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With high absorption coefficient (10* cm ™), optimal bandgap (~1.5 eV), low toxicity and the
abundance of its constituent elements, kesterite (Cu,ZnSnS, or CZTS) displays the prop-
erties of an ideal photovoltaic material. Kesterite is structurally analogous to chalcopyrite
(CuyInGas; or CIGS) and can thus be produced through the already established techniques
for the synthesis of commercial CIGS. Though CIGS- and CdTe-based thin-film solar cells
have attained levels of power efficiency values (up to ~22%) that compare with that of
crystalline silicon-based wafer solar cell, they contain rare earth elements (indium, tellu-
rium and Cd) that are toxic. This article reviews the crystal structure formation and
properties of CZTS. Material synthesis, thin-film deposition methodologies and different
layers that have been developed for kesterite-based photovoltaic (PV) cell are reported.
Factors that hinder high-power conversion efficiency, including large open-circuit voltage
deficit (Vocder), are discussed. Strategies, such as alloy formation, which have been
employed to overcome the limitations of using kesterite in PV cell applications are pre-
sented, together with the future direction in the quest for improving the performance of
kesterite PV cell devices.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction/Background

The earliest work on solar cell was in the year 1839. Edmond
Becquerel experimented with two metal plates (later identi-
fied to be copper-cuprous oxide thin-film solar cell) drenched
in a fluid. He found that these metals were capable of dis-
charging a consistent current when shone with sunlight. In
1870s, Willoughby Smith et al. discovered photovoltaic impact
in selenium [1]. Some years thereafter, C.E. Fritts put a sheet of
amorphous selenium on a metal support, holding the sele-
nium in place with a transparent thin layer of gold [1]. He
explained that the selenium clusters produced current that
were continuous, steady and of significant force when sun-
light was shone on it. At this point in time, there was a lot of
distrust for his assertions of converting solar energy to elec-
trical energy. To prove the veracity of his findings, he sent his
sample to Werner Siemens in Germany (reputable specialists
in electricity at that time) who confirmed his assertions’. In
any case, the efficiencies of the amorphous selenium and
copper-cuprous oxide were less than 1% [2]. The advent of
quantum mechanics boosted the recognition of single-crystal
semiconductor, shedding more light to p/n junction behavior.
In the year 1954, Chapin et al. found, designed and produced a
single crystal silicon solar cell with 6% efficiency [2,3]. This
efficiency was improved on few years after to 15%. This
breakthrough was significant as solar cell provided a light
weight low-support remote electric power source for Sputnik
which was launched in 1957. In recent times, silicon solar cells
are used for powering space station.

Growing concern due to the depleting nature and the
environmental impact of the use of fossil fuel energy has led
to research poised towards sustainable and environmentally
friendly energy sources. Renewable energy sources such as
hydropower (accounts for 70% of global renewable energy
source) [4,5], wind, biomass, and solar energy have been
explored as alternatives to fossil fuel [6—10]. It has been re-
ported that solar energy when harnessed, would produce in a
day the total amount of energy generated globally in a year
[11,12]. This raises the call to evaluate materials that would
efficiently absorb solar energy and convert them into other
useful energies. Since its intensively researched usefulness in
solar cell application, silicon has seen wide range of applica-
tion in this field [13,14]. Si photovoltaic (PV) modules dominate
the industry accounting for over 90% of globally produced PV
modules.

There are some downsides to the use of Si solar cells. As an
indirect bandgap material, Si solar cells allows less space for
modification of parameters that can enhance its performance.
It also requires a thick layer of around 180—300 pm to absorb
photons and has almost reached its theoretical efficiency limit
[11,12,15—18]. These drawbacks makes the production of Si
solar cells expensive which has led to intensified efforts at
researching thin-film solar cell materials that are less
expensive than Si solar cells. Environmentally friendly and
efficient materials are needed to take care of the clean energy
supply issues as the conventional energy sources (coal and
crude oil) are being restricted for use and will run out soon.
Solar cell production has seen three generational stages. The
first generation is cost and energy intensive which involves

single and multicrystalline (mc) Si solar cells which are pro-
duced on a wafer bearing either single crystal or crystal grains
[19]. The power conversion efficiency (PCE) of a single crystal
Sisolar cell is at 25% while that of multicrystalline Si solar cell
is 21% [20]. The second-generation solar cells comprises of an
amorphous silicon (a-Si), mc-Si, CdTe and CIGS thin-films.
The PCE of CIGS and CdTe are 18% and 21% respectively [20].
The PCE of a-Si and mc-Si thin films are 10% and 11%
respectively [20]. Although the second-generation solar cells
show less efficiency than their predecessor, they are advan-
tageous for their less expensive, easy to integrate in housing
and very flexible for use in adaptable substrates [19]. The
convenience of the adaptable and portable nature of thin-film
solar cells can be seen in Fig. 1 where a compact solar cell
panel is used to charge a cell phone. The third-generation of
solar cells comprises of nanocrystal solar cells, organic solar
cells, hybrid (organic and inorganic) solar cells, dye synthe-
sized solar cells, perovskites and kesterite solar cells. This
generation of solar cells are novel advances known to be cost
and energy effective and suitable for adaptable substrates but
are marred by lower PCE values and instability as is the case
with organic and perovskite solar cells thereby hindering their
commercialization. If these issues can be improved on, this
generation of solar cells can greatly rival the already
commercialized solar cells as they will less expensive [20].

Thin films (Fig. 2) provide suitable pathway for electrical
energy delivery from solar energy. They can easily be set up in
forest regions, solar fields, traffic and road light etc. and they
cost less when compared to the more established silicon
wafer cells [22].

Figure 3 above shows the scheme of the cross-section of a
thin film solar cell. The structure and working principle of a
thin-film solar cell is same as that of a Si wafer cell, only
differing in the flexible thin arrangements of the different
layers and the type of absorber layer material used [23]. The
fundamental component of a PV cell is the semiconductor

Fig. 1 — Flexible thin-film solar panel charging an iPhone
4S mobile device.
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Fig. 2 — Thin-film solar cell illustrating its adaptability and
flexibility [21].

materials (Fig. 4). A p-type semiconductor is formed when a
silicon, gallium or indium is doped with a trivalent element
like boron B. Holes (positive charge carriers) are the major
charge carriers in this type of semiconductor.

For n-type semiconductors, electrons are the major charge
carriers. They carry negative charges. They are formed when
silicon or any other semiconductor is doped with a pentava-
lent element like phosphorus, P or antimony, Sb. The n-type
and the p-type join together to shape a PV cell. In the absence
of the light source, few atoms are energized and move over the
junction. This causes a slight drop in voltage at the junction.
As the light source is introduced, more molecules become
energized leading to a huge current at the output. The current
produced can be stored in rechargeable battery and used for

several applications [23]. The old solar panel innovation uses
Si semiconductor for the generation of the p-type and n-type
layer. In relation to thin-film layer solar cells, the Si semi-
conductor materials are replaced by either CIGS or CdTe [19].

2. Types of thin-film solar cells

The first generation of PV cells were based on monocrystalline
and multicrystalline silicon with indirect energy bandgap of
1.12 eV advantageous in the production and preparation of
high purity Si wafers. For an mc-Si solar cell, the first reported
(in the year 1941) PCE value was around 1% [24]. Since then,
the efficiency of the mc-Si solar cell has grown exponentially
almost reaching its theoretical maximum of about 32%. By
2014, the efficiency of 25.6% was reached via a single-
crystalline Si cell [25]. An efficiency of 21.25% was recorded
for mc-Si cells by Trina Solar group in late 2015 [26]. Si-based
solar cells dominate the PV industry, having almost 90% of
all innovations, yet the cost of electrical energy produced by
the PV cell is still high when compared to other sources. The
major contributing factor to the high cost of Si solar cells is the
use of large amount of material (usually Si-wafers which is
almost 90% of the cost) [27]. Si solar cells have low absorption
coefficient (~10> cm™?) and requires large amount of the wa-
fers (about 100—200 pm) to absorb photons. Strategies were
adopted to find ways to reduce the thickness of these wafers
and at present, ~180 um thickness has been achieved. Other
materials and techniques have been explored to minimize the
cost of production of PV cells. Producing thin-film materials
that can be adopted in PV cell has emerged the most conse-
quential in reducing the cost of PV cells which has led to the
successful birth of some second-generation PV devices. The
overall thickness of these thin-film devices are in few microns
and these materials are also characterized by direct bandgaps
with high absorption coefficient. These devices are manufac-
tured on inexpensive substrates (e.g., glass, plastic, metal
foils) and their synthesis procedures does not require high
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level of purity as is the case of Si cells. In this way, the syn-
thesis procedures and various deposition methods are less
difficult and more affordable. Thin-film solar cells depend for
the most part on heterojunctions of doped unique materials
where normally, a thin n-type semiconductor as a buffer layer
is deposited over a p-type semiconductor, which represents
the effective absorber layer to frame the p-n intersection
(junction). A p-type material is favored for the effective
absorbing layer, where the electron hole-pairs (EHPs) are
generated, in light of the fact that the diffusion length of
electrons in a p-type semiconductor is bigger than the diffu-
sion length of holes in an n-type semiconductor. The n-type
layer must be thin and made of a wide-band material to
enable the incident light to go through to the absorber layer.
For that, a CdS layer around 50 nm thick with energy bandgap
of 2.4 eV is normally utilized. Two strong delegate materials
for thin-film solar cells that show device efficiencies practi-
cally identical to those of mc-Si cells are cadmium telluride
(CdTe) and copper indium-gallium diselenide, Cu(InGa)Se,
(CIGS). These two materials have gotten to commercialization
point for large scale manufacturing. Also, amorphous silicon
(a-Si) solar cells are mass produced. Regardless of a-Si devices’
low efficiency contrasted with CdTe and CIGS cells, they have
application because of their minimal cost of production where
low efficiencies are acceptable [19].

2.1.  Amorphous silicon (a-Si)

Amorphous silicon (a-Si) thin films are deposited through
plasma-enhanced chemical vapor deposition (PECVD) at low
temperatures with silane (SiHy) gas [28]. They can be deposited
on substrates such as glass, plastic or metal foils. The amor-
phous nature of the material entails an arbitrary arrangement
which impacts its electronic properties. In order to enhance
the quality of the material, hydrogen is used to passivate

bonds that emanate from the irregular arrangement of the
atoms. The hydrogenated amorphous silicon (a-Si:H) has
bandgap value of 1.7 eV with absorption coefficient of
~10° cm~?, which allows for a broader absorption of solar ra-
diation in few micrometers. Initial PCE obtained for an a-Si:H
solar cell with a thickness of 1 um was 2.4% with cell archi-
tectural arrangement of p-I-n structure [29]. The device can be
made into a single- or multi-junction with a superstrate (p-I-n)
setup meaning that light enters through the substrate or n-I-p
substrate where the light enters through the top n-layer.
Figure 5 shows the cross-sectional illustrations of single and
multijunction a-Si p-I-n superstrate setup. Thin-film solar
cells that are based on a-Si:H suffer drawbacks of low per-
formance due to Staebler-Wronski effect (SWE) when exposed
to sunlight [30]. Through years of intensive research studies
on stabilization of the cell, a record efficiency of about 10.2%
[31] has been recorded for a stabilized single junction a-Si:H PV
cell. For multijunction stabilized a-Si:H cells, a PCE of 13.6%
has been recorded [32].

2.2.  Cadmium telluride (CdTe)

Cadmium telluride (CdTe) stands as a contender for thin-film
PV applications as it is a chemically stable semiconductor
material with broad absorption coefficient of ~10* cm™* and
direct bandgap of 1.45 eV [34]. It can be doped as p- or n-type
semiconductors but for the device, it is used as a p-type
semiconductor. Usually, the device takes a superstrate archi-
tecture where a transparent conducting oxide (TCO) as front
layer is deposited on a glass substrate, followed by n-type
cadmium sulfide (CdS) layer which acts as the window layer.
The absorber layer, CdTe is then deposited as the p-type
semiconductor forming the p-n junction with the cadmium
sulfide layer. The CdTe absorber layer is deposited at tem-
peratures between 400 °C and 600 °C through distinctive
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Fig. 5 — Schematic diagram of (a) single p-i-n type (b) double junction, (c) triple junction solar cell, where M stands for metal

electrode [33].

deposition routes such as close-spaced sublimation (CSS); a
type of thermal evaporation technique, electrodeposition
technique, sputtering and screen printing [35,36]. Finally, a
metal film as the back contact is deposited on the CdTe layer.
Figure 6 illustrates the architecture of a conventional CdTe/
CdS PV cell. The PCE of CdTe-based solar cells has expanded
through the years reaching over 20%. First Solar announced in
a press statement in 2016 to have achieved a world record of
22.1% PCE value for CdTe cell [37]. These advancements makes
CdTe a good contender to mc-Si- wafer cells having low cost of

Air Mass (AM) 1.5
1 Sun illumination (1000 W/m?)

ARC —>
(MgF2)[100nm]

Substrate ——> | Glass [ Tmm]

(-ve)

[100nm]
SOnm

TCO — Bl
Window layer = | n-CdS

Absorber layer = R SEERE [800nm|

Pt [200nm]

Fig. 6 — Conventional architecture of CdTe/CdS superstrate
solar cell [38].

Back metal =>

production and high efficiency devices. The major drawbacks
for the cells are the toxicity of cadmium and the shortage of
tellurium which could adversely affect terawatt (TW)-scale
generation in future resulting in increased cell and module
costs.

2.3. Copper indium gallium sulfide (CIGS)

Semiconductors such as copper indium diselenide (CulnSe,),
copper indium gallium diselenide (Culn,Ga; ,Se,) and copper
indium disulfide (CulnS,) belonging to group of materials
referred to as chalcopyrites show direct bandgaps (1.5 eV) and
high absorption coefficient (~10° cm™') making them suitable
for PV application. The possibility of a CdS/CulnSe, hetero-
junction PV framework was first explored in 1974 [39] and the
first thin-film based on this heterojunction PV framework was
obtained in 1976 by Kazmerski et al. with PCE value of 4.5%
[40]. Thereafter, gallium (Ga) was incorporated to form a
quaternary compound of copper indium gallium selenide
(CIGS). CIGS is the best chalcopyrite PV cell with record PCE of
21.7% [41]. Different deposition techniques have been
explored for CIGS absorber layer deposition such as sputter-
ing, electrodeposition, spray deposition and thermal evapo-
ration. CIGS absorber layer of the device with best record PCE
value was deposited via thermal evaporation [41]. Figure 7
shows the cross-sectional design for conventional CIGS PV
cell which follows the substrate architecture. The cell design
entails firstly, the deposition of molybdenum (Mo) layer as the
back contact unto a glass substrate, followed by the deposition
of the CIGS absorber layer which serves as the p-type semi-
conductor. Thereafter, the n-type CdS buffer layer is deposited
completing the p-n heterojunction. An intrinsic Zinc oxide (i-
ZnO) layer is deposited unto the CdS buffer layer followed by
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[48,49]. Both CZTS and CZTSe belong to the group L,—II-IV—-VI,
quaternary compound semiconductors. Following theoretical
material design, quaternary compounds of IL—II-IV-VI,
where the anions and cations are of tetrahedral coordination,
can be structured via two-step cation substitution from II-VI
binary compounds in the zincblende structure with tetrahe-
dral coordination [48] as depicted in Fig. 8. For example, the
zincblende-structured ZnS mutates into the chalcopyrite-
structured CulnS, through replacing two Zn by one Cu and
one In, and the chalcopyrite-structured CulnS, further mu-
tates into the kesterite-structured CZTS through replacing two
In by one Zn and one Sn, giving the mutation from binary
compound semiconductors to the quaternary compound
semiconductors. By choosing different component elements,
a series of I,—II-IV—VI, quaternary compounds can be
derived. The mutation derivation of new ternary and quater-
nary compound semiconductors is also possible from the
III-V semiconductors such as GaN and GaP, from recently
designed series of new nitrides and phosphides [S0].

Fig. 7 — Cross -sectional architecture of a conventional of
CIGS solar cell [42].

the deposition of aluminum doped zinc oxide (Al:ZnO) to form
the top contact. This device with its remarkable innovations
and PCE values suffers the drawback of being comprised of
rare earth high-cost indium (In), thereby impacting the cell
and module cost. This can lead to shortage of these devices in
the near future.

3. CZTS/Se semiconductor materials

Copper zinc tin sulfide/selenide, CZTS/Se conventionally
known as kesterite was discovered in Russia as a mineral
containing iron and zinc in differing ratios [43,44]. This ma-
terial has been researched and found to exhibit remarkable p-
type semiconductive properties [43]. As a semiconductor
material it exhibits great optical and electronic properties
similar to that of CdTe and CIGS with optimal energy bandgap
value of 1.5 eV and broad absorption coefficient of ~10* cm™*
making it a suitable absorber layer material for thin-film PV
application. It is a great substitute for CIGS and CdTe as all its
constituent elements are earth abundant and non-toxic
[45,46]. This advantage of earth abundant and non-toxic
composition gives the material a commercialization edge
over the other PV devices. Earliest work in the application of
CZTS materials for PV was demonstrated by Katagiri et al.
through vacuum-based evaporation technique with a PCE
value of 0.66%. There has been remarkable improvements in
the PCE values of this material since its PV application. A PCE
value of 8.4% has been achieved for CZTS devices, 11.6% for
CZTSe devices and more than 10% for sulfur-selenide CZTSSe
devices. The highest PCE record of 12.6% was reported for the
material was reported for solid solution of CZTSSe PV devices
by a group at IBM [47]. The semiconductors: CZTS and CZTSe
and their alloys CZTSSe, have drawn intensive attention as
the light-absorber materials in thin film solar cells since 2010

4. Properties and limitations of CZTS/Se
4.1.  Properties of CZTS/Se

The first synthesis and analysis of single crystal of CZTS was
achieved in 1967 [52]. Not much relevance was given to the
findings of that study until recently in 2007 when government
subsidies were released towards research into new materials
for solar energy, as this period saw a huge price hike in highly
pure polycrystalline silicon PV cells. Since then, the in-
vestigations of CZTS properties has been based on their
crystalline, optical-electrical and size control morphological
properties. Here we discuss the findings and highlight the
advantages as well as limitations of the materials in relation
to their application for PV cell purposes. Given the formation
route from binary II-VI semiconductors to I,—II-IV-VI, qua-
ternary semiconductors as described in Fig. 8 with zinc blende
and wurtzite structures [48], the crystal structures of these
I,—II-IV-VI, semiconductors also take the zinc blende or
wurtzite crystal structures of these II-VI binary semi-
conductors as seen in Fig. 9 [53]. Through the octet rule, two
ternary structures such as chalcopyrites and CuAu-like can be

Element Group
| Il i v Vi

ZnS
11-VI

CulnS,
I-l1-vl,

Cu,ZnSnS,
lp-11-1V-VI1,

Fig. 8 — Link between binary, ternary and quaternary
semiconductors to give CZTS. Reproduced with permission
[51]. (Copyright John Wiley & Sons).
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Fig. 9 — The crystal structure mutation from (a) zinc blende ZnS to (b) chalcopyrite CuGaS, and (c) CuAu-like CuGaS,, then to
(d) kesterite Cu,ZnSnS,, (e) stannite Gu,ZnSnS,, and (f) PMCA-Cu,ZnSnS,, and the mutation from (g) wurtzite ZnS to (h)
wurtzite-chalcopyrite CuGaS, and (i) wurtzite-CuAu CuGas,, then to (j) wurtzite-kesterite Cu,ZnSnS, and (k) wurtzite-

stannite Cu,ZnSnS, [53,65].

derived from the zincblende crystal structure [53,54]. The
chalcopyrites and CuAu further forms the quaternary crystal
structures of kesterite and stannite, respectively [53,54]. CZTS
and related semiconductor materials exist in these zincblende
and CuAu derived kesterite and stannite phases [54]. The
kesterite and stannite phases are of body-centered tetragonal
modifications showing space groups of [4: no.82 and [42m: no
121, respectively [54]. They are referred to as pseudocubics
commonly described as two sulfur face-centered cubic (FCC)
lattices which are stacked on each other with Cu, Zn and Sn
filling up half the tetrahedral voids of the FCC lattice. The
major difference in these two structures arises from the way
these cations are stacked in the structures. With the kesterite
structure, the stacking starts with two alternating cation
layers which contain Cu and Zn or Cu and Sn. While the
stannite structure consists of a layer of Cu alternating with a
layer of Zn and Sn. Also, the Zn and Sn atoms on the same
layer in the stannite structure switch their positions in every
other layer. The chalcogens in these structures also present
some unique assumptions. When looking at the accessible
information on x-ray diffraction on CZTS and CZTSe from the
International Council on Diffraction Data (ICDD), it present
the idea that the sulfide compound crystalize into the kes-
terite structure, while the selenide compound occurs in
stannite structure. As X-ray diffraction cannot be used to

sufficiently differentiate both structures as it is limited in
differentiating the Cu and Zn molecules, neutron measure-
ments can collaborate with the cores and can recognize Cu
and Zn molecules [55]. In an exhaustive neutron diffraction
investigation of different Cu,ZnSn(S;.xSex)s compounds, it
was demonstrated that the sulfide and additionally the sele-
nide occur in the kesterite structure, not in the stannite
structure [55]. There is also the crystal structure mutation into
the wurtzite structure. As seen in Fig. 9 (g, h, i, j and k), the
binary wurtzite structure leads to the formation of two ternary
wurtzite structures which in turn forms two quaternary
wurtzite structures. For CZTS materials, the quaternary
wurtzite structures are named based on the most stable state
in relation to their zincblende derivations. For instance, if the
stannite state is more stable, then the structural name be-
comes wurtzite-stannite while if kesterite state is more stable
it becomes wurtzite-kesterite [56]. From theoretical estima-
tions of total energies of the new quaternary structures, the
kesterite structure has low energy than the other structures
which has been elaborated by the Madelung energy and strain
energy of kesterite structures in CZTS, CZTSe and other
derived quaternary semiconductor materials. As a result of
the already established thermodynamic stability, kesterite is
the phase mostly desired and applied in PV devices.
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The kesterite Cu,ZnSn(S;.Sey)s semiconductor offers a
high absorption coefficient and tunable band gap energy. The
absorption coefficients o of the CZTS-based kesterite semi-
conductor are as high as 10*-10° cm™' [57]. Taking at least
o = 10*cm™ Y and 2.5 um thick, CZTS film can absorb in excess
of 90% of the incident light without reflection losses. The
bandgap of kesterite can be tuned from 1.0 eV at
x = 1-1.5 eV at x = 0 [57]. Estimation of the electronic band
structure of CZTS reveals an immediate bandgap at the
gamma point of the Brillouin zone [58]. The bandgap has been
hypothetically computed via density functional theory cal-
culations in various approximations [54,59—62]. Every single
forecast for the kesterite structure concurs immensely with
the hypothetically bandgaps, though the bandgaps in stannite
structure are around 100 meV lower [63]. The extent of the
bandgap of CZTS can be explained by the chemical behavior of
the valence and conduction band states, and specifically, the
low binding energy of the filled Cu 3d valence band [64]. For all
Cu-based chalcogenides, including the quaternary kesterite
and ternary chalcopyrite compounds, the valence band
maximum (Vgy) is an antibonding condition of the anion p
and Cu d orbitals [60]. Since the valence p level of S has less
value of energy than Se, the Vg of the sulfide CZTS is lower
than that of the selenide CZTSe. In any case, valence band
offset (Vpo) between the sulfide CZTS and selenide CZTSe is
very little (<0.2 eV), lower than that of ZnS and ZnSe (~0.52 eV
[120]). This distinction is from p-d hybridization in Cu-based
chalcogenides on the grounds that the hybridization is more
grounded in the shorter Cu—S bond and pushes the anti-
bonding Vgy level of the sulfide up in respect to that of the
selenide. The conduction band maximum (Cgy) is comprised
of a solitary band beginning from the Sn 5S and the S or Se p
orbital [64].

The regular band arrangements, ascertained with refer-
ence to the energy contrast of deep atomic-like center states
over the kesterite/CdS heterojunction [66], are plotted in
Fig. 10. Contrary to silicon, where either particle of phos-
phorus or boron is deliberately doped to deliver n-type and p-
type semiconductors, respectively, CZTS-based materials are
self-doped through the formation of characteristic, interstitial

---------------- 1.50 1.78
il : 1.1
A e e
CdSs Cu,ZnSnS, CulnSe, CuGaSe,
242eV 1.50 eV 1.04 eV 1.68 eV
0.00 0.07 0.10
v
-1.01

Fig. 10 — The estimated band arrangements for CdS, CZTS,
CZTSe, CuGaSe, and CulnSe,. CdS acts as n-type window
layer [75].

1.4 1.6 1.8
Energy (eV)
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Fig. 11 — The UV—-Vis—NIR absorption measurement CZTS
nanoparticles with different size. The inset displays the
Tauc plot for the corresponding absorbance curves.
Reproduced with permission [77] (Copyright Royal Society
of Chemistry RSC).

and antisite deformity at the time of their growth [67]. The
formation energies of most acceptor deformity are lower than
those of the donors clarifying the experimentally observed p-
type conductivity and indicates that n-type doping in these
compounds will be problematic. In any case, the least energy
defect is Cugz, antisite, which is not quite the same as CulnSe,
where the dominant deformity is the Cu vacancy (Vcy) [68].
This Cugz, antisite defects infers a more profound contributor
level than Vg, in the bandgap of CZTS and causes huge
bandgap energy decrease, which is negative for CZTS solar cell
efficiency. Hence, it is important to reduce the formation en-
ergy and improve the population of shallow V¢, relative to
Cug, via copper-poor and zinc-rich composition. The hole
density of typical kesterite materials is around 1016 cm™3
[69—71], which is characteristic of CIGSe in high efficiency
CIGSe solar cells. Hole density of 1018—1019 cm™2 also has
been reported [72—74], due to the presence of Cu,S(e) sec-
ondary phases leading to the films being useless degenerate
semiconductor.

Size and shape are two vital parameters for nanoparticles
because they give information in relation to the properties of
the nanoparticles. An important example can be cited from
CdSe nanocrystals where the absorption edge of CdSe nano-
crystals blue shifts as the size increases from 17 A to 150 A,
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Fig. 12 — (a) Phase diagram of the formation of CZTS alongside expected secondary phases (b) Phase diagram with hints of
possible secondary phases in relation to composition conditions. Reproduced with permission [93]. (Copyright Elsevier).

showing a decrease in the energy band gap [76]. The size
control of CZTS nanoparticles by tuning the amount of oleyl-
amine and adjusting the reaction temperature was revealed
by Khare et al. [77]. In their work, the Cu, Zn, and Sn diethyl
dithiocarbamate complexes were used as the metal pre-
cursors. The HRTEM micrographs analysis of their work
shows that the synthesized CZTS nanoparticles had sizes of
2 nm, 2.5 nm, 5 nm and 7 nm. The optical absorption of the
UV—Vis—NIR absorption measurement of CZTS nanoparticles
with crystal size corresponding to the different sizes obtained
is shown in Fig. 11. The band gaps are estimated based on the
(«hv)? vs. hv plot in Fig. 11 to be 1.8 eV (2 nm), 1.63 €V (2.5 nm),
1.5 eV (5 nm) and 1.5 eV (7 nm) respectively. The higher band
gap energy than the usual 1.5 eV for particles size of 2 nm and
2.5 nm provides the evidence for quantum confinement. Be-
side kesterite structure, CZTS can also form wurtzite struc-
ture. Several research groups have disclosed the synthesis of
wurtzite structures. Lu et al. prepared wurtzite CZTS nano-
particles in nanoprisms and nanoplates shape [78]. Singh et al.
was able to form mono-dispersed wurtzite CZTS nanorods
[79]. The size and shape control of CZTS wurtzite are easier
than the kesterite phase, which is due to slow reaction dy-
namics for the formation of wurtzite structure.

4.2. Limitations of CZTS/Se

Kesterite shows properties that highlights its potential for PV
application as it possesses optimal direct bandgap value of
1.5 eV, composition of earth abundant and non-toxic ele-
ments, but some critical factors are limiting the material from
reaching its full potential [80—82]. Any change in the struc-
tural, compositional, microstructural, optical, and electrical
properties can cause huge impact on the performance of the
kesterite PV device as these properties are very much con-
nected to each other [83—85]. This means that the amount of
chalcogen in the kesterite material affects its optical proper-
ties. Bandgap which is derived from optical properties is

affected by the additions of sulfur and selenium in the kes-
terite material. An increased amount of sulfur expands the
bandgap value of the kesterite material while the addition of
selenium narrows it [85,86]. Increased crystallinity which can
be achieved through the annealing process, improves the
optical properties. Major backdrops of the kesterite material
during its fabrication and synthesis are the formation of sec-
ondary phases and structural defects [82,87]. There is also the
case of the interfacial defects at the device level.

From calculated equilibrium space as seen in Fig. 12a, a
single phase kesterite formation occupies a small region
(middle) in the phase diagram [66,88—90]. This is a major
factor that must be considered in the fabrication or synthesis
of the kesterite material. This plays into why there is a high
probability for the formation of secondary phases alongside
the kesterite phase during fabrication/synthesis of the kes-
terite absorber layer [82,91,92]. To get a high efficiency for the
kesterite PV device, a copper poor and zinc rich composition is
ideal [81]. With the small region occupied by kesterite in the
phase diagram, it becomes extremely difficult to obtain with
this ideal composition, a single phased kesterite absorber
layer without the interference or formation of secondary
phases [81,84,85].

From the phase diagram in Fig. 12b, the condition of the
chemical composition of the fabricated or synthesized kes-
terite results in the formation of peculiar secondary phases as
depicted in Fig. 12a. If there is a Cu-rich situation, it will result
in the formation of Cu,S secondary phase. Care is to be taken
not to deviate from the middle region as any slight deviation
will lead to the formation of any of these secondary phases;
ZnS, Cu,S, or Cu,SnS; to name a few [86].

A hypothetical estimation from the chemical-potential
diagram (Fig. 13) reveals some of the secondary phases that
are often obtained while revealing how small the stable region
of formation of CZTS is. The chemical-potential range for zinc
and tin in kesterite compounds is small where pz, is ~ 0.2 eV
wide and ps, around 0.6 €V wide [46]. These small values for
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Fig. 13 — The calculated chemical potential region (black
area) of CZTS in a 2D Cu-rich plane (the inset represents
the stable 3D region). Reproduced with permission [51].
(Copyright John Wiley & Sons).

these elements in kesterite compounds suggest the need for
stricter chemical potential control of Zn and Sn during syn-
thesis/fabrication process.

The chemical-potential space suggests under regulated
conditions, a Cu-rich diffusion is more suitable for obtaining a
single phase kesterite contrary to the Cu-poor conditions (al-
lows for the creation of a copper deficient phase near the CdS
interface referred to as an Ordered Defect Compound (ODC)
which passivates the surface, therefore reducing interface
recombination at the CZTS/CdS junction) that give high effi-
ciency devices [46,83,94—96]. This means that under regulated
conditions, the Cu-poor and Zn-rich conditions will result in
formation of secondary phases such as ZnS or ZnSe depend-
ing on the chalcogen used. Due to the narrow accessible range
of lzn, @ Zn-rich will result in the formation of ZnS while Zn-
poor will result in the formation of Cu,SnS; secondary pha-
ses. The major challenge for the kesterite device becomes the
issue of its composition conditions and phase control during
synthesis/fabrication [46,86,97]. One of the effects of a Cu-rich
composition is that of inducing high electrical conductivity in
the kesterite device leading to shunt losses which adversely
affects the PV cell [86]. It cannot be overstated how important
it is having precise control of the elemental composition.
There are also the intrinsic defects in the kesterite absorber
layer which can affect the performance of the cell. These de-
fects contribute to charge trapping and recombination losses
[84]. Kesterite as a p-type semiconductor material has huge
copper vacancies, V¢, (located at ~ 0.02 eV above the valence
band maximum, Vgy;) and Cugz, (located at 0.10 eV above the
Vpy) antisite defects. These defects are dependent on forma-
tion energy. Vg, produces deep donor level in the bandgap
which causes reduction in bandgap energy [46]. This relates to
why the copper-poor and zinc-rich composition is ideal for
high performance of the cell. Control of these defects is critical
as they dramatically affect the optical and electrical properties
of the kesterite compound which in return affects the general
performance of the cell. Smooth and compact microstructures

are ideal for better cell performance as porous microstruc-
tures deliver a charge recombination situation at the grain
boundaries which results in poor cell performance [98—100].
The presence of secondary cell formation at certain conditions
such as exposure to high temperatures where kesterite phase
is not stable must be controlled as these secondary phases can
either enhance or reduce the carrier concentration directly
influencing the electrical properties of the cell and hence its
performance [66,96,101,102]. At the kesterite device in general,
there has been reports of interfacial conditions that add to the
low performance of the cell [81,103]. The formation of MoS,
layer just between the Mo-layer and the kesterite-absorber
layer during device fabrication has been widely reported
[81,85,104]. This new layer formation must be controlled as it
contributes to a restriction of the charge carriers leading to
increased series resistance in the PV cell. The major hurdle to
be overcome in kesterite PV cell performance is the large V.
deficit which is reported to be a major factor to the low cell
performance of the device [105]. Theoretical reports show that
this deficit arises from two major examined factors; (i) Fluc-
tuations in the bandgap which results in lower than expected
average bandgap, and (ii) Fluctuations due to electrostatic
potentials which do not change the bandgap in any position
rather causes non-local recombination as they are parallel
shifts in conduction and valence band energies [86]. This
deficit is linked to interface recombination and band tailing
resulting in electrostatic fluctuations which contributes to
reduced lifetime of the minority carrier. The antisite defects
contribute to the two fluctuations listed earlier and so stra-
tegies to mitigate these defects must be employed during cell
synthesis and fabrication [86,106].

Given its small area of composition, binary and ternary
secondary phases can form in addition to CZTS throughout
the growth period. These phases consist of ZnS, SnS, SnS,,
CuS, Cu,S, and Cu,SnS;. Formation of secondary phases was
suggested to be associated with the film composition [107]. As
stated in the previous section, the best copper-poor and zinc-
rich composition for the CZTS device results in ZnS or ZnSe
phases present within the CZTS or CZTSe compound. Many
published works stated the formation of this secondary phase
in copper-poor and zinc-rich composition [108,109]. ZnS and
ZnSe crystallize in the sphalerite and wurtzite structure
composing of wide bandgap (around 3.6 eV for ZnS [108]), and
they will build insulator areas in the absorber layer of the solar
cell.

Depending on its concentration, ZnS can limit the active
area (where the electron-hole pairs are produced) and influ-
ence current accumulation. Because of the low conductivity of
ZnS and ZnSe, they don’t impact the V,. of the device, yet
could cause an expansion in the series resistance [110]. The
copper sulfide phases (CuS and Cu,S) are expected in CZTS
samples with Cu-rich composition. They have a chalcocite
structure and show p-type nature with good metallic con-
duction, which is due to a high concentration of holes in the
valence band [111—-113]. Their presence is detrimental to the
solar cell because they can shunt the device. Tin sulfide pha-
ses can evolve in Sn-rich CZTS films as SnS or SnS,. The SnS
compound is a semiconductor with application in optoelec-
tronic and PV fields. The material exhibits both p- and n-type
conduction [114] with a bandgap of 1.2—-1.7 eV [115—119]. Tin
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disulfide (SnS,) is an n-type material with direct bandgap of
2.18—2.44 eV [115,117,118]. Although no harmful effects were
reported of SnS phases on solar cell performance, a high
concentration of the n-type semiconductor in the p-type
active layer can build a second diode that hinders carrier
collection and thus reduces fill factor. Cu,SnS; (CTS) is a
ternary secondary phase that forms in CZTS material with Zn-
poor composition. The compound is a p-type semiconductor
with metallic character [120], crystallizing in different crystal
structures including cubic, monoclinic, and hexagonal forms
[121,122]. However, the cubic form requires temperatures
higher than 775 °C to crystallize [123]; therefore, it is unlikely
to be detected in kesterite films, which are prepared in lower
temperatures. Depending on the crystallographic structure,
the optical bandgap is in the range of 0.93—1.35 eV [124]. As
Cu,.«S phases, CTS is harmful to the solar cell because of its
high conductivity, which could decrease the shunt resistance,
and its low bandgap could reduce the V,.. The x-ray diffrac-
tion (XRD) is viewed as the essential method for identifying
elements and compounds. In any case, it has some constraint
while distinguishing phases with comparable crystal struc-
ture in a compound. This case is available in the CZTS mate-
rial since ZnS, CTS, and CZTS show diffraction peaks at
similar positions (Fig. 14) because of the similitude in the
crystal structure and lattice parameters [125]. Other second-
ary phases, for example, CuS and SnS, can be identified
effectively by XRD [126].

Raman spectroscopy is generally utilized as an integral
method to identify auxiliary phases in CZTS. The kesterite
CZTS displays two sharp peaks at 288-289 cm ' and
338—239 cm™?, a shoulder with a primary peak at 351 cm™?,
and a broad peak between 368 and 373 cm™! [127]. For the
cubic zinc sulfide phase, one sharp peak shows up at 352 cm™~*
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Fig. 14 — Simulated X-ray diffraction spectra of kesterite
CZTS, CTS, and ZnS showing overlap of the main peaks.
Reproduced with permission [51]. (Copyright John Wiley %
Sons).

and a weaker one at 271 cm™! [112]. Raman shifts of mono-
clinic CTS show up at 290 cm ' and 352 cm™? [113], and of the
cubic CTS at 267 cm ™%, 303 cm %, and 356 cm ™' [128,129]. The
tetragonal CTS indicates two sharp peaks at 337 cm™' and
352 cm ™}, and a broad peak between 280 cm ! and 290 cm™?
with peak maximum at 297 cm™>. Table 1 records the places of
Raman shift for CZTS and the generally observable auxiliary
phases. Note that the greater part of previous attempts to
obtain the properties of CZTS by Raman spectroscopy were
performed via blue and green wavelength excitations of 488,
514.5, and 532 nm, which are normally used for Raman esti-
mations. Latest investigations uncovered extra Raman modes
by utilizing nonstandard excitation wavelengths. Dimi-
trievska et al. [130] explored Raman scattering estimations of
CZTS utilizing six distinctive excitation wavelengths from
near infrared to ultraviolet and discovered 18 peaks attributed
to CZTS which was credited to the 27 optical modes expected
for CZTS. Considering that the ZnS stage has its fundamental
Raman peak at 352 cm™! and that CZTS displays one peak
nearly at a similar position (351 cm™), it makes it hard to
differentiate/recognize ZnS from CZTS. The trouble in sepa-
rating ZnS from CZTS utilizing Raman scattering was
explained to be as a result of utilizing excitation wavelengths
in the visible region [108]. It has been shown tentatively that
the ZnS auxiliary phase can be effectively recognized from
CZTS by using an ultraviolet excitation wavelength of 325 nm
[128] (see Table 2).

5. Synthesis routes for CZTS/Se
nanoparticles

Since the advent of nanotechnology, many materials have
been synthesized in the nanoscale to improve their properties.
As we will discuss later in the next section on the different
deposition methods, the synthesis of CZTS nanoparticles
through simple chemical reactions presents a much easier
and cost-effective route for obtaining kesterite materials
which are subsequently deposited through any of the non-
vacuum methods for PV applications. Here we present some
of the chemical reaction routes that have successfully led to
the synthesis of CZTS nanoparticles especially yielding the
pure phase of kesterite. Table 1 summarizes the various pa-
rameters that were employed by various groups (including the

Table 1 — Raman shift positions of CZTS and of the
common secondary phases.

Phase Raman Shifts (cm~!)  References
CZTS 287, 338, 351, 368 [131]
Monoclinic CTS 290, 352 [122]
Cubic CTS 267, 303, 356 [123]
Tetragonal CTS 297, 337, 352 [120]
Orthorhombic Cu3SnS, 318 [121]
CUuzS 264, 475 [111]
Cubic ZnS 275, 352 [132]
snS 163, 189, 220 [118]
SnS, 215, 315 [118]
Sn,Ss 52, 60, 307 [118]
Hexagonal MoS, 287, 383, 409 [127]
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Table 2 — Parameters and bandgap obtained from different synthesis routes for CZTS/Se compounds.

Compound

Synthesis route

Chalcogen Source

Important parameter

Bandgap

Phase

Ref.

CZTS

CZTS

CZTSe

CZTS

CZTS

CZTS

CZTS

CZTS

CZTS

CZTS

Hot-Injection

Hot-Injection

Hot-Injection

Hot-Injection

Hot-Injection

Solvothermal

Microwave Solvothermal

Solvothermal

Solvothermal

Microwave
Solvothermal

Elemental sulfur in oleylamine

Elemental S in TOP

diphenyl selenide

Na,S

t-DDT

Elemental Sulfur

Na,S

Elemental sulfur

Thiourea

Thiourea

Oleylamine mixtures of
cations and sulfur were
injected at 300 °C and
held for 75 min.

TOP-S was injected at
temperature of 275 °C at
different times of 1, 8
and 15 min.

SnCl, mixed with oleic
acid and oleylamine
injected at 250 °C for 1 h.
Sulfur precursor
injected at 80 °C and
increased to 190 °C and
held for 2 h.

TOPO used as stabilizer
and t-DDT was injected
at 150 °C and allowed for
1h.

Ethylenediamine as
solvent. Reaction
occurred in teflon
stainless steel at 180 °C
for 15 h.

Ethylene glycol Mixed
with PVP as solvents.
Reaction was performed
at 300 W microwave
power-180 °C for 15 min
and 1 h, and 160 °C for
1h.

Reaction Performed in a
Teflon stainless steel
autoclave at 200 °C for
24h

PVP and ethylene glycol
used as solvents.
Reaction was performed
in a teflon stainless steel
at 180 °C for 30 h and
calcined at 450 °C for 3 h
Ethylenediamine and
deionized water.
Performed at 160 °C
—240 °C for 1 h.

1.5eV

2.64 eV (1
1.54 eV (8
1.43 eV (1

o~ —

)

1.38 eV

1.37 eV

1.59 eV

1.5eVv

1.25-1.30 eV

1.52 eV

1.5eV

1.45 eV and 1.50 eV

Kesterite

Cu,.4S-Orthorhombic (1)
Cu,SnS3-Tetragonal (8)
Kesterite (15)

Kesterite
Wurtzite

Kesterite

Wurtzite

Kesterite

Kesterite

Kesterite

Non-Calcined (Secondary phases)

Calcined (Kesterite)

Cu,S and Wurtzite <200 °C.

Kesterite >200 °C.

[146]

[147]

[148]

[45]

[149]

[141]

[138]

[150]

[145]

[151]

(continued on next page)
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Ref.
[140]

Phase

Bandgap

Chalcogen Source Important parameter

Synthesis route

Kesterite

1.40 eV

Water and 3-

Na,S

Microwave Hydrothermal

CZTS

mercaptoacetic acid

(MAA) used as solvent.

Performed at 100 °C for

1h at microwave power

of 500 W.

[133]

1.7 eV Kesterite

Ethylenediamine as

Thiourea

Hydrothermal

CZTS

solvents. Reaction was
performed in a teflon

stainless steel autoclave

at 180 °C for 16 h.

[137]

Kesterite/Secondary phases (18 h)

1.53 eV (18 h)
Kesterite (24 h)

Ethylenediamine and

Na,S

Hydrothermal

CZTS

1.55 eV (24 h)

de-ionized water as

solvent.

Reaction was performed
in a teflon stainless steel

at 220 °C for 12, 18 and

24 h.

ones not mentioned in the discussions below) in synthesiz-
ing kesterite nanoparticles.

5.1. Hydrothermal synthesis

Hydrothermal synthesis is an environmentally friendly
method of synthesizing nanoparticles as it uses water and
small amount of organic solvent [133]. This method is very
attractive in the synthesis of kesterite nanoparticles as it
boosters the environmental friendliness of both the method
of synthesis and the composition of the material. This
method entails a conventional route and microwave route
[134—138]. The conventional route uses autoclave while the
microwave route uses a microwave. In recent times, many
researchers have obtained kesterite nanoparticles via this
method. Vanalakar et al. synthesized CZTS nanoparticles by
using sodium sulfide as sulfur precursor and the chlorides of
the Cu, Zn and Sn as the cation precursors. The sulfur pre-
cursor and cation precursors were dissolved in de-ionized
water and ethylenediamine (acting as a binder to prevent
high agglomeration) was added to the precursor solution and
after stirring transferred to a Teflon teel stainless autoclave
and heated at 220 °C for 12, 18 and 24 h [137]. The CZTS
materials that were obtained at the different times were
named based on the reaction times such as CZTS-12, CZTS-
18 and CZTS-24. The study explored the effect of reaction
time on the synthesis outcome of the CZTS nanoparticles.
From XRD analysis of these nanoparticles, the formation of
secondary phases reduced as the reaction time increased,
with CZTS-12 forming three secondary phases, CZTS-18
forming one secondary phase and CZTS-24 formed no sec-
ondary phase and had higher peak intensity indicative of
improved crystallinity as seen in Fig. 15a. The size of the
nanoparticles were observed to decrease as the reaction time
increased with CZTS-18 having particle sizes ranging from 25
to 50 nm while CZTS-24 had particle sizes in the range of
20—30 nm. The bandgap values for CZTS-18 and CZTS-24
were 1.53 eV and 1.55 eV, respectively. These bandgap
values are optimal for PV cell application. They were able to
demonstrate the importance of reaction time in hydrother-
mal synthesis route (a green synthesis route) on the forma-
tion of pure phased kesterite nanoparticles and their
properties suitable for PV application [137]. Phaltane et al.
synthesized CZTS nanoparticles through hydrothermal
route by using thiourea as the sulfur source and chloride
salts of the cations as their precursors. In their synthesis,
they utilized a 2:1:1:8 ratio for the Cu, Zn, Sn and S pre-
cursors, respectively [139]. These precursors were dissolved
in a mixed solvent of 1:1 ethanol to water content. This was
subsequently transferred into an autoclave and sealed. The
synthesis reaction was performed at 210 °C for 24 h in a
muffle furnace. The kesterite phase was confirmed by the
XRD and Raman spectroscopy analysis of the synthesized
products. Direct bandgaps of 1.4 eV and 1.53 eV was obtained
for synthesized and annealed powder samples, respectively.
The CZTS powder was applied as a photocatalyst for the
degradation of aqueous methylene blue solution. They
observed that the degradation of methylene blue solution
increased by 50% on addition of CZTS as light was irradiated
into the methylene aqueous solution for 45 min with
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Fig. 15 — (a) PXRD pattern of the CZTS samples and (b) Raman spectrum of CZTS samples. Reproduced with permission [137].

(Copyright John Wiley and Sons).

calculated degradation rate of 0.018 min~* [139]. In their work,
they were able to show that at elevated temperature (during
annealing), there was observable improved crystallinity.

Tiong et al. explored the hydrothermal synthesis of CZTS
using hydrated salts of the metals and different sulfur sources
such as nonahydrate of sodium sulfide, thioacetamide or
thiourea to determine the effect of sulfur source on the for-
mation of the kesterite phase [134]. The reaction involved the
dissolution of the precursors in a mixture containing thio-
glycolic acid (TGA) and Milli-Q water under vigorous stirring.
They observed that the sulfur precursors used in the synthesis
method showed significant effect on the phase purity and
crystal structure of the synthesized CZTS materials. Kesterite
pure phase was obtained when they used Na,S as the sulfur
source in the hydrothermal synthesis while a mixture of
kesterite and wurtzite phases were observed when organic
sulfur sources such as thioacetamide was used. From XRD
refinement analysis of the mixed phase CZTS nanocrystals
obtained from the use of thioacetamide, they determined that
the kesterite phase accounted for 74% and the rest as wurtzite
phase. Also, the bandgap (Eg)of the mixed phase material
(1.58 eV) was slightly higher than that of the pure kesterite
phase material (1.51 eV). The nanocrystals obtained using
Na,S as the sulfur precursor were used to form thin-films and
annealed at temperatures of 550 °C and 600 °C and analyzed
for photocatalytic purposes. The film obtained at 600 °C
showed a higher and more stable photocurrent during pho-
toelectrochemical analysis which was attributed to the larger
grains (which leads to reduction of recombination between
electron hole pairs in the film) obtained at this temperature
than that obtained for 550 °C.

Martini et al. prepared three solutions as while synthesiz-
ing kesterite nanoparticles. The first solution contained a
mixture of the chloride salt of tin in distilled water with the
addition of HCl to adjust the pH to 0.5. The second solution
contained the acetate dihydrate of zinc and copper acetate
monohydrate in distilled water [140]. The third solution con-
tained sodium sulfate in distilled water. The first solution was
mixed with the second solution with the addition of 3-
mercaptoacetic acid (MAA) in dropwise fashion. Color
changes from purple to light yellow were observed. The pH of
this solution was adjusted to 6.0 with the addition of NH,OH

and was then mixed with the third solution prepared above. A
dark-red solution resulted from this mixture and was heated
up to 100 °C using a microwave irradiation with flow rate of
18.5 ml/min and a power of 500 W applied. The obtained
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Fig. 16 — XRD pattern of as-synthesized (a) and annealed (b)
CZTS nanoparticles. Reproduced with permission [141].
(Copyright Elsevier).
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Fig. 17 — (a) XRD pattern of CZTS nanocrystals, the gray line shows the simulated pattern of kesterite CZTS (JCPDS 26-0575)
and (b) Raman scattering spectra of CZTS nanocrystals. Reproduced with permission [154]. (Copyright Elsevier).

nanoparticle through its XRD analysis revealed a semi-
amorphous nature due to the low temperature used during
synthesis, however, on treating nanoparticles in vacuum to
higher temperature of 300 °C, three prominent kesterite peaks
were observed with 2 additional peaks belonging to the sec-
ondary phase of copper sulfide. The formation of the kesterite
phase at the elevated temperature of treatment (300 °C) was
further confirmed from Raman spectra where the most
intense peak at 337 cm™! corresponds to the A1l vibration
mode of kesterite. The copper sulfide peaks were not observed
in the Raman spectra partly due to low intensity of its signals.
Bandgap value of 1.4 eV was obtained which is close to
optimal bandgap value for thin-film PV cells making the
method a suitable route of synthesizing CZTS nanoparticles
that are applicable for PV cells [140].

5.2. Solvothermal synthesis

The method entails developing of crystal materials from a
non-aqueous solution usually in an autoclave at high tem-
peratures and pressure. This method is like hydrothermal
synthesis only differing in the use of non-aqueous solvents.
Just like hydrothermal synthesis, the solvothermal synthesis
also involves conventional and microwave synthesis route
where the conventional route involves the use of autoclave
and microwave route uses a microwave. Many researchers
have successfully synthesized kesterite nanoparticles via this
method [138,141—144].

Mali et al. used hydrated chloride salts of tin (IV), copper (II)
and anhydrous chloride salt of zinc (II) as cation precursor for
the synthesis of kesterite nanoparticles. Ethylene glycol was
used as solvent with the addition of polyvinylpyrrolidone
(PVP) as capping agent and thiourea as sulfur source [145]. The
synthesis involved the dissolution of the cation precursors,
the capping agents and thiourea in ethylene glycol and
transferred to a Teflon stainless-steel autoclave. The auto-
clave was maintained at 180 °C for 30 h after which it was
cooled to room temperature. The indexed XRD patterns for the
products obtained at 180 °C gave peaks that were attributed to
the kesterite phase and peaks of some secondary phases. The
calcined product at 450 °C gave strong peaks indexed to kes-
terite phase with no secondary phases revealing the

formation of pure kesterite phase at elevated temperatures.
The kesterite phase for the calcined product was further
confirmed via micro-Raman spectrum obtained for the prod-
uct showing an intense peak at 338 cm~* which has been re-
ported for kesterite phases. The absence of other peaks
confirms the successful synthesis of the pure kesterite phase.
An optical bandgap of ~1.5 eV was obtained from the ultravi-
olet visible (UV—vis) absorption analysis agreeing with the
optimal bandgap of kesterite [145].

Cao et al. used sulfur powder as their sulfur source, zinc
acetate as zinc source and the chlorides of copper and tin as
their copper and tin source, respectively [141]. These pre-
cursors were transferred into a Teflon stainless-steel auto-
clave which was filled to 80% capacity with ethylenediamine
and afterwards sealed. The autoclave was maintained at
180 °C for 15 h and cooled naturally to room temperature.
Further annealing of the final product improved the crystal-
linity of the product as the XRD of the as-synthesized product
gave peaks attributed to secondary phase ZnS while the
annealed product gave peaks that are attributed only to the
kesterite phase (Fig. 16). UV—vis absorption spectrum of the
nanoparticles was used to obtain the optical bandgap of the
kesterite material through Tauc plot. The bandgap obtained
was ~1.5 eV which strongly corresponds to the optimal
bandgap value for kesterite materials and suitability for PV
device application [141].

Patro et al. followed the microwave-assisted solvothermal
synthesis route. They used chloride salts of zinc and copper
and hydrated chloride of tin as the cation sources and thio-
urea as the sulfur source [144]. For the synthesis, weighed
elemental sources were sequentially added to ethylene glycol
(solvent) at room temperature under vigorous stirring until all
the precursors were dissolved. The dissolved mixture was
transferred to a quartz tube and placed in a microwave syn-
thesizer operating at 2.45 GHz. The temperature of operation
was 180 °C for 30 min [144]. The final product was then vac-
uum dried at 70 °C for 3 h. Subsequently the sample was
annealed at 500 °C for 30 min. XRD patterns for both synthe-
sized and annealed products gave characteristics peaks of
kesterite phase with no secondary phase peaks with improved
crystallinity at elevated temperature of 500 °C. SAED patterns
obtained were indexed to planes consistent with the XRD
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data. The kesterite phase was further confirmed from Raman
spectra which gave intense peak at 329 cm~* and weak peak at
284 cm~! which are characteristic peaks of kesterite phase.
This confirms no formation of secondary phases. From
UV—vis spectrum, the estimated bandgap of the CZTS sample
was 1.67 eV. These properties make the sample suitable for PV
application [144].

5.3.  Hot-injection synthesis

The synthesis of kesterite nanoparticles were first reported via
hot-injection method. The process entails the rapid injection
of the sulfur precursor to already reacting cation precursor as
the reaction reaches a certain temperature. Nucleation takes
place leading to formation of the kesterite particles. The first
attempt at synthesizing CZTS nanocrystals was by Riho et al.
In their work, organic salts of the cations were used and
elemental sulfur powder as the sulfur source. Oleylamine was
used to dissolve the cation precursors and the sulfur precursor
in different reaction vessels at specific temperatures. Tri-
octylphosphine oxide (TOPO) was heated to 300 °C and the
sulfur and cation precursors were rapidly injected into heated
TOPO. They were able to successfully synthesize CZTS nano-
crystals through the method. The XRD and differential ther-
mal analysis (DTA) of the nanocrystals confirmed pure crystal
phase of kesterite. They obtained a bandgap of 1.5 eV which is
suitable for PV application. The success of their work opened
up the research route to the possibility of successfully syn-
thesizing CZTS materials via solution process and from their
continued work through the method was able to synthesize
tunable CZTSSe nanocrystals [146,152,153].

Dong et al. used copper (II) chloride, zinc chloride and tin
(I) chloride as precursors for copper, zinc, and tin, respec-
tively. sodium sulfide was used as sulfur source while dieth-
ylene glycol (DEG) was used as solvent [45]. From the results
obtained, nanoparticles of sizes ranging from 10 to 20 nm were
obtained. The morphologically, the nanoparticles agglomer-
ated to form larger particles. The XRD reported in their work
revealed presence of broad Bragg’s peaks which are attribute
to the small particle sizes of the nanoparticles. The XRD re-
sults also confirmed the successful synthesis of the kesterite
phase. The XRD of the kesterite nanoparticles became sharper
after sintering the as-synthesized nanoparticles to a temper-
ature of 500 °C for 2 h. Raman spectroscopy confirmed that the
nanoparticles were of the pure kesterite phase as there were
no peaks for secondary phases. The thermal gravimetric
analysis (TGA) of the nanoparticles obtained showed the
material was stable at elevated temperature of up to 600 °C. A
bandgap of 1.37 eV was obtained which is close to the optimal
direct bandgap value for PV application [45].

With thiourea as the sulfur source and oleylamine as the
solvent for synthesis, Wei et al. synthesized spindle-like kes-
terite nanoparticles through hot injection method. In their
synthesis, hydrated salts of copper and tin and anhydrous
zinc chloride were used as precursor for the cation component
of the material [154]. The XRD spectrum obtained gave three
broad peaks at 26 = 28.5°, 47.6° and 56.3°, which were assigned
to planes of (112), (220) and (312), respectively of the tetragonal
arrangement of kesterite phase. Raman spectra analysis
confirmed the kesterite phase as the only phase obtained for

the nanoparticles with shifts of 338 cm~* and 289 cm™! char-
acteristic of kesterite phase (Fig. 17) [154].

6. Fabrication of kesterite thin-film PV cells
6.1. Device architecture

One important advantage kesterite material enjoys is the
availability of mode of synthesis and device fabrication
because of its analogous crystal structure with CIGS. Time
that would have been spent finding ways to synthesis and
fabricate the kesterite device has been cut short because of
this advantage. Most of the successful routes of synthesizing
and fabricating CIGS materials can be easily applied to obtain
kesterite materials [83,155—157]. The fabrication of the kes-
terite PV device follows similar device stacking that has been
reported for CIGS. Soda-lime glass (SLG) has been used suc-
cessfully for CIGS solar cells and have been found to exhibit
special advantageous effect as substrate for the device. It has
become substrate choice for kesterite PV devices. It has been
found that Na from the glass diffuses through the Mo layer
into the CIGS or CZTS absorber layers. There has not been a
full understanding of the role Na plays in improving the device
performance rather it has been attributed with passivation of
surface grain boundary defects and increased charge carrier
concentration. Although CZTS can be grown on other sub-
strates, yet its growth on these other substrates such as metal
or flexible plastic substrates will require the addition of
external sodium. The back contact is the first layer to be
deposited in the architecture of CZTS PV cell. SLG substrate is
coated with molybdenum forming the back contact of the
device. Some other back contacts such as indium doped tin
oxide (ITO) and fluorine doped tin oxide (FTO) have been
explored and reported. Molybdenum back contacts are widely
reported and advantageous as back contact for CZTS devices
as they are stable at high temperatures, has high resistance to

AZO (300 un)

Soda Liume Glass (SLG)

Fig. 18 — Schematic drawing of device architecture of
kesterite PV cell showing the different layers and their
thickness.
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Fig. 19 — Schematic overview of peculiarity of various thin-film deposition approaches in relation to kesterite.

the formation of alloys with copper and has great adhesion
with the kesterite absorber layer [158—160]. The basic func-
tions of the back contact layer is to act as the charge extractor
for the holes created by the absorber layer. The kesterite
absorber layer is deposited directly on the molybdenum back
contact to a thickness of about ~2 um. The deposition of the
kesterite absorber layer can be achieved through physical and
chemical deposition routes [84,135]. The physical deposition
routes are sputtering, pulsed-layer deposition, electron beam
evaporation, and spin coating while the chemical deposition
routes are chemical vapor deposition, CVD and plasma
enhanced chemical vapor deposition, PECVD [84]. In the de-
vice stacking as earlier mentioned, the kesterite layer serves
as the p-type semiconductor component which produces
electron hole pairs (EHP). The kesterite deposited molybde-
num soda lime glass is immediately annealed in a sulfur at-
mosphere to improve its crystallinity. After annealing the
kesterite absorber layer, the buffer layer comprised of cad-
mium sulfide, CdS (n-type) sometimes supplanted with zinc
sulfide (ZnS) due to the toxic nature of cadmium is deposited
via chemical bath method (thickness for CdS is maintained at
50 nm to minimize series resistance R; in the device)
[80,84,161]. The window layer of intrinsic zinc oxide (i-ZnO)
with a thickness of 80—100 nm is then deposited through
sputtering. The reason for using the i-ZnO layer is to minimize
shunting pathways and prevent intermixing between the
absorber and the transparent conductive oxide (TCO) when
the thin CdS layer does not provide complete coverage of the
underlying CZTS layer. A layer of transparent conductive
oxide (TCO) which provides electrical front contact usually
aluminum doped zinc oxide (AZO) is deposited afterwards. To
choose a good TCO it must possess high transmittance and
high electrical conductivity. At the final stage, Ni/Al contacts
are deposited on the TCO for charge extraction [86]. The final
architecture of the CZTS PV device can be seen in Fig. 18
below.

The structure of a kesterite solar cell is quite complex
because it contains several compounds as stacked films that
may react with each other. Fortunately, no detrimental
interface reactions occur at ambient temperatures. The for-
mation of MoS(e)2 at the back contact/CZTSSe interface dur-
ing CZTSSe thin film growth is inevitable through reactions
between Mo and chalcogen at high chalcogen partial pressure
or CZTSSe in the absence of chalcogen excess [134], which
may facilitate an electrical quasi-ohmic contact and improve
the adhesion of CZTSSe to Mo back contact, but leads to a high
series resistance and accordingly reduces the device efficiency
if not thin enough [135], similar to the case of CIGSe solar cells
[136]. A mild diffusion of Cd into kesterite has been reported
which is believed to be beneficial to the cell performance [137].
This could be interpreted as the occupation of Cd for vacant
Cu sites in the Cu-poor and Zn-rich CZTS matrix (which favors
the formation of Cu vacancies [138]) according to the first-
principles calculations [139] and Sardashti’s report [140]. In
CIGSe solar cells, a similar behavior at the CIGSe/CdS interface
has been reported by many groups [141,142] and is believed to
be the key factor to the success of the CBD-CdS process [143].
Similar to the role of ordered vacancy compound Cu(InGa)
3Se5 (OVC) in CIGSe, Cd on Cu sites would act as substitutional
donors, and therefore give result in n-type absorber surface,
facilitating a more effective buried homojunction [144].

6.2. Kesterite absorber layer deposition approaches

Kesterite PV cell is receiving much attention due to the various
techniques available for the formation of its thin-film on PV
cell platforms. Figure 19 gives an overview of some of the
strides peculiar to these deposition techniques as it relates to
kesterite. The compositional control of the material poses a
challenge to the various routes of deposition as there is no
complete knowledge on how to control the progression of
phases or that of the phase diagram as films are formed.
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Although these challenges are daunting, remarkable PV cells
have been fabricated via these routes.

6.2.1. Vacuum deposition approaches

Vacuum depositions are procedures used to deposit layers of
material atom-by-atom or particle by-particle on a substrate.
These procedures work at pressures well beneath baro-
metrical weight (i.e., vacuum). These deposited layers can go
from a thickness of one atom up to millimeters of freestanding
structures. This method of deposition can further be catego-
rized into sputtering-based and evaporation-based de-
positions. There have been serious challenges to the use of the
method for deposition in kesterite device fabrication. The
primary issue centers on element vaporization and reevapo-
ration from films already deposited due to atmospheric pres-
sure as a result of conditions of the vacuum process during
heating. For instance, there has been studies as it relates to
the evolution of Sn in the form of SnS for compounds like
Cu,SnSs, SnS, CuySnS, and Cu,ZnSnS, [162,163].

6.2.1.1. Evaporation-based deposition. Evaporation technique
has widely been reported for the deposition of the CIGS PV
devices, and have resulted in remarkable efficiency for this
device (22% for laboratory records) [164].

The vacuum thermal evaporation deposition technique
consists in heating until evaporation of the material to be
deposited. The material vapor finally condenses in form of
thin film on the cold substrate surface and on the vacuum
chamber walls. The analogous implication of the kesterite
structure of CZTS and chalcopyrite structure of CIGS, neces-
sitates the use of this method for the deposition of CZTS
absorber layer [165]. At a substrate temperature (Ts) of 150 °C,
multilayer elemental Cu/Sn/Zn with Zn as the bottom stack
were evaporated as the first successful evaporated kesterite
device by Katagiri et al. The multilayer stack was subse-
quently sulfurized at 500 °C in a Pyrex glass tube using nitro-
gen under 5% H,S atmosphere. The recorded power
conversion efficiency (PCE) for the device was 0.66% [57]. Since
then, there has been improvements made during deposition
of the kesterite absorber layer such as the use of ZnS instead
of Zn for the bottom part of the metal stack resulting in an
increased efficiency of 2.62% [166]. Schubert et al. introduced a
fast co-evaporation process where a 1.4 um absorber layer of
CZTS was deposited on a Mo-coated SLG substrate using ZnS,
Sn, Cu and S sources in 16 min. This was performed under
sulfur partial pressure (~3 x 10”8 atm) at T of 550 °C. With the
observation of CuS secondary phase from grazing incidence
XRD analysis, KCN etching was applied to eliminate the sec-
ondary phase. An efficiency of 4.1% was achieved for the
overall device [167].

Sequential co-evaporation process has been used for the
deposition of the kesterite absorber layer. Shin et al. reported
till date the highest efficiency recorded for the evaporation
deposition technique for CZTS-based kesterite devices. In the
process, co-evaporation of the elements was achieved at Ts of
150 °C. This was followed by a fast-high temperature
annealing under N, atmosphere resulting in a cell efficiency of
8.4% with a CZTS absorber layer thickness of 600 nm [168].

6.2.1.2. Sputtering-based deposition. The sputtering-based
deposition route is an efficient route for deposition of layers
for thin film devices. It involves introducing a controlled gas,
usually chemically inert argon, into a vacuum chamber, and
electrically energizing a cathode to establish a self-sustaining
plasma. The exposed surface of the cathode, called the target,
is a slab of the material to be coated onto the substrates. It has
been reported for CIGS devices and have been applied in the
fabrication of kesterite-based devices [164]. Sputtering can be
done as sequential sputtering or co-sputtering. The two
sputtering strategies have been used successfully in the
growth of high quality CZTS absorbers which has led to
improved device efficiencies [169—172]. Sequential sputtering
provides easy control of the chemical composition of the films
by regulating the thickness of each element while co-
sputtering allows the deposition of homogeneous mixture of
the elements and helps in minimizing the diffusion of ele-
ments during annealing. The highest efficiency presently
recorded for CZTS-based PV cells (11.6%) was achieved via
sputtering method [170]. Several other works reported
through this method of deposition have efficiencies above
10%. Ito et al. first reported CZTS thin-film deposition via
argon beam sputtering from the quaternary material pressed
target [72]. With no post sulfurization treatment, crystalline
material was reported at Ts as low as 90 °C. Although no device
efficiency was provided for their work, open circuit voltage of
165 mV was reported for the work. Subsequently, some works
have reported successful thin film deposition through RF
magnetron sputtering process where the metal layers are
sequentially deposited followed by sulfurization at high tem-
peratures to obtain the suitable tetragonal kesterite phase
[76,173]. Zhang et al. through sulfurization with elemental
sulfur in inert atmosphere of nitrogen sputtered stacked Cu/
Sn/Zn (with Zn as at the bottom of the stack) metal layers at
temperatures of 300 °C for 1 h and 550 °C for 3 h [173]. Lower
temperature of 300 °C was used to minimize volatility of the
metals prior to increasing the temperature to 500 °C [173]. The
RF-sputtering and sulfurization of metal multilayers in a two-
zone vacuum furnace was explored by Yoo et al. One zone was
used the metal multilayer film and the other zone used for
sulfurization at 570 °C for 20 min. The aim of sulfurization
zone is to convert the metals into sulfide films. In order to
control the stoichiometry of the metal components, the
thickness of individual metal precursor layers was varied,
they found that with Cu-poor stoichiometry no secondary
phase was formed but by following the correct stoichiometry
of CZTS, Cu,.«S secondary phase was formed [174]. Katagiri
et al. achieved the best sputtering route for the deposition of
CZTS, where they co-sputtered Cu, binary ZnS and SnS pre-
cursors. Substrate rotation enabled them to obtain fine blend
and homogeneity of the precursors during sputtering with the
samples subjected to final high annealing temperature of
580 °C for 3 h in nitrogen using 20% of H,S [175]. A year after
their previous work, Katagiri et al. achieved a high efficiency
device of 6.8% via method mentioned above [176]. Through
extensive research in the co-sputtering deposition of pure-
CZTS, great efficiency improvement for the method having
reached highest efficiency of 11.04% [170]. This was achievable
through the use of binary compounds or mixed metallic
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compound targets in inert atmosphere during sputtering.
While both sputtering methods differing in the amount of
chalcogen used in the starting precursor, they have signifi-
cantly contributed to improved efficiencies for the device
[170].

6.2.1.3. Pulsed laser deposition (PLD). The first CZTS thin films
through PLD was produced by Moriya et al. and achieved a low
PCE of 1.74% [177]. Over the years, there has been significant
increases in the efficiency obtained for PLD-CZTS devices.
Ganuskh et al. achieved the largest efficiency value of 5.4% for
this process [178]. In their work, 0.4—1 pm thickness of CZTS
films was deposited via PLD on a SLG substrate already coated
with Mo in vacuum compartment (with pressure of 9.8 x
10~1%tm). Overall stoichiometric composition of Cu,ZnSnS,
as composite target is hit with a laser beam of KrF. The ob-
tained films were annealed with sulfur overpressure at tem-
perature range of 500—600 °C in a graphite box [178]. These two
steps were very useful in achieving an efficiency of 5.2% [179]
by Cazzaniga et al. and subsequently by Ganuskh et al. [178].
Schou et al. described an observation for the stoichiometry of
PLD-CZTS deposited films highlighting the importance of laser
energy per unit area (J cm ) on the blend target. For the best
record for the PLD-CZTS deposited film, the desirable Cu-poor
and Zn-rich composition was obtained for at affluence range
of 0.7—1.0 ] cm 2 [180]. The common trend observed was that
at high fluence, Cu-rich composition was obtained while low
fluence led to Cu-poor composition [180]. The repeated
cleaning of the vacuum widows and the sturdy reliance on
fluence in more technical way influences the concerning is-
sues raised in the use of PLD for the synthesis of the kesterite
absorber layer. Another great influence on its use for the
kesterite absorber layer and in the PV-industry generally is the
high cost of laser equipment.

6.3. Non-vacuum deposition approaches

The mix of minimized and effective cost of deposition ap-
proaches achieved in non-vacuum approaches and plentiful
as well as prompt accessibility of CZTS elemental materials
offer an improved possibility of getting remarkable develop-
ment in photovoltaics. The process involves the choice of
suitable solvent to dissolve the metal precursors (usually salts
of constituent metal) with that of sulfur and subsequently
using one of the non-vacuum deposition approaches to de-
posit the kesterite absorber layer. The highest solution-based
efficiency obtained for the kesterite PV cell was achieved by
using hydrazine, an inorganic solvent devoid of carbon and
oxygen as solvent of choice [181]. Other solvents that have
yielded good efficiencies for the kesterite devices have been
reported. Protic solvents like 2-methoxyethanol in combina-
tion with monoethanolamine (used as stabilizer) have been
used for sol gel preparation of the precursor materials in
readiness for deposition [182,183]. The deposition of the sol-
gel formed is preferably the spin coating method. Efficiency
of 8.8% has been reported for protic solvent method of pre-
paring kesterite precursor materials [184]. Aprotic solvents
such as dimethyl-sulfoxide (DMSO) and dimethylformamide
(DMF) have been used with thiourea as sulfur source
[185—187]. The precursors are made into molecular inks and

deposited on the Mo-coated substrate. Efficiencies of over 11%
have been reported for spin coated deposition approach
[188—191]. For nanoparticle inks, they usually form colloidal
dispersions which can present difficulty in forming uniform
film on the substrate during deposition [192]. This approach
however has been explored through the synthesis of the
kesterite nanoparticle by any of the synthesis routes already
reported in section 4 and dispersed in suitable solvents like
ethanol. The nanoparticle inks can be deposited through spin-
coating followed by annealing at high temperature in the
presence of nitrogen which has yielded efficiencies from 5 to
7%. Here we detail parts of the non-vacuum methodologies
that have yielded high-performing devices via solution-
processing approach.

6.3.1. Spray pyrolysis approach

Early attempts were reported for non-vacuum deposition of
kesterite thin-films through spray pyrolysis. The spray py-
rolysis method favors large area deposition as it is compatible
with low viscose inks. Alcoholic solvents are most suited for
spray pyrolysis due to their low surface tension and help
substantially for even spread of film during deposition as
opposed to water (could have been most suited and safest
choice) which has high surface tension and can cause large
droplet size and dismembering of film as it dries [193,194]. In
their work, Ito et al. subjected substrates to temperatures of
280 and 360 °C in order to examine the pure state of the ob-
tained phase and the effect of varying ratios of the metals by
utilizing metal chlorides and thiourea as metal and sulfur
sources, respectively [195]. This deposition was considerably
deficient of sulfur deficient when water was used as solvent.
Subsequent annealing at elevated temperature of 550 °C in
~5% H,S and argon inert atmosphere gave ostensible stoichi-
ometry. Other related works have been investigated and re-
ported since the use of the spray pyrolysis approach on CZTS
[196—200]. These reports substantially explored the type of
precursor, Ts, treatments after heating and the pH of solution.
For instance, Ts as a parameter investigated in this sense,
impacts the morphology and elemental distribution of the
final film [201]. In general, spray pyrolysis of the kesterite films
lead to formation of small grain sized particles with high
coarse surface [202]. This surface can affect the interface of
the CZTS and CdS layers in preparing substrate configuration
of PV cells. By using nanoparticle inks in a mixture of 90%
water and 10% ethanol efficiency of 10.8% was obtained [203],
while 11.0% and 9.8% efficiencies have been realized for mo-
lecular inks with DMF and DMSO as solvents, respectively
[191,204].

6.3.2.  Electrodeposition approach

For non-vacuum approaches for metal film formation, elec-
trodeposition is an effective large-scale production approach
and has successful utility in the electronics industry. In the PV
industry, it is useful for profitable deposition of CdTe. In the
kesterite deposition strategy which usually involve a 2-stage
approach, such stages are applied to electrodeposition pro-
cess for kesterite films. The two-stage approach involves
firstly the deposition of the metallic component of the kes-
terite composition and subsequently chalcogenization
[205,206]. Pioneering work of Scragg et al. involved the
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I Kesterite Elements
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D Alloying

Fig. 20 — Cut out from Periodic table showing doping and alloying elements that can be used in kesterite compounds.

electrodeposition of stacked electroplated Zn/Sn/Cu where Cu
is at the bottom [69]. The electrodeposited metals were sub-
sequently transferred to a quartz tube furnace for sulfuriza-
tion at a temperature of 550 °C for 2 h using elemental sulfur in
an argon atmosphere. PCE of 0.8% was obtained for the
deposition. This study was behest with high series resistance
(10 Q cm?), high shunt conductance (7 mS cm~?) in dark con-
ditions and pronounced conjugation in the space charge re-
gion [69]. The electrodeposition of the precursors has been
achieved through different classifications. For the classifica-
tion that is based on the number of steps of electrodeposition
(often referred to as stacked elemental layers SEL), 2-
approaches have been explored [69]. These include: sequen-
tial electrodeposition of the (a) elemental metallic layers, (b)
stacked alloys in form of CuZn/CuSn and the combination of
(a) and (b) above in a successive manner [207—210]. and single
electrochemical step to form precursors which includes co-
electrodeposition that involves the deposition of CuSnZn
compound and one pot electrodeposition involving the
incorporation of the chalcogen source into the electrolyte with
the sole aim of obtaining the kesterite compound (CZTS or
CZTSe) [205].

Through Sequential electrodeposition method, Jiang et al.
obtained cell efficiency of 8.1% for sulfurized kesterite. They
pointed out the importance of prolonged preheating treat-
ment of the electrodeposited Cu/Sn/Zn stacks for ~3.3 h,
thereby obtaining highest quality of CZTS films and PV cells
[211,212]. Recent times have seen the replacement of water
electrolytes with non-aqueous solvent. As an example, Dale
et al. reported that ionic liquids allow for higher temperature
usage and expansion of the electrochemical potential window
[213]. This is advantageous as it makes room for the usage of
high current densities during electrodeposition as there is no
evolution of competing electrochemical hydrogen [213]. In
another work, Steichen et al. reported an improved rate of
average metallic deposition of 100 nm s~ using liquid metal
salts [214]. For co-electrodeposited films of CZTS, citrate salts
as complexing agents have been replaced with pyrophos-
phates [215—218], with other works studying the effect of cell

configuration on the stoichiometric uniformity of electro-
deposited Cu—Zn—Sn alloys [219]. In order to obtain improved
efficiencies for co-electrodeposited films, the use of electro-
lytes that contain quaternary-salt has been reported as an
effective approach. A cell efficiency of 5.5% was reported by Ge
etal. [220] for CZTS PV cell and has since reported an improved
efficiency of 7.1% with great layer uniformity with reference to
film morphology and stoichiometry by conducting systematic
investigation, refined plating parameters and optimizing
electrolyte [221].

6.3.3. Spin-coating and doctor-blade approaches

Spin coating and doctor-blade methods have been reported as
routes of deposition for the kesterite absorber layers. These
are useful for small cell investigations [181]. For spin-coated
kesterite films, synthesized nanoparticles of CZTS are dis-
solved or dispersed in suitable solvent and subjected to high-
speed spinning to achieve the desirable uniform spreading of
the particles on the substrate. The spin-coated substrates are
then annealed so as to eliminate the solvents. The spin-
coating is repeated severally to achieve desirable film thick-
ness [194,222,223]. These inks must be less viscose [194]. The
solution-processed synthesis of kesterite through the use of
hydrazine solvent employed the spin-coating approach for
kesterite film deposition and has thus far achieved the best
efficiency (12.6%) for kesterite PV cells [181]. On the other
hand, doctor-blade approach requires very viscose inks [224].
These inks are dropped on the surface of the substrate and the
ink is spread on the surface of the substrate by the movement
of ablade at certain distance and constant velocity. For the ink
to be highly viscose for effective use in doctor-blade coating,
additives are often used. These additives are usually organic
additives which sometimes leaves carbon and oxygen impu-
rities in the deposited films thereby requiring addition high
temperature annealing for their removal [224]. This becomes a
problem on itself for the device as well as low yield usually
encountered for fabrication of nanoparticle [225]. The highest
efficiency reported for doctor-blade deposition approach is
9.3% [226].
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7. Strategy towards improved CZTS/Se
(kesterite) PV performance (elemental
subsitutions)

The crystal and device layer defects previously discussed have
contributed to the low performance of the kesterite PV cell. To
control these defects, research has gone into finding strategies
to control/eliminate these defects. These research are chan-
neled towards comprehending and elucidating the phase
stability of the kesterite material, the link between processing
guidelines and the effects they have on achieving high device
performance and formation of single phased kesterite. The
alloying of kesterite compounds with new metals has become
one of the strategies adopted to tackle the antisite defects and
large V. deficit. This strategy has been used in other solar cell
devices like CIGS and CdTe [227—230]. This approach is
important as it can tune the properties of the materials as well
contribute to band engineering [105,231]. In this review we will
be looking at some of the metals or cations that have been
used as substitutions to the already existing metals in the
kesterite compound, what impact they have had in giving
insight into the realizing of improved devices. In substituting
these constituent cationic elements, a sequential process is
followed to maintain the overall valence state as well as the
charge neutrality of the kesterite compound. Kesterite com-
pounds take the form of I,-1I-IV-VI, composition [86,104]. This
means it contains elements composed of 2 atoms with +1
oxidation state, 1 atom with +2 oxidation state, 1 atom with
+4 oxidation state and 4 atoms of group 6 elements of —2
oxidation state. In maintaining this balanced neutral oxida-
tion state, cations such as lithium and silver has been used to
substitute copper; cadmium, iron, manganese and nickel, all
in their +2 oxidation states have been explored as elemental
substitutions for zinc; while germanium and silicon have been
used to substitute tin in the kesterite material (see Fig. 20).
Table 3 below presents comparative results and various pa-
rameters used in achieving some of the world record effi-
ciencies for various alloyed compounds of the kesterite
material and various deposition techniques that achieved
these results.

7.1. Impact of copper substitution in kesterite PV
application

Given the effect the Cuy, antisite defect has on the kesterite
compounds and the large V,. deficit of the PV devices of the
kesterite compounds, silver (Ag) has been explored as suitable
substitute for copper in all the variations of kesterite
[232—234]. The use of Ag in-place of Cu through theoretical
studies have established some improved properties due to the
large atomic size of Ag thereby eliminating or reducing the
Cugz, defect [105,232]. From reports, it is also useful for the
reduction of the large V,. deficit by reducing the concentration
of defects experienced by most copper-based kesterite PV
cells. In improving the properties of the kesterite compounds,
silver zinc tin sulfides (AZTS) has been reported to give a larger
grain size, high mobility and lower carrier density when
compared to CZTS [104]. A high concentration of Ag/Sn ratio
produces better cell performance than high concentration of
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Cu/Sn ratio. Theoretical evaluations have found that due to
very low concentration of Agz, antisite defects, the Ag-based
kesterite devices exhibit intrinsic or weak n-type conductiv-
ity [235,236]. This is attainable as Ag-based kesterite show
high concentration of donor defects probably Zn,, as its
dominant defect [237]. Some studies have reported tendency
for silver-kesterite alloys of copper silver zinc tin sulfide
selenide ((Ag,Cu),ZnSn(S,Se)s, (ACZTSSe)), to change from p-
type to n-type semiconductors with increasing atomic con-
centration of Ag to Cu. This was the case from the investiga-
tion by Shon et al. where they fabricated a kesterite device
with architecture of FTO/AZTSe/MoOs/ITO. They obtained a
cell performance of 5%. This device exhibited n-type semi-
conductive properties due to the complete replacement of
copper with silver. In a heterojunction PV cell ACZTSSe has
been used as n-type layer with CZTS acting as the p-type layer
[238]. An efficiency of 4.5% was achieved. Another theoretical
evaluation found that 20% efficiency can be achieved by an
architecture of an n-type CdS, p-type ACZTS and p*-type CZTS
[239]. Experimentally, Wong et al. fabricated a device based on
the CdS/ACZTS/CZTS architecture. They obtained a device
that had a V,. gain of 50 mV and a device efficiency of 7.2%
when compared to the device with CdS/CZTS architecture
which gave a device efficiency of 4.9%. They also reported that
the device made from ACZTS alone as the absorber layer gave
a lower efficiency as a result of increased Ag content [240]. A
3% Ag to Cu ratio of ACZTSSe device was fabricated through
solution processed technique and a 10.4% efficiency was
achieved [241]. Another group achieved a 10.2% efficiency for
ACZTSe device with 10% Ag ratio to Cu through co-
evaporation technique [242]. These improvements to the
antisite defects as well as reduced V,. deficits of the kesterite
solar cells have paved way for more research into optimizing
and use of Ag as a viable substitute for Cu. The optimization
study must establish control measures for amount of Ag
suitable for a near commercialization efficiency for the kes-
terite device. It has been reported as well that almost 50% Ag
content results in n-type semiconductive properties which
will require a revitalization of the kesterite heterojunction
architecture so as not to have band offset with CdS which is an
n-type semiconductor in the conventional kesterite architec-
ture [105,231].

Amongst the alkali group elements, Li* ions show better
compatibility for Cu* replacement due to its ionic radius that
is very close to Cu™ ions [243]. It is also characterized by low
energy of substitution for Lig, [243]. For a fully substituted
compound with composition of Li,ZnSnS,, it exhibits a wider
bandgap of 2.87 eV. In their work Yang et al. prepared alloyed
LiyCu,_,ZnSn(S,Se), thin films through a water-based pre-
cursor solution approach [244]. They observed a bandgap
tuning range of 1.13 eV—1.31 eV when varying the ratio of Li/
Cu from 0 to 0.29. Through obtained XRD results, increase in
the Li/Cu ratio resulted in a shift to lower 2 theta value
indicative of increased lattice parameters. This is the case as
earlier stated the covalent radius for Li* ions are bigger (1.33 A)
than that of Cu* ions (1.27 A) and thus infers the successful

incorporation of lithium ions and replacement of copper ions
in the crystal [243]. It was also observed that increase in the Li/
Cu ratio resulted to a linear increase in the c-axis lattice
parameter which obeys the Vegard’s law. They also specu-
lated the replacement of the body center Cu ion by that of
lithium. Grain growth was observed to show no significant
change as the ratio increased, indicative that lithium has no
effect on the surface morphology of the films from the results
obtained through cross section SEM. The architecture for their
device was quartz/Mo/LiyCu, »ZnSn(S,Se),. The obtained
bandgap values increased with increasing 0 to 0.29 Li/Cu ratio
(1.13—-1.31 eV). To investigate this wider bandgap values,
valence band maximum was obtained for the thin films for the
varying Li/Cu ratio through ultraviolet photoemission spec-
troscopy (UPS). As the Li amount was increased both Cgy and
Vem moved towards lower energy with a less pronounced
lower shift for Cgy which resulted in the wider bandgap values
[244]. An increase in the conduction band offset for the
interface between CdS and Li,Cu,_,ZnSn(S,Se)s was observed
due to the lower energy shift for the Cgy and Vg, In taking the
photovoltaic cell output for their material in relation to Li/Cu
ratio, they observed an increase in the V. of the solar cells as
Li was incorporated into the films. As obtained, the V,. and
PCE initially increased and then decreased with increasing
amount of Li. At the ratio of 0.17 Li/Cu amount, the highest V.
value of 459 mV was obtained with their best PCE value of
6.0%. A PCE value of 6.7% was rather obtained when the glass
was changed from quartz to a soda lime glass at a Li/Cu ratio
of 0.12 [244]. Quite notable in their work is the fact that the
increase in Li amount did not have any change in the net
carrier concentration of the absorber layer which is different
for what has been observed in materials such as CIGSSe and
CZTSSe solar cells when doped with the other group of alkali
elements such as Na and K. Essentially, an improved carrier
concentration of the absorber layer can be obtained when the
defects at the grain boundaries are passivated thereby
improving the crystallinity of the films, but in the case of their
study, with the Liincorporating into the CZTSSe thin films and
successfully replacing the corresponding Cu ions, effective
hole concentration for the new material thin films didn’t
change with increased amount of Li.

Cabas-Vidani et al. prepared kesterite absorber layer with
composition of (LiyCu; ,)»ZnSn(S,Se), with x reaching up to
0.12 [245]. Through the combined studies such as XRD, EQE
and other compositional measurements, they were able to
confirm the successful incorporation of lithium and within
the kesterite phase. With an increase of Li to x = 0.07, carrier
concentration went up to 5 x 10~ cm 3. They found that the
performance of the kesterite solar cell can be boosted by
increased lithium fraction when in comparison with undoped
absorbers. However, high lithium fraction gives no increment
in the minority carrier lifetime of the absorber layer. V,. deficit
was decreased as a result of high majority carrier concentra-
tion as Li was incorporated. A champion PCE value of 11.6%
was obtained at x = 0.06 with a 12.2% active area [246]. These
improved effects on kesterite absorber layer makes it
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necessary to further evaluate lithium alloying even at high
concentrations. But methods have to be developed to mini-
mize the loss of lithium in solution chemistry.

7.2 Impact of zinc substitution in keserite PV
application

The close cation sizes and chemical electronic properties of
Cu' and Zn?" in the kesterite system is the main reason for
the formation of large number of Cuz, and Znc, antisite de-
fects [247—249]. The use of cadmium Cd as a substitute for Zn
in the kesterite system is expected to increase the formation
of Cucq and Cd¢, antisite defects which minimizes the disor-
der and band tailing observed in kesterite compounds
[67,250,251]. The favorability of Cd is as a result of the large
ionic radius of 0.94 A when compared to that of Zn?* and Cu™*
which have ionic radius of 0.74 A [252]. It has been suggested
that the use of Cd to supplant Zn will inhibit or reduce the
formation of the detrimental ZnS secondary phases and help
in improving grain growth [104,253]. Theoretical calculations
have shown that the Cd content ratio to Zn will determine
how these disorders are alleviated [67,253,254]. The more the
Cd content the less impact it has in mitigating the disorders.
In fact, it results in detrimental outcome of phase trans-
formation from kesterite to stannite. Low Cd content produces
less disorder caused by Cu—Zn sublattices due to high for-
mation energy of these antisite defects [67,251]. Yang et al.
fabricated a device with absorber layer that has chemical
composition of Cu,Cd,Zn; ,SnS, (CCZTS) thin films through
spin-coating of the cation precursors on the substrate and
sulfurization process. Thin films with varying Cd content were
prepared and observed a phase transition from kesterite to
stannite when the Cd content was high. They also reported on
improved grain size for optimized Cd content. Their findings
align with the theoretical evaluations earlier stated [254]. Tan
et al. reported device containing Cu,Zn; Cd,SnS, (CZCTS)
thin film absorber layer through low cost sol-gel method. They
noticed that the bandgap and crystal structure of the CZCTS
were affected by the content ratio of Cd to Zn. ZnS secondary
phases were dramatically reduced with improved grain size
when partial substitution of Zn with Cd occurred at ratios
between 0 and 40%. Through optimization of the device pa-
rameters especially the Cd ratio, the device efficiency was
remarkably improved from 5.3% to 9.24% (40% Cd content)
[248]. Huang et al. produced a device that achieved beyond
11% device efficiency by maintaining a 40% Cd content during
alloying of the kesterite compound. They reported an
improved device with reduced band tailing as a result of the
incorporation of Cd into the composition [247]. The reduced
band tailing was confirmed by the decrease in difference of
the photoluminescence and optical bandgap together with
decreased URBACH energy. They also obtained a reduced Vi,
deficit of more than 100 mV for the best Cd-substituted kes-
terite (40% ratio). These reports have shown that the incor-
poration of Cd into the absorber layer of the kesterite PV cell is
able to bring about an alteration of the characteristic acceptor
defects near the valence band by making them shallower
hence, improving the cell performance. They suggest positive
pathway for the use of Cd as a viable substitute for Zn as a way

of improving on the kesterite device when the toxic nature of
Cd is not considered.

Manganese has been used to substitute zinc in this mate-
rial to form compound of CMTS where M represents manga-
nese. It has been widely reported that CMTS materials exhibit
the stannite structure [255]. With large ionic radii 1.40 A, it is
suitable to tackle the Cuz, antisite defects. Its incorporation
into the CZTSSe material causes a change in property, one
significant change is the formation of the stannite phase
rather than the kesterite phase [255]. In their work Liang et al.
found that the CMTS semiconductor crystals exhibit magnetic
properties and took the zinc blende and wurtzite type struc-
tures [256]. Most of the reported work of CMTS has been
focused on its magnetic, optical and electrical properties.
Chen et al. reported from their work that CMTS which is a
non-lethal material exhibited high absorption coefficient
similar to that of CZTS (10* cm ') with bandgap ranging from
1.0 to 1.4 eV which is close to the optimum bandgap value for
solar cell applications [257]. Mn is more abundant (1100 ppm)
than Zn (79 ppm) making a suitable substitute for zinc. In
another of their work, Chen et al. explored the effect of
varying Mn content in a sol gel prepared Cu,Mn,Zn; ,SnS,
(CMZTS) thin films as it relates to the transformation from
kesterite phase to stannite phase [258]. The bandgap of the
material was reduced from 1.51 eV to 1.23 eV as Mn content
was increased. Due to the larger Mn cation radius than that of
Zn, an increase in Mn content resulted in phase trans-
formation from kesterite to stannite. Raman shifts to lower
wavenumber was also observed as Mn content was increased
which is attributed to the lower bond stretching force con-
stant. Poor cell performance has been reported for CMTS and
CMTSSe materials as a result. This is attributed to high carrier
concentration. For partially alloyed materials, Lie et al. fabri-
cated a solar device via sol-gel spin coating method composed
of Cu,Mn,Zn; ,SnS, (CMZTS) with device architecture of Mo/
CMZTS/CdS/ITO/Ag with x = 0 to 1 to investigate the effect of
Mn on the performance of the device [259]. With comparison
to fabricated control CZTS device, there was an improvement
in the device performance from 4.4% for CZTS device to 5.2%
for CMy.15Z0.8sTS which is champion efficiency for materials in
CMZTS composition. They also reported improvement in the
Vo value for CMZTS device when compared to the control
CZTS device. The optimum cell efficiency was obtained at
x = 0.15 and noticed decrease in efficiency as the Mn content
was increased. Li et al. used machine learning to predict
amount of Mn content for a Cu,Mn,Zn; ,(S,Se), device that
will yield better cell performance [260]. From the results ob-
tained through this prediction they found that the cell will
perform better at 8% Mn content. For the experimental result,
a device with architecture of Mo/CMZTSSe/CdS/i-ZnO/Al:Zn0O/
Ni—Al was evaluated. A champion cell performance was ob-
tained at 5% Mn content (8.9%). As the concentration of Mn
was increased, the cell performance decreased as a result of
increased carrier concentration and quenching of the radia-
tive recombination indicative of need for better optimization
for improved cell improvement. These enhancements for both
CMZTS and CMZTSSe devices are attributed to refined grain
growth, improved interfacial interaction between CdS layer/
absorber layer and change in majority in defects from Cugz, to
Veu.
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The abundance and stability of iron has made it a consid-
erable element for substitution of zinc in kesterite materials
[261]. In reality, the kesterite mineral exist as an alloy
composed of Cu,(Zn,Fe)SnS, thereby making it quite an easy
approach to synthesize and incorporate iron into the structure
as a way to improve on this semiconductor. With properties
ranging from great absorption coefficient (10* cm™) to
bandgap between 1 and 1.5 eV, Cu,FeSnS, (CFTS) shows great
potential for PV application [262]. There is little literature
reporting on the application of CFTS into PV devices. 0.07%
solar cell efficiency was reported for an RF magnetron fabri-
cated CFTS absorber layer with device architecture of glass/
Mo/CFTS/CdS/i-ZnO/Al:ZnO [263]. However, Pal et al. re-
ported solar cell efficiency of 2.95% through SILAR method for
the absorber layer [264]. They also replaced the buffer layer
with Bi,S; buffer which shows a much preferable band
alignment at the interface as measured from scanning
tunneling spectroscopy (STS) [264]. In terms of alloying, Fe*"
ionic radius (0.66 A) is similar to that of Zn?* (0.64 A) which
enhances the ease of formation of solid solution of Cu,Fe;.
xZN,SnS, (CFZTS) [265]. In literature, there has been reports
of CFZTS thin films changing from kesterite to stannite phase
as well as bandgap increase from 1.35 eV to 1.7 eV as Fe con-
tent was increased [266]. Moreover, detrimental effect on
quasi-Fermi splitting has been reported from a combinatorial
study in CFZTS materials even at low Fe content, therefore a
positive use of doping Fe draws skepticism as transition
metals containing partially filled d-orbitals produce deep
defect states in CZTSSe as observed in CIGS devices [267,268].

Just like the case of Fe, Nickel ion (Ni**) with ionic radius of
0.69 A which is close to that of Zn?* ion (0.74 A) can be used to
substitute zinc [265]. Some studies have reported the potential
of Ni substitution of Zn in CZTS compound in enhancing the
electrical conductivity and reducing the optical band gap [269].
CNTS shows remarkable properties for solar cell application
such as high optical absorption coefficient of 10° cm~?, band
gap value ranging from 1.5 to 1.6 eV with a zinc blende crystal
structure [270]. However, first principles density functional
theory calculations (DFT) projects that the defect complex
seen in Cu,NiSnS, (CNTS) will produce localized in-gap states
[255]. Few devices have been reported with CNTS absorber
layer. Rondiya et al. fabricated a material with device archi-
tecture of glass/Mo/CNTS/CdS/Al-Zn0O/Al which gave an ef-
ficiency of 0.09% [270]. Ghosh et al. on the other hand reported
a device with architecture ITO/ZnO-nanorods/ZnS/CNTS/Au
giving an efficiency of 2.71% [271].

7.3. Impact of tin substitution in kesterite PV application

Germanium in the stable oxidation state of +4 can be used to
successfully substitute Sn in kesterite compounds. It has seen
a level of success in its use as a dopant in kesterite PV cells
achieving an efficiency of 11.8% [105,171]. It is expected to
deliver positively towards an improved kesterite PV cell when
alloyed. Remarkable device efficiencies ranging from 9.4 to
12.3% has been reported for Ge-alloyed kesterite devices
[272—275]. The first optimized Ge-alloyed kesterite with a
sulfur-selenide composition CZGTSSe gave a cell efficiency of
9.4% with 30% Ge content relative to Sn [272]. This CZGTSSe
device gave improved V. value when compared to CZTSSe.

There was an improvement in minority carrier lifetime, which
is a boost to the efficiency and device performance of the
kesterite PV cell. A 10% efficient kesterite device was pub-
lished by Kim et al. with 40% Ge-content by improving on the
annealing process [273]. Subsequently an 11% efficient device
was fabricated by Hillhouse et al. by studying through almost
all possible percentage ratios substitution (ranging from 0 to
90%) of Sn with Ge [191]. The 11% efficiency was obtained at
25% Ge-content with impressive reduced V,. deficit. The Ge-
content above the optimal percentage gave results that has
abysmal drop in cell conversion efficiency ranging from un-
favorable band alignment between the kesterite and buffer
CdS layer to deep defects that are 0.8 eV above the valence
band as increased Ge-content increased the bandgap value
[105,191]. The best Ge-alloyed kesterite gave a cell conversion
efficiency of 12.3% [274], which is close to 12.6% of the state of
art kesterite PV cell of CZTSSe. The 12.3% efficiency for
CZGTSSe was achieved with 22% Ge-content and showed
impressive reduced V,, deficit. The reduction in V,. deficit was
due to decrease in band tailing through the control of the Ge/
(Sn + Ge) ratio. Other improvements in carrier lifetime as well
as high fill-factor (FF) value of 73% from the cell indicate
reduced carrier recombination at the kesterite absorber layer,
CdS buffer layer interface alongside the space region and
improved absorbing quality [105,274]. These improvements
and progress achieved with Ge-alloyed kesterites suggest a
good pathway towards highly efficient and commercialization
of kesterite device by controlling the Ge-content.

Another viable element that can be used in substituting tin
ion (Sn**) in CZTS is the stable silicon ion, Si*'. With earth
abundance (2.82 x 10° ppm) that surpasses that of all kesterite
elements, it has be suggested to be incorporated into kesterite
lattice to replace the Sn-sites which are usually marred with
volatility and minimizes the formation of Sn*" [276,277].
Cu,ZnSiSe, (CZSiSe) takes wurtzstannite crystal structure
[278]. Through first principles calculations, there was reported
the possibility of miscibility in varying compositional range
but there has not been any experimental work to back it up
[279]. Some studies have found that Si does not combine with
the kesterite lattice, rather it can only form a Sn-free CZSiSe
which gives very low photocurrent for complete devices [279].
Hamdi et al. is the only work that has reported successfully
form alloy of Cu,Zn(Si,Sn; «)S4 through ceramic route form-
ing alloys up to x = 0.5. Obtained bandgap value for this
compound was 1.7 eV which can be applied in tandem solar
cell [280]. Although with the success of forming an alloy, there
has not been any success in obtaining a working solar cell.
Although tin substitution by incorporation of silicon can be
achieved, synthesizing the material however is marred by
elevated formation energy.

8. Further prospects: innovations for
improved CZTS/Se device (kesterite) efficiency

8.1. Back contact layer interface
Molybdenum (Mo) have been used as the back contact for CIGS

solar cells due to its stability at high processing temperatures
and resistance to alloying with Cu [283-285], excellent
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adhesion between the soda lime glass (SLG) substrates and
CIGS absorbers, and low-resistance contact to the CIGS
absorber. The importance of MoSe, was demonstrated to
reduce the contact recombination and contact resistance
experienced at the interface of CIGS absorber layer and Mo
back contact [285]. CZTS device structure replicates that of
CIGS without the consideration of the material system dif-
ference of both materials [92]. Different from the case of CIGS,
the Mo thin film back contact has been demonstrated to have
some detrimental effects on CZTS device performance [286].
CZTSe is not stable at high processing temperature
(500—600 °C) in the presence of Mo [287]. Equation (1) shows
the decomposition of Cu,ZnSnS(e)s

2CuZnSnS(e), < 2Cu,S(e) + 2ZnS(e) + 2SnS(e) + 25(e) (1)

Equation (2) describes the reaction that generates
MoS(e), at the CZTS(e)/Mo interface:

Mo + 2S(e) — MoS(e), 2

The thermal instability of the CZTS(e)/Mo during thermal
processingis given by the combination of Equations (1) and (2):

2Cu,ZnSnS(e), + Mo — 2Cu,S(e) + 2ZnS(e) + 2SnS(e)
+ MoS(e), (3)

The free energy change of the reaction of Equation (3) was
calculated to be —100 kJ for CZTSe and —150 kJ for CZTS at
550 °C. Such negative free energy changes are indicative that
the decomposition reaction is thermodynamically favorable
and that the CZTS(e)/Mo interface may become unstable
[286,287]. The instability of the Mo back contact can poten-
tially cause losses of V., Jsc and FF in the CZTS device if not
mitigated by film preparation conditions or device structure
[287].

Alternative back contact metals have been explored to
mitigate the problem encountered with the decomposition
and contact resistance of the CZTS(e)/Mo interface. The
metals that have been explored include: gold (Au), tungsten
(W), palladium (Pd), platinum (Pt) and nickel (Ni) [288]. Pd and
Ni were observed to diffuse into the CZTSSe absorber exten-
sively after annealing at 570 °C for 30 min, while Au did not
react with the chalcogens, W reacted partially and Pt reacted
completely. Therefore, Pd, Ni and Pt are not suitable as back
contact materials under the conditions examined. W and Au
are eligible contact materials because of their ability to
enhance short circuit current (Jsc). In contrast to Mo, Au is a
highly reflective back contact and increases the absorption of
photons in the long wavelength range, therefore enhancingJs.
[288]. W, may serve to passivate the CZTSSe absorber and
improve the collection of carriers generated deep in the
absorber [200]. However, Mo remains the best choice material
for a back contact, so far (i.e., it is used for all record-per-
forming devices) and achieved the highest conversion effi-
ciency of 4.8% in this particular study. In contrast, cells with W
and Au back contacts demonstrated deteriorated efficiencies
of around 3.9%. The reduced efficiency was mainly attributed
to decreases in fill factor (FF). In the case of a W back contact, a
~350-nm-thick W(S,Se), layer was generated, which increased
the series resistance and reduced FF. For the Au back contact,
a high density of voids was observed in the CZTSSe absorber,

resulting in a very low shunt resistance and deteriorated FF. Of
course, with all of the above results, it is important to keep in
mind that the suitability of a back-contact material will
significantly depend not only on the choice of metal, but also
on the specific processing approach used to deposit the CIGS
or CZTSSe layer on top. For some of the above-mentioned back
contact choices, it is possible that with optimization of the
processing for the specific back contact material (which may
not be the same best conditions as for deposition on Mo), high
performance may be achieved [288].

An intermediate layer between the CZTS(e)/Mo interface
have been explored as a solution to the problem described
above [289—292]. An ultra-thin and intentionally introduced
carbon layer has recently been developed to act as an inter-
mediate layer between the kesterite absorber and the Mo back
contact [293], in order to reduce the void-induced series
resistance that s likely to arise in this region of the device. The
evaporated carbon intermediate layer increases Js. and con-
version efficiency of CZTS devices with the absorbers fabri-
cated by two-stage preparation, i.e., non-vacuum (sol—gel) or
vacuum (sputtering) methods followed by high temperature
sulfurization. Meanwhile, the carbon intermediate layer does
not deteriorate V,. and FF. The transmission electron micro-
scopy (TEM) image and corresponding energy dispersive
spectroscopy (EDS) mappings of the CZTS device with a car-
bon intermediate layer fabricated by the sol—gel method
shows that carbon adheres on the inner walls of voids. By
comparing EDS line scans on the CZTS devices with and
without the carbon intermediate layer, it was confirmed that
the carbon sticking on the inner walls of voids arose from the
intentionally introduced carbon layer rather than the pre-
cursor solution used in the sol—gel method. The carbon ag-
gregation better connects void-containing CZTS and the Mo
back contact, which reduces the series resistance R, and leads
to increased Js. and improved conversion efficiency [293].

8.2 Buffer layer interface

Alternative buffer layers other than the toxic CdS layer has
been considered to be used for better band alignment in
making kesterite solar cells [294—297]. The heterojunctions
formed between Cu,ZnSn(SySe;_x)s (CZTSSe) and three Cd-
free n-type buffers, ZnS, ZnO, and In,S;, were studied using
femtosecond ultraviolet photoemission and photovoltage
spectroscopy [295]. A small positive spike conformation of
0.15 eV was produced between the hydrazine-processed
CZTSSe absorber and an In,S; buffer layer deposited by CBD,
which reduces the interface recombination and does not form
a barrier for the light-generated electrons. Hence a large Jsc
and reasonable V,. and FF are obtained. A CZTSSe solar cell
with such an In,S; buffer layer achieved an efficiency of 7.19%,
which was comparable to the efficiency of 7.75% made from
the analogous CdS buffer layer [295].

9. Conclusion

Since the discovery of the mineral ore CZTS and its semi-
conductive properties, it has become vital to find ways to
produce the material in large scale by finding suitable
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synthesis route as well as convenient deposition approach of
the kesterite absorber layer on molybdenum coated soda lime
glass substrate. There are three distinctive methods used for
the synthesis of kesterite nanoparticles (exploring the
improved material properties towards quantum confinement
as a result of reduced molecular size). These three methods
(solvothermal, hydrothermal and hot injection methods) have
proven successful in the synthesis of the kesterite nano-
particles. With the solvothermal and hydrothermal method
needing addition heating, the takeaway is that for successful
synthesis of the kesterite phase, proper choice of temperature
is needed to eliminate the presence of secondary phases, as
the presence of the secondary phases are detrimental to the
final application of the nanoparticles. It is very vital to anneal
these nanoparticles especially in the presence of sulfur to
obtain pure crystalline kesterite phase. Likewise, the choice of
best deposition approach for the deposition of the kesterite
absorber layer is very vital for the overall performance of the
device. Here we discussed the various deposition approaches
that have been used for kesterite deposition and explained
their contributive factors towards better performing devices.
Kesterite, with properties such as optimal bandgap value of
1.5 eV, absorption coefficient of 10* cm™* and composition of
earth abundant non-toxic elements has made it an impressive
p-type semiconductor material for PV application. Largely, PV
cells made from this material has suffered from high V.
deficit and antisite defects thereby limiting it from reachingits
theoretical efficiency of 30%. Strategies such as alloying
(cationic substitutions) have emerged as viable pathway to
mitigate these limiting factors and eventually achieve better
PCE. By exploring these strategies in this review, we were able
to highlight alloying strategy of the kesterite compound and
shown how remarkable outputs can be achieved by
substituting the constituent atoms of the kesterite com-
pounds with certain cationic elements. The improvements
brought by these alloying elements depend on a controlled
ratio. Ag and Li were used to substitute for Cu, Cd, Mn, Ni and
Fe in place of Zn and Ge and Si for Sn. These elements at an
optimized ratio improved the properties of the kesterite
compound by lowering the large V,. deficit as well as limiting
the formation of the detrimental antisite defects. With the
improvements reported for all the alloyed kesterite and doped
ones, none has gotten to the state-of-the-art efficiency so far
recorded for the solid solution compound (CZTSSe) of kes-
terite, which has a PCE value of 12.6%. The best alloyed kes-
terite came close to this value with just 22% Ge-content and
gave PCE value of 12.3%.

These impressive improvements that has been reported for
the alloyed kesterite compounds and devices must be
explored and researched more in terms of optimization of the
alloying element content to viably increase the PCE of the
kesterite PV cells. Characterization techniques that are
uniquely specific in exploring the crystal structure of the
kesterite compounds must be adopted to fully explain the
reason for the antisite defect formations, band tailing effects
and the large V. deficit. With the specified information real-
ized from this approach it becomes easier to tailor research
easily to very concrete strategies that will improve the kes-
terite PV cells. Doping as one of the strategies has contributed
to improved kesterite devices. Figure 20 shows the major

dopant elements that have been used in kesterite materials.
More dopants should be explored to improve the kesterite
device. Doped-lanthanide oxysulfides/selenides phosphors
have been explored for their good photoluminescence prop-
erties. Recently a monocrystalline silicon solar cell was
improved by doping it with terbium-doped gadolinium oxy-
sulfide and an impressive efficiency increase of about 3.6%
was obtained. For the undoped silicon solar cell, an PCE of
16.43% was obtained while doping with terbium-doped gad-
olinium oxysulfide gave a PCE of 17.02% [298]. Given the ease
of substitution in CZTS semiconductors than silicon and
considering the successful improvement realized in cell effi-
ciency for a rigid material like silicon solar cell, the flexibility
of CZTS materials and ease of doping necessitates the need to
explore the use of these phosphors in the kesterite PV to
improve on their properties and device performance. Also, the
use of group v elements as dopants for CdTe PV devices has
resulted in improved device efficiency of over 20% [299,300].
Group V dopants offer a path to increase the hole density and
stability. This is the case as evidenced by the results obtained
which were consistent with recent diffusion experiments
indicating that As, P and Sb diffuse more slowly than group I
elements [300]. The binary to quaternary formation as
explained in section 3 and 4, provides the pathway for
consideration of the use of these group V dopants in quater-
nary compounds of CZTS due to their success in binary
compound of CdTe devices as a way of improving the device
performance of CZTS PV cells.
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