the Eg values may be attributed either to the different
methods used in the determination of bandgaps or to the existence
of secondary phases, which can be difficult to detect by the use of
powder XRD. Subsequent research carried out showed that the
explanation of the first scenario was impossible since all CZTSe
samples with single phase were characterized by Eg = 1.0 eV
regardless of the technique used to evaluate the bandgap while
examining CZTSe samples co-existing with secondary phases
exhibited distinct discrepancies in the bandgap (Eg) values of the
films generated at dissimilar temperatures of the substrate. Most
importantly, in the final samples, as the temperature of the sub-
strate increases, tin content reduced and the ZnSe secondary phase
was formed. The overestimated Eg values of the CZTSe films are as a
result of the micro inclusions of ZnSe [53].

2.3. Defects

The presence of four or more elements in CZTS/Se compared to
ternary and binary semiconductors leads to an improvement in the
flexibility of the material properties. Consequently, it is expected
that a wide variety of inherent lattice defects will be formed having
a major impact on optical, electrical, and PV properties. Vacancies,
antisites, interstitials, and complexes/clusters are some of the de-
fects formed. The defect complexes/clusters and defects form
shallow acceptor levels, shallow donor levels, deep trap states, and
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Fig. 3. Electronic band structure of kesterite and stannite CZTS and CZTSe formations along symmetry axes 110 and 00 [Copyright with permission from American Institute of

Physics] [62].

mid-gap states in the bandgap of CZTS materials thereby influ-
encing its optoelectronic properties [75,76]. Fundamentally, during
the growth of CZTS/Se thin film/bulk crystals, thirteen likely iso-
lated intrinsic point defects can form in kesterite structure, and
they are vacancies (Vsp, Vzn, Vs, and V), antisites AB where
element A replaces element B (Cusy, Cuzn, Znsp, Zngy, Snzn, and
Sncy), and interstitial defects (Sn;, Zn;, and Cu;). In addition to these
defects, the defects in the donor and acceptor may make up for and
attract one another, thereby creating defect complex/clusters
(Znsp + 2Zncy, Veu + Zngy, 2Cuzy + Snzp). Chen et al. [75] evaluated
the formation energies of several lattice defects in CZTS/Se qua-
ternary compound as shown in Fig. 4 and came to two conclusions
that (i) the energies of formation of most acceptor defects is less
compared to that of donor defects, which explains the p-type
conductivity observed experimentally and suggests that n-type
doping may be problematic in these compound (ii) Cuz, antisite is
the defect with the lowest energy (i.e., for the assumed chemical
potentials), which is different from that of CulnSe, where Cu va-
cancy is the dominant defect. The estimation of the ionization
levels of point defects in the Cu,ZnSnS4 bandgap as derived in Fig. 3

and are shown as vertical plots more visibly in Fig. 5. A number of
authors have used density functional theory (DFT) and first prin-
ciple calculations to examine the defects mechanism and energies
of formation of various potential point defects in kesterites. Cuz,
antisite is the acceptor with lowest formation energy in CZTS. Other
acceptor defects are only slightly higher than those of the dominant
Cuzy like Vey, Vzn, Zns, and Cus, formation energies and are
therefore predicted to be present in lower concentrations. In
contrast to an acceptor level that is 0.02 eV higher than the VBM for
the V¢, defect, the Cuz, defect has an acceptor level that is 0.12 eV
higher than the valence band maximum. The deeper Cuz, level can
lead to high defect concentrations that maybe harmful to the
maximum efficiency of the solar cell. Copper-poor growth can lead
to higher V¢, concentrations, which have been experimentally
shown to improve performance [32,54,76—79].

2.4. Secondary phases

Due to the existence of four or even five elements in CZTS/Se, the
possibilities for the formation of secondary phases are higher than
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Fig. 4. Formation of lattice defects energy calculated as a function of Fermi energy at the thermodynamic chemical-potential point for (a) CuSnZnS, (b) Cu,SnZnSe,, [Copyright

with permission from John Wiley & Sons] [54].

those of ternary semiconductors [80]. Olekseyuk et al. [81] showed
that a single CZTS phase occurs at growth temperatures of
approximately 550 °C within a relatively tiny region of the phase
diagram. Such narrow-phase stability makes it easy to form defects
and secondary phases during and after growth processes. Fig. 6
depicts the pseudo-ternary phase diagram for CZTS phase forma-
tion and additional secondary phases as well as their crystal
structures. The secondary phases include ternary CuSnS/Se, binary
ZnS/Se, CuS/Se, and SnS/Se compounds, and it has been discovered
and reported by several authors [76,82,83]. It has been shown
experimentally that the best devices with higher efficiencies are
prepared under Cu-deficient and zinc-rich conditions. Among these
secondary phases, zinc sulfide (ZnS) and copper tin sulfide (CTS)
have relatively small enthalpies of formation. Secondary phases
may exist at the interface whether surface and back contact or may
be present in the bulk, and some studies have reported their exis-
tence across the entire film's thickness. The negative impacts of the
secondary phases cannot be prevented when it exists in the back
region or in the bulk, and the only likely solution is in prevention,
by selecting idealized conditions for synthesis, selecting the right

precursors, Cu-poor composition, optimum process parameters,
and post-heat treatments. Equally, when it exist on the surface,
etching is a common method to remove them [76,82,83]. The
bandgap of the secondary phases can tell us how harmful a sec-
ondary phase will be to the performance of a solar cell. If the sec-
ondary phase bandgap is lower than that of the actual absorber, the
open circuit voltage of the PV cell will be reduced. In the sulfide
system, CuS, CTS, and SnS have lower bandgap, while in the sele-
nide system, only CTSe has a low bandgap, indicating that sec-
ondary phases are less harmful in the selenide kesterite absorbers
than in the sulfide absorbers. Secondary phases that have higher
bandgaps are much less harmful, but when present in large
amounts, they can obstruct transport or at least increase series
resistance [84].

3. CZTSSe deposition techniques
Various synthetic routes to kesterite thin films are known and

they can be grouped into vacuum-based deposition or physical
techniques and non-vacuum based or chemical techniques.
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Fig. 5. Intrinsic defect ionization levels in the Cu,ZnSnS4 bandgap. The copper vacancy produces a shallow acceptor level directly above the valence band, but the Cu-on-Zn antisite
produces an energy level that is 0.12 eV higher [Copyright with permission from John Wiley & Sons] [54].
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Fig. 6. The pseudoternary phase diagram used to generate the phase of CZTS, various secondary phases, and the crystal structures. [Copyright with permission from The Royal

Society of Chemistry] [76].

3.1. Vacuum techniques

It can be grouped into a single or a two-step vacuum process. In
the single-step process, all the constituents elements are simulta-
neously incorporated, while in the two-step process, the incorpo-
ration of the precursors takes place employing a process that
involves an ambient temperature such as sputtering [85—88] or
evaporation [89,90] followed by high temperature annealing
[89,91-95]. The chalcogens may be added into the precursor
[96,97] or during the annealing process [92,93,95,98,99] by sulfu-
rization [90,99,100] or selenization [96,97].

The advantages of vacuum techniques include high uniformity,
greater prospects for producing high-quality thin film devices,
simple control over the chemical composition of the thin film, and
good reproducibility. The most commonly used is sputtering and
co-evaporation and others include pulsed laser [101] and chemical
vapor deposition [102]. Vacuum-based techniques suffer from low
throughput, high material utilization, high energy consumption
and use highly expensive vacuum equipment which makes it un-
suitable for large-scale production [103].

3.2. Non-vacuum-based techniques

The advantages of this technique over the vacuum-based tech-
nique include ease of production, use of minimal materials, low
temperature requirement, exclusion of high vacuum equipments
and provide relatively homogeneous films making it suitable for
scalability and viable industrial development [44,103]. It includes
hot injection, sol-gel, electrodeposition, hydrothermal, sol-
vothermal, nanocrystal dispersion, hydrazine-based, microwave,
spray pyrolysis, CBD, and other pure-solution methods
[37,104—127]. The world record for any CZTSSe solar cell has been
stalled at 12.6% using a non-vacuum hydrazine solution-based
approach [128]. Hydrazine being highly toxic and highly explosive
makes it an unrealistic approach to an environmentally friendly
solar cell materials capable of competing with the conventional
silicon solar cell. Recently, a certified efficiency of about 13% was
achieved via eco-friendly solution-based approach, demonstrating
promising solar cell application prospects, and it is currently the
best efficiency reported for CZTSSe solar cells [129]. Among the
different non vacuum techniques, microwave irradiation is a well-

established approach for the controlled synthesis of various
nanomaterials because it has a number of advantages over other
methods. Some of these benefits include enhanced homogeneity,
faster crystallization time, higher yield, better size control, high
purity, and reproducibility [130].

4. Basic structure of a typical CZTS/Se solar cell

The most widely used architecture of CZTS/Se is a complex
multilayer module composed of glass or a flexible polymer sub-
strate, which serves as an electrode layer's support that is typically
molybdenum (Mo) films with a thickness of a few 100 nm [53,131],
a soda-lime glass is common for CZTS/Se solar cells as it helps
diffuse sodium through the molybdenum, further aiding the
growth of larger particles in CZTS absorber material [132,133] and
in some cases, ITO/FTO are used [52,134]. Generally, the Mo is
usually deposited on the substrate by sputtering. Due to its low
resistivity and stability, Mo acts as the back contact, and it assists in
the formation of a molybdenum disulfide (MoS;) layer, which is
beneficial for ohmic contact with the CZTS layer. Owing to its
smaller indirect bandgap (1.3 eV), MoS; also assists in the absorp-
tion of incident solar radiation. However, the molybdenum disul-
fide (MoS;) layer can also prevent the diffusion of sodium into the
absorber layer of CZTS, so accurate control of MoS; formation is
extremely essential [135]. The absorber layer (p-CZTS/Se, the most
important layer) with thickness that ranges from 1 to 2.0 um is
either vacuum or non-vacuum affixed to the Mo back contact. A
thin coating of CdS (50—70 nm) (n-type), usually known as the
buffer layer, is placed on the absorber layer via CBD to produce a p-
n heterojunction with the active layer at the interface, allowing
separation of the charge. ZnS, In,S3, and several other buffer layers
have been investigated apart from CdS. The cell is then finalized by
sputtering transparent conducting oxides usually a bilayer of zinc
oxide (Zn0O). The most widely used zinc oxides are the intrinsic zinc
oxide (i-ZnO) and aluminum-doped ZnO (AZO). The cell is usually
completed by depositing a metal contact grid usually Ni/Al (Fig. 7),
and in some cases, an anti-reflective MgF, coating is used so as to
capture the incident light more effectively thereby enhancing
charge collection and reducing the reflected light loss, which helps
to achieve a better performance [53,131,132,136].
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Window layer: ZnO
Back contact: ITO
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Fig. 7. (a) Substrate architecture and (b) superstrate architecture of a typical CZTS solar cell.

4.1. Working principle of kesterite solar cell

A solar cell is essentially a semiconductor device with p-n
junctions. Essentially, all solar cells have the same principle of
operation known as the PV effect. The potential difference
formed at the junction of two distinct materials in response to
visible or other radiation is known as the PV effect. The PV effect
as shown in Fig. 8 is characterized by three fundamental pro-
cesses: charge carriers are generated by absorbing photons in the
materials forming the junction, the photogenerated charge car-
riers are then separated at the junction, and finally, photo-
generated charge carriers are assembled at the junction of the
terminals. Kesterite solar cell working principle can be compre-
hended by reference to the band diagram in Fig. 9. The active
absorber layer CZTS(Se) is responsible for the electron—hole pairs
creation, separation, and movement to the external circuit. Steps
1—4 with red marks show the charge carriers photogeneration
and current collection process. In the first and second step, there
is an interaction between the incident photon and the CZTS
absorber layer, and the photon's energy is moved to an electron
in the valence band, leading to the formation of a pair of elec-
tron—hole (the electron moves from the valence band to the
conduction band forming a hole in the valence band). The first
and second steps are known as charge carriers' photogeneration.
The PV device must have a p-n junction at the CdS/CZTS(Se)
interface to separate the electron—hole pairs formed in the
absorber layer of CZTS(Se) (Steps 3 and 4). The integrated space
charge region electric field causes the movement of electron and
holes in the reverse direction and ultimately reaches the front
and back electrodes, respectively. Processes in the third and

o | ©y -
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Fig. 8. Mechanism of a p-n junction solar cell. (1) Photon absorption by electrons. (2)
Blue-red color indicates the formation of an electron—hole pair. (3) Charge carrier
separation induced by an electric field [137].

fourth steps refer to separation of the charge carrier and current
collection. The charges that are collected then flows over an
external circuit to run an electrical appliance [137—139].

5. CZTS-superstrate-based solar cells

Unlike the conventional CZTS device architecture that allows
any form of substrate to be used, either transparent or opaque, as
light passes through the cell before finally reaching the substrate,
in superstrate configuration light hits the substrate first before it
is absorbed by the solar cell, so the substrate used must be
transparent and it is mostly glass (FTO/ITO) and flexible sub-
strates have also been used. Superstrate configuration has an
inverse or a reverse configuration of the substrate type configu-
ration. Light is transmitted with the help of a transparent con-
ducting oxide usually indium titanium oxide (ITO) or fluorine
doped tin oxide (FTO) and usually coated on a glass substrate
preceded by the blocking layer deposition which prevents inter-
nal shunting that may arise as the direct contact between p-type
semiconductor and the ITO causes large leakage of currents. TiO;
(compact, dense, tin oxide nanoclusters, nanorods) and ZnO (zinc
oxide nanorods) are the two most widely studied window layers
for superstrate CZTS, and they are usually deposited by spray
pyrolysis, sputtering, doctor blading, or hydrothermal method.
After the deposition of the windows layer, a buffer layer is then
coated on the window layer so as to enhance the electrical
connection between p-type semiconductor (CZTS) and the n-type
semiconducting oxide and it also helps avoid photocurrent
shunting by preventing electron backflow [140—142]. CdS, ZnS,
and In;S3 have been reported and deposited by spray pyrolysis,
CBD, or nanocrystal layer deposition (NLD) techniques. CZTS is
then deposited on the buffer layer by either the vacuum (evapo-
ration, ball milling) or non-vacuum method (molecular precursor
solution-spray pyrolysis, sol-gel spin coating, microwave-drop
casting, electrodeposition, and precursor solution-spin coating).
Finally, the top electrode (carbon paste/graphite, Mo, Ag, or Au) is
deposited by either doctor blading or thermal evaporation.
Nanostructured CZTS superstrate PVs have the general configu-
ration of glass/metal electrode/metal oxide nanostructure/buffer
layer/CZTS absorber/metal electrode [143] and the device archi-
tecture for a superstrate CZTS is shown in Fig. 7 (b). Although
substrate configuration has shown appreciable efficiency to the
tune of 12.6% and almost 13% in laboratory scale devices but the
conductivity of the window layer degrades with accelerated aging
due to the absorber layer being coarse and the low temperature
used for deposition of the layer which influences the interface
output between the buffer and the window layer, thereby
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Fig. 9. CZTS-based heterojunction solar cell energy band diagram illustrating band bending at the junction as well as a schematic representation of photogeneration and charge

carrier separation [139].

resulting to loss of recombination [129,134]. Superstrate archi-
tectural design can be used to overcome the loss of recombina-
tion; it offers numerous advantages such as lower cost, facile
processes, implementation of light trapping is simple, improve-
ment of the design of the back contact and its implementation in
tandem device structures [134]. The next section discusses the
few available papers on the method of fabrication of superstrate
CZTS solar cells.

6. CZTS-superstrate-based solar cells fabricated by vacuum-
based techniques
Vacuum-based method creates a vacuum environment, which

enables the uniform deposition of quality films and generates

Au layer deposition

Seed layer deposition

(a)

CZTS layer deposition

FTO st

ThO, nanorod deposition

CdS layer deposition

Fig. 10. Photovoltaic device schematics of (a) FTO/TiO, nanorods/CdS/CZTS/Au and (b) FTO/TiO, mixed structures/CdS/CZTS/Au [Copyright with permission from American Chemical
Society] [145].

reaction that cannot be achieved under non-vacuum technique.
The most used are co-sputtering and evaporation. For superstrate
CZTS, only evaporation technique has been found in literature.

6.1. Evaporation technique

Evaporation technique has been a preferred choice for the
deposition of CZTS, and it is one of the best techniques for pro-
cessing highly uniform TFSC [144]. In 2017, S. Varadharajaperumal
et al.[145] deposited CZTS thin film via thermal evaporation using a
single source prepared from pure elements of the precursors (Cu,
Zn, Sn, and S). In this work, the CZTS were thermally deposited on
glass/FTO/TiO2 (1D and 3D)/CdS at 150 °C substrate temperature
and annealed at 450 °C, and Au was finally deposited by thermal
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Fig. 11. I-V curves of nanostructured Cu,Zn;sSn;2S44/CdS/TiO, thin film solar cells (a) the nanorods (b) the combined structures. [Copyright with permission from American

Chemical Society] [145].

evaporation to complete the device as shown in Fig. 10(a) and (b).
Two different devices were made with the TiO, nanostructures
(combined TiO, structures and TiO, nanorods). An efficiency of
0.55% was obtained for the device made with TiO, nanorods with a
Voc of 100 mV, a Jsc of 0.042 mA/cm?, and a fill factor (FF) of 23.1%,
while the device made with the combined TiO; nanostructures
exhibited an efficiency of 1.45% with a Vpc of 140 mV, a Jsc of
0.077 mA/cm?, and a fill factor of 26.5% with both device having a
cell active area of 0.196 mm? as shown in Fig. 11(a) and (b). The
higher surface area exhibited by the combined nanostructure TiO;
makes it easier to trap and harvest light compared to TiO, nanorods
hence a better PCE. The efficiency reported was low because
recombination of the electron-hole was fast at the junctions, sulfur
was deficient at higher annealing temperatures of greater than
500 °C, and the series resistance experienced by the materials and
all these affected the fill factor which then led to reduction in the
observed efficiency. Recently, Peksu and Karaagac [146] deposited
CZTS thin film by one-step thermal evaporation and fabricated a
superstrate device with the configuration SLG/ITO/ZnO-NRs/CdS/
CZTS/Ag. The device had an efficiency of 2.82% with a Vpc of
460 mV, a Jsc of 20.80 mA/cm?, and a fill factor of 29.5%. The
improvement observed in the efficiency as compared to the liter-
ature was ascribed to the quality of the CZTS layer, the quality of the
interface formed between the core shell components, the
morphology, the aspect ratio of ZnO NRs (core), and the chosen
material for the metallic top contacts.

6.2. CZTS-superstrate-based solar cells fabricated by non-vacuum-
based techniques

Vacuum-based techniques are very expensive and suffer from
low-throughput, poor usage of materials and high energy con-
sumption. Profitability is at the heart of every technology so non-
vacuum deposition technique is a viable option to achieve solar
cell production at low cost [144,147]. Table 1 shows the efficiency
achieved for superstrate-based devices by different deposition
method including vacuum and non-vacuum based.

6.2.1. Screen printing

It is a less complicated, adaptable, and economically sustainable
technology for growing polycrystalline films deposited on large
surfaces, and it is ideal for the deposition of other solar cell mate-
rials that are based on metal sulfides, selenides, tellurides, and
oxides [148]. Qinmiao et al. [149] developed CZTS superstrate solar
cell by preparing the CZTS by a combination of ball milling and
screen printing method. All the layers were deposited by an entirely
non-vacuum method. The windows, buffer, and top electrode were

deposited employing spray pyrolysis and screen-printing method,
respectively. They studied the annealing duration of screen printed
CZTS at 600 °C in nitrogen atmosphere and the influence of buffer
thickness on the PCE of the solar cell devices. An increase in the
duration of annealing increases the peak intensity and attain
maximum when the duration of annealing is 7.5 min, and a
decrease in the peak intensity of (112) plane is observed when the
duration of annealing was increased further to 10 min. Annealing
improves the crystallinity of the CZTS. The annealed samples at
600 °C at different duration had a bandgap ranging from 1.287 to
1.415 eV. The bandgap value improved with an increase in the
annealing duration. The best solar cell is that annealed at 5 min and
had an efficiency of 0.53%, while the least is the one annealed at
10 min with an efficiency of 0.11%. This efficiency results contradict
the XRD results, which shows that the optimal duration of
annealing is 7.5 min and this may be ascribed to the thickness of the
buffer layer (InyS3) as the buffer layer thickness has been
mentioned to significantly affect the efficiency of solar cells [150].
The thickness of the buffer layer also had a pronounced effect on
the efficiency of the CZTS. The PCE increased from 0.21% to 0.60%
when the spray solution increased from 50 mL spray solution to
55 mL spray solution, while it drops to 0.07% when the spray so-
lution was further increased to 60 mL, which is as a result of the
highly thick layer prepared under that annealing duration. When a
longer annealing duration was used with the 60 mL spray solution,
a better thickness was obtained, and the solar cell efficiency
increased but the crystallinity decreased. The buffer layer's thick-
ness is very vital for solar cell because it is strongly related to the
quality of the p-n junction or the length of carrier diffusion. If the
buffer layer is too thin, current leakage may occur, and if it is too
thick, the carrier separation rate may be low. The same author using
ball milling and doctor blading fabricated a CZTS superstrate solar
cell with the configuration glass/FTO/Compact TiO;/In,S3/CZTS/Mo
investigating the same parameters as that of the screen-printing
method above obtained the highest efficiency of 0.55% [151]. Doc-
tor blade printing technique is a facile, fast, and an economically
viable method used for the deposition of thin films on different
type of substrates from an ink paste and has the advantage of low
material consumption when compared to screen-printing and
inkjet printing [152].

6.2.2. Electrodeposition technique

This approach is a very attractive cheap method employed for
producing various kind of thin film semiconductor both for pilot
scale in research field and large scale for industrial purposes. The
technique has been extensively used for CdTe, CIS, and CIGS thin
film absorber layer fabrication in solar cell application. There are
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Table 1
Device architecture, deposition techniques, and photovoltaic properties of CZTS superstrate-based solar cells.

Device architecture Deposition methods Annealing conditions Voc (mV) Jsc (mAfcm?) FF(%) PCE(%) Ref
Window layer Buffer layer Absorber layer
Glass/FTO/TiO,NP/In,S3/CZTS/ Compact TiO,-Spray pyrolysis In,S3-Spray pyrolysis at Ball milling/Screen printing  Dried at 125 °C for 5 min in air 250 8.76 27.0 0.60 [149]
Carbon paste at 450 °C 200 °C and annealed by Rapid Thermal
Annealing (RTA) in Nitrogen gas
(N2).
SLG/FTO/Dense TiO/TiO5- Dense TiO,-Sputtering TiO; CdS- Chemical bath Molecular precursors Pre annealed in Nitrogen 564 2.85 43.0 0.51 [153]
nanoclusters/CdS/CZTS/ nanoclusters-Doctor blading deposition at 65 °C mixing/Spray pyrolysis at atmosphere at 140 °C for
Graphite electrode 160 °C 30 min, then annealed in
Nitrogen atmosphere at 250 °C
for 30 min.
Glass/FTO/Compact TiO,/In,S3/  Compact TiO,-Spray pyrolysis In,S3-Spray pyrolysis at Ball milling/Doctor blading  Annealed by Rapid Thermal 240 7.82 29.0 0.55 [151]
CZTS/Mo at 450 °C 200 °C Annealing (RTA) process in N,
at 400 and 500 °C for 5 min and
at 600 °C for 1-11 min.
SLG/FTO/Dense TiO3/TiO5- Dense TiO,-Sputtering TiO, CdS- Chemical bath Molecular precursors Pre annealed in Nitrogen 4459 6.794 37.4 1.131 [154]
nanoclusters/CdS/CZTS/ nanoclusters-Doctor blading deposition at 65 °C mixing/Spray pyrolysis at atmosphere at 140 °C for
Graphite electrode followed by annealing at 160 °C 30 min, then annealed in
250 °C Nitrogen atmosphere at 300 °C
for 30 min.
SLG/ITO/ZnO NRs/CdS/CZTS/Au  ZnO NRs- Spin coating of sol gel ~ CdS- Nanocrystal layer Precursor solution/Spin Annealing done in air at 150 °C  679.2 41 438 1.200 [143]
ZnO seed layer preceded by deposition for 50 min coating for 10 min followed by at 250 °C
hydrothermal growth of ZnO for 10 min.
NRs
Glass/ITO/ZnO NRs/ZnS/CZTS/ ZnO NRs- Hydrothermal ZnS-Chemical bath Sol-gel/Spin coating Preheated at 150 °C for 10 min  868.9 8.50 49.1 3.63 [52]
Au growth on spin coated sol gel deposition at 70—80 °C for 6 on a hotplate in air followed by
ZnO seed layer —24h at 250 °C for 10 min.
Glass/FTO/TiO2/In,S3/CZTS/ TiO,- Spray pyrolysis In,S3-Spray pyrolysis Electrodeposition Annealed in sulfur atmosphere  615.0 139 41.0 3.53 [155]
Graphite at 580 °C for 90 min.
Flexible substrate/FTO/ZnO ZnO NRs- Hydrothermal N/A Microwave/Drop casting N/A 405 4.35 46.9 0.83 [156]
NRs/CZTS/Carbon conductive  growth on ZnO seed layer
adhesive tapes deposited by RF sputtering.
Glass/FTO/TiO, NRs/CdS/CZTS/ TiO, NRs- Hydrothermal CdS-Chemical bath Thermal evaporation Annealed at 450 °C for 15 min 100 0.042 23.1 0.55 [145]
Au growth on TiO2 seed layer deposition at around 70 °C
deposited by DC magnetron for 3—4 min.
sputtering
Glass/FTO/Dense-TiO,/CdS/ Dense TiO,-Spray pyrolysis CdS-Chemical bath Precursor solution Annealed in N, atmosphere 474.0 5.07 44.0 1.05 [157]
CZTS/Au deposition deposition/Spray pyrolysis
Glass/FTO/ZnO NRs/ZnS/CZTS/ ZnO NRs- Hydrothermal ZnS-Chemical bath Sol-gel/Spin coating Pre annealed at 120 °C for 454.0 5.652 41.6 1.07 [158]
Au growth on ZnO seed layer deposition at 60 °C. 10 min and subsequently at
deposited by spin coating 300 °C for 1 h in a furnace.
Glass/FTO/ZnO NRs/ZnS/CZTS/ Vv Vv 285.0 0.837 359 0.08
Au
Glass/FTO/TiO,/CdS/CZTS/Au TiO2 NRs- Hydrothermal CdS-Chemical bath Molecular precursor Annealed in a tubular furnace at 518 5.143 - 1.04 [134]
growth deposition at 65 °C for solution/Spin coating 250°C for 1 hin Ar atmosphere.
11 min.
SLG/FTO/ZnO NWs/CdS/CZTS/ ZnO NWs-Hydrothermal on CdS-Nanocrystal layer Precursor solution Preheated on a hotplate at 589 7.07 54.0 227 [159]
Ag ZnO seed layer deposited by deposition for 20—70 min deposition/Spin coating 200 °C for 2 min followed by at
spin coating. at room temperature 250 °C for 40 min.
Glass/FTO/CdS/CZTS/Ag - CdS- SILAR SILAR Dried on a hotplate at 50 °C 733 7.494 45.0 2475 [160]
Glass/FTO/Compact TiO,/CdS/ Compact TiO, CDS-Chemical bath SILAR Annealed at 200 °C for an hour. — - - - [161]
CZTS deposition at 65 °C for
15 min.
SLG/ITO/ZnO-NR/CdS/CZTS/Ag ZnO NRs-Hydrothermal growth  CdS- Chemical bath CZTS- One-step thermal 400 for 30 min under the flow 460 20.8 29.5 2.82 [146]
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two dissimilar approaches for preparing CZTS thin films: sequential
electroplating or one-step electrodeposition of the precursors
preceded by reactive annealing in a sulfur or selenium atmosphere
[103]. Depositing quaternary system such as CZTS or CZTSSe by
one-step electrodeposition is more complicated compared to bi-
nary system such as CdTe. A better way to simplify it is by depos-
iting the metal precursor layers as a stack in stoichiometric amount,
then reactive annealing in a sulfur or selenide atmosphere in order
to transform the metal multilayer to CZTS or CZTSSe. Another way
is to simultaneously deposit the three metals so as to create an
intimate mixture of the elements and subsequently transformed to
CZTS or CZTSSe by sulfurization or selenization. In both cases, if the
chalcogenide precursor is not present, the electrochemistry only
favors the reduction of the metal ions [162]. An entirely non-
vacuum method of deposition of all the layers was reported by
Berruet et al. [155]. In their method, the buffer and windows layer
were coated by spray pyrolysis, CZTS absorber layer was deposited
via electrodeposition, while the conductive graphite ink acting as
the back contact was deposited by painting using a mask to define
the areas. The CZTS superstrate solar cell fabricated showed an
improvement in the PV properties as compared to previous report
with TiO; and In,S3 as n-type semiconductor [149,153]. An effi-
ciency of 3.53%, a Voc of 0.615 V, a Jsc of 13.9 mA/cm?, and FF of 0.41
was obtained, which is among the highest known efficiency re-
ported for a CZTS superstrate solar cell.

6.2.3. Successive ionic layer adsorption and reaction (SILAR)
technique

SILAR is an advanced CBD method, and it is similar to atomic
layer deposition method for depositing thin films [163]. SILAR was
first performed by Ristov et al. in the year 1985 [164] and the
name SILAR was given by Nicolau and his colleagues in the same
year [165]. SILAR unlike CBD avoids heavy precipitate formation
[166] and aside from being a very simple deposition technique, it
can be employed for thin film deposition without the use of an
expensive technology, the maintenance requires no expensive
equipment, requires no quality substrates or target, relatively
inexpensive, no high heating required, making it economically
feasible for large scale deposition of thin film solar cells. It can be
performed using simple laboratory equipment such as beaker
[167]. The basic steps involve dipping the substrate into the
cationic solution and then rinsing with deionized water to elim-
inate loosely bound cations and subsequently dipped into the
anionic solution and then rinsed with deionized water to elimi-
nate unreacted anions from the substrate. The dipping was per-
formed several times in cationic and anionic solution in order to
achieve the desirable thickness. It is necessary to rinse with
deionized water after each dipping step so as to allow for thin film
formation on the substrate and also to avoid precipitate formation
in the solution [163,166,167]. Jasmitha et al. [160] fabricated a
CZTS superstrate solar cell without a windows layer. CdS and CZTS
absorber layer were deposited by SILAR method. CdS was depos-
ited by immersing the substrate in a methanolic solution of cad-
mium acetate for 2 min; it is then rinsed with methanol and
deionized water, then dried at 60 °C. The substrate is then
immersed in the methanolic solution of sodium sulfate for 2 min
and subsequently rinsed with methanol and deionized water and
then finally dried. The immersion and drying method were
repeated seven times to realize the desired thickness. CZTS was
deposited by immersing the glass/FTO/CdS substrate in a solution
of the metal chlorides (cationic solution) for 30 s and then washed
with deionized water followed by drying at 50 °C and followed by
immersion in an anionic solution of sodium sulfate for 30 s and
then dried at 50 °C on a hotplate. The immersion and deposition
cycles were repeated for 30 times to the desired thickness of CZTS
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on glass/FTO/CdS. XRD analysis confirmed the tetragonal phase of
the kesterite crystal structure having a crystallite size of 35 nm
with a 1.3 eV bandgap. EDS results also confirm an almost stoi-
chiometric ratio of 2:1:1:4 for CZTS. An efficiency of 2.475%, a Voc
0f 0.733 V, a Jsc of 7.494 mA/cm?, and FF of 0.45 was obtained for
the fabricated CZTS superstrate solar cell. Krishnan et al. [161]
explored the electrical properties of a CZTS superstrate P—N
junction with the configuration glass/FTO/Compact TiO,/CdS/
CZTS without fabricating a solar cell. All the layers were deposited
by solution-based method. The P—N junction had a resistivity of
approximately 151 x 10> Q cm, a carrier concentration of
1.28 x 10" cm~3, and a mobility of 0.32 cm?/V/s. The limited
mobility is caused by the thin film's small grain size, which caused
electron and hole recombination at the grain boundaries. A knee
voltage of close to 1 V was obtained for the P—N junction, indi-
cating that an excellent V,. can be projected from solar cell
fabricated with glass/FTO/TiO,/CdS/CZTS.

6.2.4. Sol-gel-based spin coating technique

It is a facile, cost-effective process for producing many types of
semiconductor thin films [103]. Among the chemical deposition
techniques, the spin-coating technique has numerous advantages
such as it is easy to handle, the elemental constituents can be mixed
in a precursor colloidal solution at a molecular level. Sol-gel con-
sists of nanoparticles polycondensation, and thus, thin films with
improved crystallinity can be gotten at a lower annealing temper-
ature and transfer of a consistent composition from gel to thin films
due to deposition at room temperature [168]. Three steps are
usually involved when fabricating a thin film by spin coating
method: first, the precursor solution containing the specific ion is
prepared; second, the precursor solution is spin coated on a glass
substrate to create the film, and lastly, the thin films is annealed in a
particular atmosphere [169]. This method was first introduced for
the production of CZTS thin films by Tanaka et al. in 2007 [170]. In
2016, Ghosh et al. [52] were the first to report on the substitution of
CdS with ZnS for a CZTS superstrate solar cells grown on a vertically
aligned ZnO nanorods arrays. In this work, ZnO nanorod arrays that
aligned vertically was grown by first spin coating the seed layer of
ZnO synthesized by mixing zinc acetate dihydrate (precursor salts),
2-methoxyethanol (solvent), and monoethanolamine (stabilizer) at
60 °C for 2 h, and subsequently, the ZnO nanorods were grown by
placing the seed layer-coated substrate upside-down in a beaker at
90 °C for 5 h (hydrothermal method). ZnS layer was coated on the
ZnO nanorods by CBD by incubation in an aqueous sodium sulfide
solution at 70—80 °C for 6—24 h to obtain the ZnS-coated ZnO
nanowires. Then, CZTS was deposited on the ZnS-coated ZnO
nanowires by sol-gel spin coating method, and finally, a 100 nm
thin film of gold metal was coated to complete the solar cell.
Fig. 12(a) and (b) shows the block diagram and the energy band
diagram of the fabricated CZTS superstrate solar cell, respectively.
ZnO nanorods serve as the electron-transport layer since its work
function matches that of the acceptor and they also exhibit high
electron mobility. ZnS was chosen because it is environmentally
friendly, non-toxic, and relatively cheap, and its main function is to
enhance the alignment of the energy band between CZTS acceptor
and the ZnO window layer; it reduces the density of the surface
defect at the interface as well as increases the charge carrier's
lifetime. The fabricated device as shown in Fig. 12(c) and (d) had FF
0f0.491, a Vo 0f 868.9 mV, a Jsc of 8.50 mA/cm?, and an efficiency of
3.63%, which is currently the champion of the CZTS superstrate
based solar cell. The improvement observed in the Vpc was attrib-
uted to a better electron affinity and ionization potential when
compared to CdS, while the small improvement observed in the fill
factor is as a result of an improved transport and collection of
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Fig. 12. ITO/Zn0O/ZnS/CZTS/Au solar cell (a) block schematic (b) energy diagram (c) I-V characteristics of the entire solar cell under illumination, and (d) semi-log of I-V [Copyright

with permission from Elsevier] [52].
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image of the completed device (FTO/ZnO@CdS NWSs/CZTS/Ag) in cross section [159].

charges owing to the integration of a ZnO nanorod arrays that are
vertically aligned.

In the same year, Chen et al. [159] developed ZnO@CdS nano
heterojunction arrays with low dimensions as window and buffer
layer in a CZTS superstrate solar cell. A 2 um in length and
approximately 50—60 nm hexagonal arrays of ZnO nanowires were
obtained by hydrothermal synthetic method at 90 °C for
30—90 min. Prior to the growth of the ZnO nanowires, a ZnO seed
layer prepared by mixing zinc acetate dihydrate, diethanolamine in
dimethylcarbinol at 50 °C for 1 hr was spin coated on the FTO
substrate. The CdS was deposited on the ZnO nanowires by NLD
techniques at room temperature for 20—70 min. CZTS absorber
layer was then coated by sol-gel spin coating method as shown in
Fig. 13(a) and (b). The cell was then completed by deposition of Ag.
They showed that the morphology of ZnO nanowires, buffer layer,
thickness of CdS and CZTS crystallization temperature had pro-
nounced effect on the PV efficiencies of the fabricated CZTS
superstrate devices. Fig. 14(a)—(c) shows the fabricated inverted
structure, the band alignment, and the cross-sectional SEM image
of FTO/ZnO@CdS NWs/Ag. When the device was fabricated without
any buffer layer and with the configuration FTO/ZnO NWs/CZTS/Ag,
the device exhibited low PV efficiency since it has been shown that
the buffer layer enhances the efficiency of CZTS solar cells by pre-
venting unwanted shunt paths and expanding the depletion dis-
tance at the p-n interface, which extends the electrical field in the
absorber layer thereby minimizing the loss of collection by
tunneling and recombination [171].

The PV performance was enhanced when it was coated with
CdS, and different thicknesses were obtained as a function of the
deposition time. An increase was first observed in the PV efficiency
as the CdS thickness increases and then decreases with a further
increase in efficiency, and the best thickness that yielded a higher
PCE was observed when CdS was deposited for 50 min. The ZnO
nanowires with a length of 2 um and CZTS device annealed at
250 °C gave the best efficiency of 2.27%, a Vpc of 0.589 V, a Jsc of
7.07 mA/cm?, and FF of 0.54. ZnO nanowires allow for the loading of
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more CZTS nanoparticles, leading to an enhancement in photo
absorption and the one-dimensional ZnO arrays enables excellent
charge carrier transport to be matched with broad interface areas
for the charge separation and transport with the neighboring
species.

Recently, the effect of shunt and series resistance on the per-
formance of ZnO nanowire based CZTS superstrate solar cell was
investigated by Gayen and Chakrabarti [158] using sol-gel spin
coating technique for the deposition of CZTS. They fabricated the
cell with the configuration FTO/ZnONW/ZnS/CZTS/Au. The window
layer which is the ZnO nanowires was grown by first spin coating a
seed layer of zinc oxide prepared from a solution of zinc acetate
dihydrate and ethanolamine dissolved in isopropanol at 60 °C for
1 h followed by the growth of the ZnO nanowires by hydrothermal
method. ZnS layer was coated on the windows layer by CBD to
obtain the ZnS-coated ZnO nanowires. Then CZTS was deposited on
the ZnS-coated ZnO nanowires by sol-gel spin coating method and
finally a gold metal contact was deposited by e-beam evaporation
technique to complete the solar cell. It was observed that the series
(Rs) and shunt resistances had a pronounced impact on the pa-
rameters of the fabricated heterojunction solar cells. A large Ry
value leads to a reduction in the short circuit current (Jsc) while a
small Ry, value reduces the open circuit voltage (Vo) and on
combining both effects, the fill factor reduces drastically thereby
reducing the performance of the cell. The cell fabricated with ZnS
exhibited a PCE of 1.07%, a Voc of 0.454 V, a Jsc of 5.652 mA/cm? and
FF of 0.416 while the cell without ZnS show a poor PV characteristic
with a PCE of 0.08%, a Voc of 0.285 V, a Jsc of 0.837 mA/cm? and FF of
0.359. This shows that the large interface defects were passivated
by ZnS buffer layer which as a result lead to the reduction in the
series and shunt resistances thereby leading to an increase in the
current which then therefore leads to a better PV efficiency.

6.2.5. Molecular precursor solution
It is one of the most easy and efficient ways for processing films
of multinary compound system and the elemental component can
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be independently adjusted to regulate the composition and phase
of the compound [172]. It usually involves dissolving the metal
compounds such as metal salts, sulfides or metals in a particular
solvent to form a homogenous solution with capabilities to yield
chemically clean films [172,173]. Lee and Yong in 2013 [143] pre-
pared molecular salts from copper iodide, zinc acetate, tin chloride
and thioacetamide in pyridine. The precursor salts were added one
after the other in order to prevent the formation of an undesired
precipitate. To compensate for the loss of sulfur excess thiourea was
used. The cell had a configuration of ITO/ZnO NRs/CdS/CZTS/Au. The
ZnO nanorods were grown by hydrothermal technique on the SLG
ITO substrate. CdS was deposited on the ZnO nanorods substrate by
NLD by incubating the ZnO nanorod substrate in a solution of
cadmium chloride and thioacetamide for 50 min. CZTS was spin
coated on the SLG/ITO/ZnO NR/CdS from the prepared molecular
precursor solution and dried at 150 °C and immediately transferred
to a hotplate already preheated to 250 °C. The device was
completed by depositing gold as the top electrode. The cell had an
efficiency of 1.2%, a Voc of 679.2 mV, a Jsc of 4.1 mA/cm?, and FF of
0.438.

More recently, Satale and Bhat [134] studied the effect of
different atomic ratios on CZTS superstrate solar cell. The fabricated
PV device had an architecture of glass/FTO/TNR/CdS/CZTS/Au. The
TiO, nanorods (TNRs) was synthesized by placing a pre-cleaned
FTO substrates in a 50 mL Teflon autoclave containing a nutrient
solution of TiCl4 dissolved in a mixture of concentrated HCl and
deionized water. The autoclave was placed in an electric oven at
180 °C for 2 h. Upon the conclusion of the reaction, the substrate
was removed and washed thrice with distilled water and annealed
in air for an hour at 450 °C 60 nm of CdS buffer layer was coated on
the TiO, nanorods by CBD at 65 °C for 11 min before drying in an
electric oven at 120 °C for 5 min. The CZTS absorber layer was spin
coated on the CdS-coated substrate from the two prepared mo-
lecular precursor solution. The coating was done a few times to
obtain a homogeneous film of the required thickness. Afterward,
the substrates coated with CZTS were annealed in a tubular furnace
under argon atmosphere for 1 h at 250 °C. Thermal evaporation was
used to deposit a 100 nm gold metal to finalize the device. FESEM
image revealed that sample CZTS2 had a smooth film surface with
no noticeable pin holes or cracks, while sample CZTS1 had a non-
uniform surface with cracks. Sample CZTS1 and CZTS2 exhibited a
bandgap of 1.57 and 1.42 eV, respectively. The PV properties are
shown in Fig. 15. The device fabricated with sample CZTS1 had a Vo
of 0.507 V, a J,c of 4.144 mA/cmz, while sample CZTS2 had a V¢ of
0.518 V, a Jsc of 5.143 mA/cm?, and an efficiency of 1.04%. The effi-
ciency and short circuit current of sample CZTS2 were approxi-
mately 16.67% and 20.46% higher than that of sample CZTS1. The
better efficiency and an increase in the current density observed for
sample CZTS2 can be ascribed to the improved crystallinity, opti-
mum composition, purer phase formation, uniform and crack-free
films, and longer carrier diffusion length as shown by the FESEM,
XRD, Raman, and EDS analyses.

6.2.6. Spray pyrolysis deposition

This technology has been extensively employed for the pro-
duction of thin films. The method is simple, easy to handle, the
engineering design is less complex, and the technique offers good
reproducibility which is advantageous for producing any kind of
thin films on a large scale. No vacuum is required for its deposition
making it suitable for large scale industrial applications [103,174].
Nakyama et al. [175] were the first to synthesize CZTS by spray
pyrolysis deposition technique while Kurokawa and Ito [153] were
the first to report superstrate CZTS solar cell fabricated by spray
pyrolysis deposition technique. They fabricated a device with the
configuration SLG/FTO/TiO,/CdS/CZTS/graphite electrode. The
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Fig. 15. J-V curves of the superstrate (CZTS) solar cell devices constructed with CZTS-1
and CZTS-2 molecular precursors. The digital image of the actual device is shown as
inset. [Copyright with permission from Elsevier] [134].

nanocluster TiO, and dense TiO, were deposited by doctor blading
and sputtering technique, respectively. CdS layer was coated on the
TiO, by CBD process varying the time of deposition from 5 to
30 min. CZTS was then coated on the TiO, by spray pyrolysis
deposition method from solution made by mixing copper acetate
monohydrate, tin chloride dihydrate, zinc acetate dihydrate, and
sulfur powder in dimethylformamide and monoethanolamine as
solvent and stabilizer. The solution was sprayed at 160 °C before
drying in air for 5 min and the procedure was repeated for five
times followed by pre-annealing at 140 °C for 30 min and finally
dried at 250 °C for 30 min. The cell was completed by forming
graphite electrode on the CZTS absorber. They showed that CdS
layer thickness did not change with respect to time but had a
considerable impact on the PV properties of the solar device. An
efficiency of 0.51% was obtained when CdS was deposited at 20 min
with a Jsc of 2.85 mA/cm?, a V¢ of 0.564 V, and FF of 0.43. The
reason for the low performance was because the cell suffered from
large series resistance, thereby leading to a reduction in the FF, Jsc,
and the PCE. Using the same configuration, same procedure and
same deposition technique as above except for annealing at 250 °C
after CdS deposition and final annealing carried out at 300 °C,
Kunihiko et al. [154] reported an efficiency of 1.131%, a Voc of
0.4459 V, a Jsc of 6.794 mA/cm?, and FF of 0.374. The reason for the
increase in efficiency as compared to the previous one maybe
because the holes in the CZTS/nc-TiO, surface were reduced
thereby leading to a reduction in current leakage and consequently
leading to a higher Jsc.

Recently, Zhong et al. [157] employed the process of spray py-
rolysis to deposit CZTS from the solution made by combining zinc
chloride (ZnCly), tin chloride (SnCly), copper chloride (CuCl,), and
thiourea in methanol. The FTO substrate used was first cleaned and
a dense layer of TiO, was deposited by spray pyrolysis followed by
the coating of CdS (50 nm) by CBD. The CZTS was deposited on the
CdS-coated TiO; substrate by spray deposition at 350 °C and sub-
sequently annealed under nitrogen atmosphere. XRD and Raman
analyses confirmed that pure kesterite phase was formed. The
bandgap was found to be 1.72 eV, which is way above what is
usually reported in the literature, and the reason is because the film
prepared by spray pyrolysis was thin, but the film thickness is still
consistent with superstrate-type CZTS solar cell absorber. The
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Fig. 16. (a) FTO/d-TiO,/CdS/CZTS/Au superstrate solar cell schematic (d-TiO,, as the hole-blocking layer). (b) J-V properties of FTO/d-TiO,/CdS/CZTS/Au solar cells illuminated with

AM 1.5G. (100 mW/cm?) [157].

fabricated superstrate CZTS solar cell (Fig. 16) had a configuration of
glass/FTO/d-TiO,/CdS/CZTS/Au with an efficiency of 1.05%, a V¢ of
474 mV, a Jsc of 5.07 mAjcm?, and FF of 0.44. The cell had a low
efficiency because of low shunt resistance and large series resis-
tance caused by the poor quality of the crystals and the severe
recombination. Another reason was because of the too thin CZTS
absorber layer which was not sufficient enough to absorb enough
light that can sufficiently produce light-induced charges thereby
resulting in the generation of a low photocurrent. Another way
suggested to increase the efficiency of the device is by annealing in
the presence of sulfur or H,S atmosphere as this makes the thin film
denser thereby improving the quality of the crystals, which
invariably improves the efficiency of the solar cell device.

6.2.7. Microwave technique

In the electromagnetic spectrum, microwave falls in between
radio and infrared waves and are electromagnetic waves with a
frequency of 0.3 GHz—300 GHz (wavelengths varying from 1 mm to
1 m). Both microwave ovens for kitchen and the bulk of microwave
reactors available commercially for chemical synthesis run at a
wavelength of 12.24 cm, which corresponds to a frequency of
2.5 GHz [46,47]. Microwave chemistry is the science of employing
microwave irradiation to accelerate chemical processes, and it is
based on efficiently heating materials by microwave dielectric
heating not initiating chemical reactions through direct absorption
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of electromagnetic energy, as in photochemical processes (i.e., the
ability to absorb and transform microwave energy into heat from a
particular material (e.g., solvents and or reagents) [176]. The
mechanism of microwave heating involves two key processes, that
is, dipolar polarization and ion conduction [46]. Unlike traditional
laboratory heating methods that typically require using an electric
furnace/an oil bath to heat the reactor walls, then heats the reactant
by convention or by conduction with the reactor acting as an
intermediary for transferring heat energy via an external heat
source until it gets to the solvent, then eventually to the reactants,
which takes longer to reach the desired temperature thereby
leading to temperature differences in the bulk medium, non-uni-
form, and an ineffective reaction, which could result in serious
problems in large-scale production, microwave heating instead
heats the target materials directly without heating the whole
furnace/oil bath minimizing energy and time resulting in compar-
atively cost effective, energy-efficient, and high material produc-
tion efficiency [176]. For the above reasons, microwave synthetic
method has received tremendous attention in the field of nano-
materials. For the synthesis of CZTS nanomaterials, it generally
involves dissolving the cationic and anionic source in a high mi-
crowave absorbing solvent, which is then placed in a laboratory
microwave reactor or a kitchen microwave at particular reaction
conditions such as microwave power, temperature, and time. The
product obtained is then centrifuged, washed severally with
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Fig. 17. (a) XRD pattern of the annealed CZTS in the glove box (GB) and sulfurized CZTS (b) Raman spectrum of the annealed CZTS in the glove box (GB) and sulfurized CZTS.

[Copyright with permission from Royal Society of Chemistry] [180].
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solvents, and then dried at a particular temperature for a particular
time [41,177—179].

Colloidal CZTS nanoparticle inks were first synthesized using
microwave assisted method by Flynn et al. [110]. Metal chloride
salts of Cu, Zn, and Sn was utilized as the cationic source, while
thioacetamide was the source of sulfur and were dissolved in
ethylene glycol in one pot targeting an initial precursor concen-
tration with nanoparticle composition of copper poor and zinc rich.
The use of metal chlorides ensures that all the species had the same
counter ions and better chemical uniformity in solution at 190 °C
for 30 min. Their findings show that varying the initial precursor
concentration could be used to control the composition of the
nanoparticles and that reactions carried out with excess zinc and a
decrease in copper were required to achieve ideal values of 0.86 for
Cu/(Zn + Sn) and 1.04 for Zn/Sn. XRD and Raman pattern confirmed
the synthesis of high-quality CZTS kesterite crystal phase.

Wang and co-workers [180] developed CuyZnSnSs (CZTS)
nanoparticles via one pot facile microwave-assisted heating
employing metal acetylacetonates, sulfur and oleylamine as
cationic precursor salts, anionic precursor salt, and solvent,
respectively. Annealing of the materials was carried out at two
dissimilar environments, one in low oxygen and H,O at less than
0.5 ppm in the glove box (GB), whereas the other was done in an
atmosphere of sulfur designated as sulfurization, at 500 °C for
30 min. The XRD pattern and Raman spectra (Fig. 17) revealed that
the CZTS annealed in the GB contains an impure phase compared to
the sulfurized annealed sample and the probable reason proposed
for the presence of the impure phase was because it lacks sulfur,
which led to the presence of other phases of chalcogenide com-
pounds. This is consistent with many reports in the literature
indicating that an anion is lost during the process of CZTS anneal-
ing. CZTS thus appears to have secondary phases such as Cus, Sn;Ss,

31-May=1?2 JBNU

Fig.18. :
[183].
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and SnS; when annealed without sulfur while CZTS annealed in the
GB have secondary compounds coming from CuS and Sn,Ss3. The
bandgaps were estimated to be about 1.46 and 1.5 eV for CZTS
annealed in the GB and an atmosphere of sulfur, making them
suitable for PV applications.

CZTS nanopowder was synthesized in aqueous media by varying
the reaction time and thiourea concentration [181]. An ammonium
hydroxide mixture was added to facilitate in the production of
water-soluble metal amine complexes, thus preventing unwar-
ranted and rapid metal sulfides precipitation, and keeping signifi-
cant number of metals in the solution. XRD results revealed that
several undesirable peaks unrelated to CZTS phase were detected
when the reaction was carried out with the appropriate concen-
tration of thiourea to form Cu;ZnSnS4, and it was observed that the
CZTS phase improved as thiourea concentration increases. Two
important things were observed as the concentration of thiourea
increases. First, the individual metal sulfide peaks continue to
disappear, and second, when compared to distinct metal sulfide
peaks, CZTS relative intensity increased. They established that a
higher concentration of thiourea was optimal to attain a superior
CZTS phase even though CZTS mechanism of formation as a func-
tion of concentration of thiourea was not fully understood. They
found out that the higher the time, the better the purity. Raman and
EDAX also established the formation of CZTS. The particle size
ranges from 150 to 600 nm. Scanning electron microscopy (SEM)
image showed the nanopowder was of irregular shape, and trans-
mission electron microscopy (TEM) analysis confirmed a flower-
like resembling morphology for 2D CZTS layer structures. The op-
tical absorption spectra of CZTS nanopowder exhibited strong
absorbance in the solar spectrum visible region with a calculated
bandgap of 1.27 eV, suggesting its potential as a relatively good
absorber layer for thin film PV cells [182].

WD16/ 9mm 15K

(a) A low and (b) high resolution SEM images of CZTS particles synthesized with PVP addition and (c) without PVP addition [Copyright with permission from Elsevier]
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Kumar et al. [183] described the first synthesis of microwave-
assisted of doughnut-shaped CuyZnSnS4 (CZTS) hierarchical mi-
croparticles utilizing N,N-dimethylformamide (DMF) as a solvent
and polyvinylpyrrolidone (PVP) as a stabilizer, respectively. They
examined the effect of polyvinylpyrrolidone effect on the formation
of CZTS nanoparticles. XRD and Raman analyses established that a
single pure kesterite (CZTS) phase was formed. SEM image with low
magnification (Fig. 18) showed that the CZTS particles with PVP
consisted of nearly homogeneous CZTS microparticles with
doughnut-like shape ranging in size from 1 to 2 um and that those
synthesized without PVP shows several plate-like-shaped particles
of about 50—60 nm thickness. The plate-like-shaped particles are
distributed at random to form aggregates of various sizes and
shapes. Therefore, SEM image revealed that polyvinylpyrrolidone
played a vital role in forming a hierarchical doughnut-shaped ar-
chitecture. PVP has successfully been used as a stabilizer and a
structural-directing agent to prepare numerous new well-defined
nanostructures [184]. The obtained CZTS nanoparticles displayed
strong photoabsorption properties in the whole visible region, and
the morphology of the particles has a major influence on the ab-
sorption of light properties (i.e. CZTS microparticles with a hierar-
chical structure showed improved absorption than the single plate-
shaped particles stacked). An increase in the absorption of light by
the hierarchical architecture can be because of an improvement in
the optical path, allowing light to be captured more efficiently by
scattering over the nanoplates network. The doughnut-shaped
CZTS particles had a bandgap of 1.54 eV, and this agrees well
with values reported in the literature [185,186] and showed its
potential as a solar cell absorber. As secondary phases like ZnS
(3.6 eV) and CuySnSs (0.96 eV) would increase and decrease the
CZTS particles bandgap, respectively, their possible existence can
be ruled out.

Shin et al. [187] evaluated the effect of varying the Cu content
from 0.01 to 0.025 M on the morphological, chemical, composi-
tional, structural, and optical properties of CZTS nanoparticles. The
findings of XRD, XPS, and TEM showed the presence of numerous
broad peaks in the precursor powder that may well not be attrib-
uted to CZTS, Cuy4S, Sn,S3, ZnS, and CuySnSs, respectively. Never-
theless, apart from that produced at a copper concentration of
0.02 M, both kesterite CZTS and copper and tin-related secondary
phases were present in the sulfurized nanoparticles. Inductively
coupled plasma (ICP) findings revealed that the copper present in
the sulfurized CZTS NPs increased from 16.57% to 32.94% as copper
concentration increases while zinc and tin in the sulfurized CZTS
NPs reduced with an increase in concentration of copper. UV—vis
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spectroscopy findings disclosed that in the visible region, the ab-
sorption coefficient of the sulfurized CZTS NPs was above 10 cm™!
and the sulfurized CZTS NP's bandgap energy decreases to 1.28
from 1.65 eV with an increase in copper concentration (Fig. 19).

CZTS nanocrystals with a flowerlike morphology were prepared
from chloride salts and thiourea by microwave-assisted sol-
vothermal synthesis [195]. The dried powder was further annealed
for 30 min at 500 °C under constant flow of argon maintained at a
flow rate of 50 mL/min. XRD pattern confirmed pure phase kes-
terite for both the as synthesized and the annealed. The XRD peaks
of the annealed were sharp and intense compared to the unan-
nealed nanocrystals. The creation of a single-phase CZTS was also
substantiated by Raman spectra. A nearly dispersed flowerlike
particles with a wavelength ranging from 400 to 800 nm in
diameter were revealed in the SEM image. The magnified image of a
single CZTS particle revealed that the flowerlike particle was made
up of sheets that were orderly connected to one other to form the
flowerlike particle. The atomic ratio of Cu:Zn:Sn:S was
2.24:0.76:1.07:3.9 in the energy dispersive X-Ray (EDX) study of the
synthesized CZTS particles, which is very comparable to the theo-
retical value of 2:1:1:4. TEM image also confirmed the flowerlike
morphology of the synthesized CZTS nanocrystals, and the crys-
tallite size was found to vary between 10 and 15 nm, which is
agrees with 17 nm calculated from the XRD data using Scherrer's
formula. Selected Area Electron Diffraction (SAED) pattern was also
consistent with the XRD data.

Pinto and co-workers [177] recently used microwave-assisted
solvothermal method for synthesizing CZTS nanocrystals formed
in ethylene glycol from thiourea and metal salts in the presence of
different sources of excess other than thiourea. They also investi-
gated the impact of varying the temperature of the synthesis, the
influence of changing the copper and tin oxidation states. They
found out that kesterite and wurtzite phase CZTS was formed in all
the synthesized nanocrystals and that the ratio of kesterite to
wurtzite phases is dependent on the excessive sulfur source,
oxidation number of Sn, and on the ratio of sulfur to metal used in
the synthesis. They showed that when an amino group is contained
in the source of excess sulfur, an intermediate of Zn—Sn was formed
which allowed for the variation in the phases of CZTS between
kesterite and wurtzite through the initial valency state of tin (Sn)
and the sulfur-to-metal ratio. When an amino group is contained in
the source of excess sulfur, wurtzite phase formation was favored
with CZTS synthesized using Sn (II) salts and low sulfur to metal
ratio, while CZTS synthesized using high sulfur-to-metal ratio
greater than four favored the formation of kesterite phase and
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Fig. 19. (a) Optical absorption coefficient (b) (2hv)? versus photon energy (hv) plot of the sulfurized CZTS NCs synthesized with various Cu concentration [Copyright with

permission from Elsevier] [187].
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Table 2
Summary of preparation method, optical, and physical properties of microwave synthesized CZTS nanoparticles.

solvents Cation and anion source Reaction conditions Size(nm) Bandgap Ref

EG CuCl,.2H,0, ZnCl,.H,0, SnCl,.2H,0, thiourea 800 W, 200 °C 14.9-18.7 1.27-1.54 [188]
1h

DMF CuCl,.2H,0, ZnCl,, SnCl4.5H;0, thiourea, PVP as stabilizer 800 W, cyclic irradiation for 50 cycles 9 1.54 [183]

OLA Cu(acac)y, Zn(acac),, Sn bis(acac),.Cl,, S powder 265 °C 20.2-389 1.46—-1.5 [179]
15 min

EG CuCl,.2H,0, ZnCl,.2H,0, SnCl,.2H;0, thiourea 700 W, 170—200 °C, 1 h 140-310 1.35-1.58 [130]

EG Cu(NOs)3, Zn(CH3COO0),, SnCl,.2H,0, thiourea 10 min 300 1.5 [189]

EG CuCl, ZnCly, SnCl4.5H,0, thiourea 180 °C, 30 min 17 1.67 [190]

EG Copper (II) acetate monohydrate, tin (IV) chloride dehydrate, 150°C,1h N/A 1.49 [191]

zinc acetate dihydrate, thiourea, PVP

EG Zn(CH3C00),, SnCl,.2H,0, Cu(NO3),, thiourea, PVP 800 W, several min 150-350 1.4-1.62 [192]

EG CuCl,.2H,0, ZnCl,.2H,0, SnCl,.2H,0, thiourea 800 W, 140—300 °C 4.94—-6.47 1.44-1.54 [193]
5—20min

EG CuCl,.2H,0, ZnCl,.2H,0, SnCl,.2H,0, thiourea, PVP 700 W, 200 °C 9.64 1.58 [194]
1h

EG CuAc,.H,0, CuAc, ZnAc,.2H;0, SnCl,, SnCl,.5H,0, thiourea, L-cysteine, 300 W, 75—160 °C 3.7-6.4 N/A [177]

thioglycolic acid, 3-mercaptopropionic acid

EG CuCl, ZnCly, SnCl4.5H,0, thioacetamide 300 W, 190 °C, 30 min 7.3—26.8 1.5 [110]

OLA Cu(acac), Zn(0Ac),, Sn(OAC),, Sulfur powder. 700 W, 10 min 24-21 1.48-3.0 [41]

TOPO

EG - ethylene glycol, DMF - dimethylformamide, OLA — oleylamine, TOPO — trioctylphosphine oxide.

when Sn (IV) salts was used, only the kesterite phase was obtained
irrespective of the ratio of sulfur to metal. When an amino group
was not present in the source of excess sulfur, wurtzite phase was
the only phase formed under all the conditions investigated, irre-
spective of the valency of the Sn precursor or the ratio of sulfur to
metal and in such situations, the intermediate Zn—Sn was not
formed, and copper sulfide is the precursor to wurtzite phase. The
sizes of the nanocrystals were found to be in the range of 3.7 and
6.4 nm, and it decreases with an increase in sulfur to metal ratio.
The nanocrystals containing predominantly kesterite had the
lowest average crystallite size. TEM images of the nanocrystals
revealed that some nanocrystals were more spheroidal, while
others were anisotropic oblate. Other authors in the literature have
observed the anisotropic oblate nanocrystal when there was
wurtzite CZTS [196]. The two distinct morphological patterns seen
support the XRD findings, which showed that the produced
nanocrystals were a mixture of wurtzite and kesterite CZTS and
that the oblate shape was related with wurtzite CZTS, while the
spherical shape was linked with kesterite CZTS. The selected area
electron diffraction patterns exhibited rings with d-spacings which
is compatible with the wurtzite as well as the kesterite phases.
Table 2 summarizes some of the properties of CZTS synthesized by
microwave method.

Despite the numerous advantages of microwave irradiation such
as uniform heating, short heating period, high selectivity, faster
reaction rates, and high efficiency over other fabrication methods
[110,183], only few papers on the CZTSSe absorber via microwave
synthetic route have been reported. It generally involves synthesis
of CZTS nanoparticles by microwave irradiation, making an ink by
dispersing the nanoparticles in a solvent and then spin coating the
ink on a soda lime glass and dried on a hot plate to eliminate vol-
atile solvents. The spin coating and drying method is repeated
numerous times to reach the desired thickness, subsequent to
annealing at high temperature in the presence of sulfur or selenide
source.

In early work, Flynn et al. [110] fabricated thin film by spin
coating ultrasonicated CZTS nanoparticles dispersed in ethylene
glycol on a borosilicate glass substrate at 300 rpm for 10 s, then at
1500 rpm for 30 s. To remove volatile solvents, the substrate was
placed on a hotplate at 80 °C after each coating and subsequently
annealed for 20 min using 800 mg of tin (ii) sulfide and sulfur
powder in the presence of flowing nitrogen at a temperature of
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400 °C. CBD was used to deposit an n-type buffer layer of CdS
(50 nm) on the CZTS annealed nanoparticle film. Window layers of
80 nm of i-ZnO and 300 nm of Al:ZnO were coated by sputtering.
Numerous devices having an area of 0.07 cm? were seperated by
mechanical scribing. Lastly, silver paste was applied as the top
contacts. The fabricated solar cell had a final architecture of glass/
Mo/CZTS/CdS/i-ZnO/Al:ZnO/Ag. The fabricated solar cell device
gave a Voc of 289 mV, a Jsc of 1.79 mA/cm?, FF of 47.9%, and a PCE of
0.25%. The reason for the low efficiency could be because the cell
suffered from a very low photocurrent. Another reason could be
because of the borosilicate substrate glass used as majority of
kesterite researchers employed soda lime molybdenum glass as the
sodium has been shown to increase the efficiency and reliability of
PV cells as well as tolerance [132,133].

Chen et al. [41] fabricated a CZTSSe solar cell from nanoparticles
synthesized by microwave irradiation from the same volume of a
mixed solvent of oleylamine (OLA) and trioctylphospine oxide
(TOPO); 150 mg of the nanoparticles were dispersed in 1 ml of
hexanethiol to create a stable ink. The deposition was performed in
a Ny-filled GB, the ink was directly spin-coated on molybdenum
coated soda lime glass substrate and was heated using a hot plate
for 2 min at 450 °C to eliminate solvent and any other volatile
molecules. The procedure was performed several times to obtain a
CZTS thin film with 1.2 m thickness. 90 mg of Sn and 300 mg of
elemental selenium were placed in a graphite box together with the
as-coated substrates to suppress the loss of surface Sn-related
species (such as SnS and SnSe) in order to obtain the CZTSSe
thin-film and annealed in a quartz tube furnace with Ar flow at
575 °C for 12 min. The CZTSSe thin film was etched by KCN and the
solar cell was made by the deposition of 50 nm CdS via CBD and
thereafter intrinsic ZnO (50 nm) and In;03:Sn (300 nm) were
fabricated by rf-magnetron sputtering. The PV cell had a V¢ of
360 mV, a Jsc of 29.1 mA/cm?, FF of 42.77% and an 7 of 4.48% which
is currently the champion efficiency for a microwave route to
CZTSSe solar cell device (Fig. 20). There is a massive improvement
in the PCE compared to that reported by Flynn et al. [110] and the
reason is not farfetched because CZTSSe absorbers holds the world
record efficiency of 12.6% and Se being a better transport agent than
S, it is expected to have a higher efficiency compared to that of
CZTS. Another reason for the improvement is that soda lime glass
was used as the substrate in place of borosilicate used by Flynn and
coworker [110] and also the CZTSSe absorber were etched before
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Elsevier] [41].

CBD of CdS, and etching has been shown by several authors to help
in the removal of secondary phases that may be detrimental to the
solar cell thereby improving the efficiency [82].

The only existing report in the literature that fabricated super-
strate CZTS TFSC using microwave route was reported by Vahid and
Salimeh [156]. They fabricated a superstrate thin film Cu;ZnSnSy
solar cell free of cadmium on a flexible substrate by making use of a
nanocrystal ink obtained by microwave synthesis. ZnO nanorods
arrays were hydrothermally grown on ITO substrate with nutrient
solution containing 0.001 M of zinc nitrate hexahydrate and 0.1 M
sodium hydroxide at 70 °C for 90 min. Prior to the formation of ZnO
nanorods, a thin film of the seed layer ZnO have been applied on the
ITO substrate via RF magnetron sputtering method. The nano-
crystals obtained from the microwave synthesis were used to form

an ink by dispersing in toluene, and it was dropped onto the ZnO
nanorods (buffer layer) and dried for 6 h at room temperature. To
construct the CZTS superstrate type thin film solar cell, carbon
adhesive tape was used for hole collection on the absorbent layer.
The fabricated solar cell had a final configuration of glass/ITO/ZnO
nanorods/CZTS/carbon and the cell's EQE exhibited a maximum of
about 57% at 532 nm. Fig. 21 (a and b) shows the vertically aligned
ZnO and the I-V characteristics of the device. The device had a V¢
of 405 mV, a Jsc of 4.35 mA/cm?, FF of 46.9%, and an 7 of 0.83%.

7. Challenges and future outlook

Synthesis and fabrication of CZTS solar cell by microwave and
CZTS superstrate solar cells are still under investigated and an
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Fig. 21. a: SEM images of ZnO nanorod arrays grown vertically on ITO substrate [Copyright with permission from Elsevier] [156]. b: (a). EQE versus wavelength and (b) Tauc plot for
the calculation of the bandgap of the absorber [Copyright with permission from Elsevier] [156].
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effort to improve on the efficiency is still ongoing. Although
remarkable advancement have been made in obtaining higher PV
efficiencies for superstrate solar cell based on CZTS as well as
microwave route to CZTS thin film solar cells but the reported
efficiency (n) of the best device still does not match the efficiency
of about 31% estimated theoretically and lags behind that of the
substrate configuration and has yet to see any major improvement
of above 4% in recent times [41,134,197,198]. The best efficiency
reported for CZTS superstrate solar cell is 3.63% with a Vpc of
868.9 mV, a Jsc of 8.5 mA/cm?, and FF of 49.1% and that obtained
via microwave route has an n of 4.48%, a Vyc of 360 mV, Jsc of
29.1 mA/cm?, and FF of 42.77% compared to an 7 of 12.6%, Voc of
513.4 mV, Jsc of 35.2 mA/cm?, FF of 69.8% and a recently certified
of 12.96%, a Voc of 529 mV, Jsc 33.58 mA/cm?, and a FF of 69.8% for
the substrate configuration, which are the champion and the best
efficiency reported so far for CZTSSe thin film solar cells
[41,52,128,129]. The major focus should be tailored
toward improving the Vpoc and FF. In general, controlling the
quaternary chemical composition, favorable composition,
morphology, particle size, use of toxic solvents, capping agents
and surfactants under extreme conditions, green synthesis [105],
obtaining a single phase since the single phase exists in a very
confined area of the phase diagram, secondary phases formation,
point defects, and open-circuit voltage deficit [21] are some of the
challenges in synthesis and fabrication of substrate/superstrate
CZTS/Se that has led to the stagnancy of PCEs at less than
13% despite the early rapid growth achieved with record efficiency
between 2010 and 2014 [197]. Microwave synthetic and fabrica-
tion route to CZTS solar cells have numerous advantages such as
uniform heating, short heating period, high selectivity, faster re-
action rates, and high efficiency over other fabrication methods
which offer a scalable route to the production of cost-effective
solar cell absorber. The superstrate configuration is a promising
configuration to compete with the substrate configuration as it
combine the advantages of nanostructures with that of a thin film,
and it has been proved to improve the conversion efficiencies of
thin film solar cells and the metal oxide nanostructures due to
their controllable dimensions and aligned morphologies have
been shown to generate charges more efficiently, collect, and
transfer charges efficiently as a result of the wide junction area
and the narrow distance of collection to the interface. Irrespective
of the type of configuration used or method of synthesis used for
CZTS fabrication, it is a consensus among kesterite researchers
that the Vpc is the key factor limiting kesterite-based thin film
solar cells (TFSCs) though the origin still remains an open debate
among researchers. We hypothesize that the following reason is
responsible for the Vp¢ deficit (1) ITO/nanostructures used to
block and facilitate the photogeneration of charge carriers are not
properly optimized leading to a high recombination velocity
thereby invariably leading to a high V¢ deficit. (2) Poor optimi-
zation of the p-n interface between the CdS buffer layers and CZTS
leads to rapid electron hole recombination, implying that the
buffer layer thickness should be regulated. (3) Defects and disor-
ders are easily produced in the majority of the CZTS absorber
layer, decreasing lifetimes of minority charge carriers and
improving recombination [21]. In addition to the Vpc deficit, large
series resistance, low shunt resistance, low fill factor, non-
stoichiometric composition, severe holes and cracks at higher
temperatures, faster electron—hole recombination at the junction,
poor crystal quality, non-uniformity of the films, low temperature
procedures involved in the annealing process does not allow for
grain growth, non-post-annealing in sulfur or selenide environ-
ment involved in the manufacture of CZTS superstrate solar cells
results in poor quality film thus enhancing recombination thereby
resulting in poor solar cell device performance.
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To increase the Vpc, the concentration of Cuz, antisite defects
resulting from Cu and Zn intermixing must be decreased and one
way to achieve that is by substituting other large-size elements/
atoms for Zn or Cu, which could probably prevent the formation
of defects and thereby improving the sample quality, so devel-
oping alternative novel materials is essential in improving the
performance of CZTS superstrate solar cell [199—202]. Identifi-
cation of an activation process for kesterite comparable to CdTe
that helps to passivate the grain boundaries and enlarge the grain
size may offer promising steps toward improving on the PV ac-
tion of kesterite. Different growth processes have been reported
which makes comparison of physical properties complicated so it
therefore imperative that device measurement that concerns
carrier generation, transport, and recombination must be accu-
rately and consistently measured which may offer helpful infor-
mation to overcoming the device drawbacks. Simulation of the
materials and more precise techniques for local structure could
help solve the problem of quantifying defects and disorder as
techniques that are being used in the literature such as Raman
spectroscopy, optical spectroscopy, and neutron diffraction do
not provide valuable information into the distribution of micro-
scopic cations that interact with the photogenerated electrons
and holes [21]. In addition to the aforementioned, for a super-
strate CZTS solar cell optimizing the deposition process, con-
trolling the stoichiometry, controlling the morphology,
employing compatible metallic top contacts, varying the aspect
ratio of the window layer nanostructures, alternative buffer
layers apart from CdS and ZnS that can withstand high temper-
ature and probably reduce the interdiffusion of buffer layer at
higher temperatures, which could lead to the disruption of CZTS/
buffer interface should also be investigated, doping of CZTS with
metals, and employing it in a hybrid inorganic—organic solar cell.
Identifying other alternative device architecture (tandem) is
some of the possible ways of enhancing the PV performance.
Another way suggested to improve the device efficiency is by
annealing in an environment containing sulfur or selenium so as
to obtain high-quality crystals.

8. Conclusion

It is critical to find an alternative sources of energy to fossil
fuels as it will eventually reduce with time. Lately, efforts have
been geared toward thin film-based solar energy generation as it
provides the most probable solution to large-scale energy gen-
eration. In recent years, research into CZTS thin film absorber
have been heightened due to its unique characteristics such as
environmental friendliness, natural abundance, high absorption
coefficient, and tunable bandgap. However, the performance of
the best CZTS solar cell device is still stalled at less than 13%, and
for it to be widely and commercially accepted, it must have
reached an efficiency of above 15% in the laboratory. Two
different device architectures are commonly employed for the
production of CZTS solar cell devices: the substrate and super-
strate configuration. The advantages of the superstrate configu-
ration over the substrate configuration have been exploited to
fabricate high efficiency CZTS solar cell devices; however, the
efficiency is still lower than that of the substrate configuration.
In this paper, we reviewed some of the physical properties of
CZTS such as the crystal structure, electronic properties, defects,
and secondary phases; the different techniques for the synthesis
of CZTS were also summarized, the CZTS device architecture in
both the substrate and superstrate configuration was also sum-
marized, discussed the working principle of CZTS solar cell, the
techniques used for fabrication of CZTS superstrate solar cells
have been reviewed. Microwave synthesis and characterization
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of CZTS was also reviewed and the impact of variables such as
temperature, surfactant, and reagents on their physical proper-
ties as well as the methods used in fabricating CZTS TFSC in the
literature by the microwave route. We summarize the various
challenges of CZTS solar absorber materials and the future
prospects in order to help CZTS researchers focus on how to
easily tailor their research on improving the device architecture.
Despite being rarely studied microwave and superstrate CZTS
thin film solar devices have achieved an efficiency of over 4% and
when CZTS was doped with lithium and used as a hybrid solar
cell an efficiency of over 5% was achieved. This shows that mi-
crowave synthetic route and superstrate device architecture is a
promising aspect of CZTS that could be explored to compete with
other route to synthesizing CZTS and the substrate configuration
and its advantages such as cheap cost involved in its production
and simple processes of manufacture allows for the production
of electricity at a low cost.
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