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Monograin powder technology is one possible path to developing sustainable, lightweight, flexible, and
semi-transparent solar cells, which might be ideal for integration with various building and product
elements. In recent years, the main research focus of monograin technology has centered around
understanding the synthesis and optoelectronic properties of kesterite-type absorber materials. Among
these, Cu,ZnSnS, (CZTS) stands out as a promising solar cell absorber due to its favorable optical and
electrical characteristics. CZTS is particularly appealing as its constituent elements are abundant and
non-toxic, and it currently holds the record for highest power conversion efficiency (PCE) among
emerging inorganic thin-film PV candidates. Despite its advantages, kesterite solar cells’ PCE still falls
significantly behind the theoretical maximum efficiency due to the large Vo deficit. This review explores
various strategies aimed at improving Voc losses to enhance the overall performance of CZTS
monograin layer solar cells. It was found that low-temperature post-annealing of CZTS powders
reduced Cu-Zn disordering, increasing E4 by ~100 meV and V¢ values; however, achieving the optimal
balance between ordered and disordered regions in kesterite materials is crucial for enhancing
photovoltaic device performance due to the coexistence of ordered and disordered phases. CZTS
alloying with Ag and Cd suppressed non-radiative recombination and increased short-circuit current
density. Optimizing Ag content at 1% reduced Cuz, antisite defects, but higher Ag levels compensated
for acceptor defects, leading to reduced carrier density and decreased solar cell performance. Co-
doping with Li and K resulted in an increased bandgap (1.57 eV) and improved Voc, but further
optimization is required due to a relatively large difference between measured and theoretical Voc.
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research aims to overcome limitations and improve efficiency,
stability, and manufacturing processes. Flexible ultra-thin

1. Introduction

Over the past few decades, the photovoltaic (PV) market has
been largely dominated by silicon-based solar cells. However,
there has been a noticeable shift towards PV technology based
on flexible solar cells in recent times. This transition has been
primarily driven by the growing demand for devices that offer
high flexibility, lightweight characteristics, conformability, and
bendability.

Numerous approaches and materials have been investigated,
such as flexible ultra-thin crystalline silicon (Si) solar cells,*
flexible chalcopyrite CulnGa(S,Se), (CIGSSe) thin-film solar
cells,” organic solar cells,* perovskite solar cells,* dye-sensitized
solar cells (DSSCs), and other thin-film technologies. Each
technology has its own advantages and challenges, and ongoing
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crystalline Si solar cells offer the advantage of using a well-
established material with high efficiency. However, their
fragility remains a concern, and limits their widespread adop-
tion. Thin-film Si tandem solar cells and CIGSSe thin-film solar
cells have shown promise in terms of flexibility and efficiency.
However, their commercialization has been hindered by rela-
tively high manufacturing costs, which have stalled their prog-
ress in recent years. Organic solar cells have the advantage of
being lightweight, flexible, and potentially low-cost due to their
compatibility with roll-to-roll manufacturing processes.
However, their module efficiency and long-term stability have
been areas of concern, and have limited their commercializa-
tion. Given these limitations and challenges, the search for
alternative flexible solar cell technologies remains an active and
important area of research in the field of photovoltaics.

The ultimate goal of this research is to achieve a break-
through in kesterite flexible photovoltaic technology, enabling
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the mass production of sustainable high-performance solar
cells that can be seamlessly integrated into various applications,
ranging from portable electronics to wearable devices, building-
integrated photovoltaics (BIPV), and beyond. By developing
flexible photovoltaic technologies, it becomes possible to
harness solar energy in environments and industries where
traditional rigid solar panels are not viable or practical.

2. Monograin layer technology

Monograin layer technology (MGL) provides one way to prepare
lightweight, semi-transparent, and flexible photovoltaics in the
future. In Fig. 1 is shown the lab-scale flexible monograin layer
device with a total size of 2.5 cm x 2.5 cm containing ~100
solar cells (0.018 cm?).

MGL solar cell technology introduces significant innovations
that contribute to its potential for high power conversion effi-
ciencies (PCE) and cost-effectiveness. The MGL solar cell
incorporates a light-absorbing layer composed of monograin
powders. These powders are synthesized using the molten salt
method,*® allowing for the growth of micro-crystalline semi-
conductor materials with precise control over their chemical
composition and doping concentration. The process scheme of
the monograin powder synthesis is presented in Fig. 2a. This
precise control over the material properties results in high
optical, electrical, and structural quality within the light-
absorbing layer. The use of monograin powders enables the
MGL solar cell to achieve theoretically higher PCE levels due to
their single-crystal structure, which means there are fewer grain
boundaries compared to polycrystalline materials, resulting in
better light absorption, higher charge carrier mobility, and
reduced recombination losses. The MGL technology involves
a production process based on the roll-to-roll technique. This
continuous and automated production method enables effi-
cient and cost-effective fabrication of solar cell modules. The
roll-to-roll process streamlines production, reduces material
waste, and facilitates mass production, making the MGL solar
cell technology economically viable for large-scale deploy-
ment.”” By combining these innovations, the MGL solar cell
technology demonstrates the potential to significantly improve

Fig. 1 Photo of a flexible CZTS monograin layer device with size of
25cm x 25cm.
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the efficiency of solar energy conversion while ensuring cost-
effectiveness and scalability. The precise control over material
properties achieved through monograin powders and the effi-
cient roll-to-roll manufacturing process makes the MGL solar
cell an attractive solution to advance the field of photovoltaics
and promote widespread adoption of solar energy as a sustain-
able and renewable power source.

The monograin membranes are constructed using a specific
fabrication technique that involves the incorporation of mon-
ograins within a thin layer of transparent, low shrinkage poly-
mer during the curing process. The monograins together with
the buffer layer are manufactured separately before entering the
module production process (the formed heterojunction
provides full photovoltaic functionality already at the mono-
grain level) which is superior to the other thin film PV
technologies.

The subsequent steps in the fabrication process include the
deposition of additional layers such as transparent conductive
electrodes and rear contacts, which are necessary for the
complete construction of monograin layer solar cells. The
schematic lab scale fabrication process of the complete mono-
grain layer solar cell is presented in Fig. 2b.

An additional advantage of this technology is only minor
waste of materials due to recyclability of unused fractions of
monograin powder in the new synthesis process. The MGL
technology offers a unique opportunity to turn an inherent
technology disadvantage of the nonactive area (polymer) into
a benefit and use it to transmit light. The transmission is almost
uniform over the visible range and can be tuned by the crystal
density. At the moment, the limiting factor is the lack of
a suitable transparent back contact material. In thin film
technologies, several binary oxides such as SnO,, In,0j3, or ZnO
have been investigated." However, a major challenge with these
oxides is that they typically require relatively high deposition
temperatures to achieve adequate conductivity. This high-
temperature deposition process may not be suitable for mon-
ograin membranes due to them being sensitive to high
temperatures. In contrast to substrate-configuration thin-film
technologies, where the fabrication of the structure begins
with back-contact deposition, in monograin layer solar cell
technology, making the back-contact is the last step in the
technological sequence. As shown in Fig. 2b, for back contact-
ing, the supporting foil is removed from the back side, and the
bottom side of the MGL is abraded with ultrafine sandpaper to
remove polymer from powder crystals. With this process, a p*
layer on the back side of the crystals is created.” This type of
back contact helps hole tunnelling from the absorber bulk into
the contact (currently Au or graphite is used). As there has been
limited research on transparent back contacts, especially for
kesterite and chalcopyrite technologies, further research is
essential specifically for semi-transparent solar cells.

2.1. Challenges in CZTS monograin layer solar cells

In recent years, the main research focus of the monograin
technology has been on the understanding of the synthesis and
optoelectronic properties of kesterite type absorber materials.
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Fig. 2 Scheme of (a) monograin powder preparation and (b) monograin layer fabrication.

Kesterite, especially Cu,ZnSnS, (CZTS), is a promising solar cell
absorber due to its attractive optical and electrical properties —
high absorption coefficient (~10~* em™"), optimum band gap
(1.5-1.6 eV) for photovoltaics, p-type conductivity, and tuneable
band gap by alloying.” Its constituent elements are earth-
abundant and non-toxic, and it holds the highest (PCE) record
(14.9%)** among all emerging inorganic thin-film PV candi-
dates. However, the PCE of kesterite solar cells is still much
lower compared to the theoretical maximum efficiency
(~32%).*

The performance of kesterite solar cells is limited by the
large open circuit voltage (Voc) deficit (VB — Voc). Vo is the
maximum achievable Voc based on the Shockley-Queisser
limit.**'” Several factors can contribute to this loss of Vg,
including: (1) the challenges in achieving a uniform absorber
composition. Variations in composition can lead to fluctuations
in the bandgap, resulting in reduced device performance.
Additionally, the presence of secondary phases within the
absorber can negatively impact the charge transport and
recombination properties; (2) Cu-Zn antisite defects: Cu and Zn
have similar ionic sizes, which can lead to the formation of Cu-
Zn antisite defects. These defects introduce electrostatic
potential fluctuations and band tailing within the kesterite

23642 | J Mater. Chem. A, 2023, 11, 23640-23652

material, affecting the overall device performance and reducing
the Voc; (3) complex defect properties introduced by multivalent
Sn: the presence of Sn as a multivalent element in the kesterite
structure introduces complex defect properties. These defects
can contribute to high recombination rates in both the bulk of
the absorber material and at the interfaces, leading to
a decrease in V.

Addressing these factors is crucial to improving the perfor-
mance of kesterite solar cells. Researchers and engineers have
been focusing on developing strategies to achieve a more
uniform absorber composition, mitigate Cu-Zn antisite defects,
and optimize the defect properties associated with multivalent
Sn. By addressing these challenges, it is possible to enhance the
efficiency and V¢ of kesterite solar cells.

In the context of record efficiency devices, the kesterite-
based solar cell with a PCE of 13.8% exhibits a V¢ deficit
value of approximately 304 mV." On the other hand, the CIGSSe
solar cell, which achieves a higher PCE of 23.4%," has a Vp¢
deficit value of approximately 164 mV, and therefore significant
research is still needed in this field. In Fig. 3 is presented the
evolution of efficiencies of the kesterite monograin layer solar
cells. All PCE values correspond to the active area of the solar
cell. PCE is calculated by using an image analysis tool for the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Evolution of kesterite monograin layer solar cell efficiency.

active surface area (~75% of total contact area).>®*" The first
paper on kesterite monograin layer solar cells with PCE = 2.16%
was published in 2008.>* Until 2015, there was significant
progress in the MGL solar cell development, leading to
a remarkable increase in efficiency up to 9.4%.> Throughout
this period, extensive research was dedicated to the refinement
of optimal composition,”**** post-treatment techniques,**”
and surface passivation methods of kesterite absorber prior to
the deposition of the CdS buffer layer.*® Despite continuous
research and development efforts, the progress made in the
following years to enhance the overall efficiency of kesterite-
based monograin solar cells did not meet the desired expecta-
tions. Various strategies were explored, including doping and
alloying with silver (Ag),® cadmium (Cd)***** and lithium (Li),**
and soft-annealing of cadmium sulfide (CdS),"> among others.
These approaches aimed to optimize the performance of
kesterite-based solar cells. However, despite these attempts, the
desired improvements in efficiency were not fully realized,
highlighting the challenges and complexities associated with
advancing kesterite solar cell technology. In this paper, we
gather most of the findings related to pure Cu,ZnSnS, mono-
grain powders and solar cells.

In the well-developed synthesis process, high-purity Cus,-
ZnSnS, monograin powder is produced through the reaction of
binary compounds, namely CuS, ZnS, and SnS. The synthesis
takes place in the liquid phase of a potassium iodide (KI) flux
material within a sealed quartz ampoule at a temperature of 740
°C. The compositional ratios of Cu/(Zn + Sn) = 0.91 and Zn/Sn =
1.08 are used to achieve high-efficiency CZTS monograin layer
solar cells. Our previous studies have demonstrated that this
composition minimizes the formation of secondary phases.”
Single-phase CZTS powders can be successfully grown in
a molten KI medium with initial metal ratios ranging from Cu/
(Zn + Sn) ~0.91-0.95 and Zn/Sn = 1.0-1.03. Larger deviations
from stoichiometry resulted in different secondary phases such
as Sn,S;, SnS,, Cu,_,S, and ZnS in addition to the CZTS powder
crystals.

2.2. Post-growth chemical and thermal treatments

After the synthesis process, the CZTS powders undergo
a chemical post-treatment process that involves complex
etching with bromine (Br) in methanol (MeOH), followed by
treatment with a potassium cyanide (KCN) aqueous solution at
room temperature.**** This post-treatment is carried out to

This journal is © The Royal Society of Chemistry 2023
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modify the surface of the CZTS powders, enhancing their
properties for use in solar cell applications. In the study by
Timmo et al.,** the concentration of Br in MeOH solutions was
varied from 0.05 v/v% to 10 v/v%. A concentration of 1 v/v% Br,—
MeOH provided clean and flat surfaces without degrading the
crystal shape. However, increasing the concentration above 1 v/
v% resulted in an aggressive etching effect, leading to decreased
crystal size and rough, porous surfaces. Therefore, controlling
the concentration of the Br,-MeOH solution is crucial to ach-
ieve optimal etching results without compromising the crystal
structure and surface morphology. After the etching process,
the chemically treated CZTS powders undergo post-annealing to
further enhance their properties. Post-annealing is carried out
in a sealed quartz ampoule using a dual-temperature zone
furnace. The annealing temperature is varied in the range of 550
to 850 °C, and the duration of the annealing process is 60
minutes.* In addition to temperature variations, the sulphur
pressure (Ps) is also controlled during the post-annealing
process. The Pg is adjusted by changing the temperature on
the sulphur side of the ampoule in the 330 to 550 °C range. This
manipulation allows for a variation in Ps from 100 to 2050 Torr.
During the post-annealing process of the chemically treated
CZTS powders, an important observation is that the composi-
tional ratio of Cu/(Zn + Sn) in the bulk of the crystals increased
(Fig. 4a), while the ratio of Zn/Sn decreased (Fig. 4b). This trend
is consistent across all the different annealing temperatures
and vapor pressures employed. The increase in the Cu/(Zn + Sn)
ratio suggests that the post-annealing process promotes the
diffusion or redistribution of copper within the CZTS crystals,
leading to a higher Cu content in the bulk. In contrast, the
decrease in the Zn/Sn ratio implies the migration of zinc to the
CZTS crystal surface during the post-annealing process. These
compositional changes observed in most of the post-annealed
CZTS crystals indicate the influence of the annealing condi-
tions on the elemental distribution and composition of the
material. The precise control of these ratios through post-
annealing is important to tailor the properties of the CZTS
crystals, such as bandgap, defect concentration, and carrier
transport, to optimize their performance in solar cell applica-
tions. The integration of etched and annealed powders in the
MGL solar cells has yielded remarkable enhancements in
almost all solar cell parameters compared to devices based on
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Fig. 4 (a) Cu/(Zn + Sn) and (b) Zn/Sn compositional ratios of the CZTS

MGP crystals depending on the post-annealing regime as determined
by EDX. Reproduced from ref. 34 with permission from Elsevier B.V.,
Copyright 2022.
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only the etched absorber material. The notable improvements
were seen in Jsc values from 13 mA cm ™2 to 21 mA cm ™2, the
values of V¢ from 690 to 740 mV and in fill factor (FF) values
from 42% to 64%. The surface modification and structural
refinement improved the efficiency of CZTS-based solar cells
from 3.8% to 9.44%.**

This two-step process, which involves etching and annealing,
is considered essential in the preparation of CZTS powders for
their application as a solar cell absorber material. As a result,
this method finds widespread use in all subsequent studies for
processing monograin powders.

2.3. Cu-Zn disordering

Defects in semiconductor materials play a significant role in
determining their optoelectronic properties. Lattice defects, in
particular, are crucial to the application of semiconductors in
photovoltaic devices, as they directly impact the generation,
separation, and recombination of electron-hole pairs.*® It has
been found that Cuy, antisite defects have low formation energy
and high concentration due to the small atom size and chemical
potential difference between Cu and Zn, making the synthe-
sized CZTS always p-type.

One of the key challenges in improving the quality of an
absorber layer is the precise control of intrinsic defects. Zn and
Cu are close neighbours in the periodic table with similar
atomic size. Therefore, it is more likely for Zn and Cu to occupy
vacancies of counterparts and result in a disordered kesterite
structure in CZTS.*® This is usually considered as the main
reason for the Cuy, and Zng, antisite defects in the CZTS
system.*”

Numerous reports have been dedicated to understanding the
influence of Cu-Zn disorder on the V¢ deficit observed in
kesterite-based solar cells.*®* The beneficial strategy to reduce
the Cu-Zn disordering implementing a
temperature post-annealing (LT-PA) process around critical
temperature (260 £+ 10 °C)* to induce ordering in the CZTS
material. This approach aims to enhance the structural and
electronic properties of the CZTS absorber, leading to improved
device performance.

An additional low-temperature thermal treatment was also
employed after the sulfurization process to decrease the degree
of Cu-Zn disordering in the CZTS monograins.* It was found by
a low-temperature photoluminescence (LT-PL) study that
decreased Cu-Zn disordering of the crystals led to increased E,
by about 100 meV and changed the radiative recombination from
band to tail to band to impurity type. It is important to note that
kesterite structures can never be completely ordered or disor-
dered phases (Fig. 5). As a result, even in kesterites that are
primarily ordered, there are still regions where the disordered
phase predominates. These regions with a lower band gap energy
can act as funnels for both charge carriers, promoting recombi-
nation. This phenomenon can limit the efficiency of photovoltaic
devices based on kesterite materials. On the other hand, in the
predominantly disordered phase of kesterite materials, regions
with ordered structures and higher band gaps may not
encourage more recombination. Instead, these ordered regions

involves low-
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can serve as possible barriers for charge carriers, hindering their
mobility and reducing device performance.

Extensive investigation was conducted to explore the impact
of low-temperature structural ordering in the absorber material
on the performance of CZTS monograin layer solar cells.*
Current-voltage (/-V) measurements revealed that the LT-PA
resulting in decreased disordering of the CZTS absorber mate-
rial had a significant impact on the MGL solar cell character-
istics; mostly, the values of Vo were increased. The highest V¢
of 784 mV was measured for the solar cell based on the powder
that was LT-PA at 150 °C for 24 hours. Despite the additional
low-temperature heat treatment to reduce Cu-Zn disordering in
the CZTS monograins, the Vo deficit remained large compared
to the corresponding bandgap values, approximately 520 mV.
The moderate LT-PA at 150 °C for 4 hours increased the V¢
value by 74 mV giving more than 10% higher efficiency (9.1%)
compared to the reference cell (8.1%)."*

2.4. Double cation substitution by Cd and Ag

One approach to decrease the occurrence of antisite defects
involves substituting Cu (or Zn) with isoelectronic elements
having larger covalent radii, such as Ag (or Cd), to elevate the
energy barrier for site exchange with Zn. The substitution of Cu
with Ag leads to more than a twofold increase in the formation
energy of antisite defects, consequently yielding a substantially
lower defect density by an order of magnitude.*>*

It has also been found that double cation substitution can be
employed to enhance device performance beyond what can be

This journal is © The Royal Society of Chemistry 2023
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achieved with single cation substitution, particularly when the
two cations influence the distinct limiting factors of CZTS.**
Hadke et al.** elucidated that the enhanced device efficiencies
can be attributed to the introduction of Cd in CZTS, which
modifies the defect characteristics of acceptor states near the
valence band. Additionally, the incorporation of Ag helps to
reduce nonradiative bulk recombination. According to DTF
calculations,* the low levels of Cd doping can suppress disorder
in the Cu-Zn sublattice, while low levels of Ag doping only
suppress disorder in Cu-rich and constrained Cu-poor condi-
tions. Ag doping in Cu-rich conditions reduces the concentra-
tion of Cu vacancies, responsible for CZTS p-type behaviour,
and stabilizes the band edge fluctuations. However, excessive
Cd or Ag doping can form the stannite structure with a lower
band gap.

In monograin technology, a double partial cationic substi-
tution of Cu and Zn was performed by introducing Ag (from 1 to
15% of Cu) and Cd (20% of Zn) into the CZTS lattice. The
objective of this substitution was to mitigate Cuy, antisite
defects and minimize recombination losses.”® We observed
significant morphology changes when Ag was added to the
mixture of the Cu,(Zn,Cd)SnS,; (CZCdTS) precursor material.
The synthesized powder crystals exhibited a transition from
sharp-edged tetragonal shapes to more rounded forms (Fig. 6).
This alteration in morphology could potentially be attributed to
the increased solubility of the formed (Cu,Ag),(Zn,Cd)SnS,
(ACZCdTS) compound in the flux, in comparison to pure
CZCdTS. According to EDX analysis, the content of Ag in the
material was found to be variable, with the synthesized powders
having an Ag content that remained approximately two times
lower than the initial input value. In the investigated compo-
sitional region, no structural changes were observed. The
presence of the kesterite phase and the tetragonal lattice
structure were confirmed through Raman spectroscopy and X-
ray diffraction analysis for all the synthesized powders. The
observed systematic shift of all diffraction peaks towards lower
angles, along with the linear increase in crystal lattice param-
eters of a and c, was attributed to the substitution of Cu” with
the larger and heavier Ag" ions.

From EQE measurements, band gap values were extracted,
showing a slight increase from 1.50 eV to 1.53 eV with an
increase in Ag content in ACZCdTS monograin powder mate-
rials. As the Ag content in ACZCdTS increased, the Vo value
increased, but it did not follow the increase in E,. This suggests

W sowarse: 20 pm*
A T P

Fig. 6 SEM images of (Cu;_x Ag,)185(ZngeCdg2)11SNS,4 monograin
powder crystals: (@) x = 0 and (b) x = 0.15. Reproduced from ref. 28
with permission from the Royal Society of Chemistry, Copyright 2019.
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that the changes in V¢ values resulting from the addition of Ag
in CZCdTS cannot be solely explained by variations in the
bandgap of the absorber. Instead, they are likely related to
changes in the recombination processes.

Temperature and excitation power dependent LT-PL
measurements revealed the presence of two distinct radiative
recombination mechanisms in all the studied powders (Fig. 7).
At low temperatures, a donor-acceptor-pair transition was
observed, while at high temperatures, a free-to-bound transition
occurred. It was found that the incorporation of Ag into the
powder crystals had no effect on the radiative recombination
mechanism, although a significant increase in the PL intensity
was observed in the Ag-containing materials compared to the
reference (Fig. 8). The highest PL signal was obtained from the
powder sample containing 1% Ag with respect to Cu, which also
resulted in the highest efficiency of 8.73% in the corresponding
solar cells.”® The most significant enhancement was observed in
the short-circuit current density values (Fig. 9). Since LT-PL
analysis showed no change in the radiative recombination
mechanism for the studied Ag contents, the observed effects are
likely due to the suppression of non-radiative recombination
and/or reduction in interface recombination. Temperature-
dependent J-V measurements indicated that the dominant
recombination mechanism in the studied system is interface
recombination. This means that the recombination of charge
carriers primarily occurs at the interfaces between different
layers or regions within the device structure. For a more in-
depth analysis of the solar cell characteristics and to gain
insights into the recombination processes, all the light j-V
curves were fitted using a two-diode model.*® Although the
overall fitting was good, the second diode exhibited unusual fit
parameters, such as a relatively high saturation current density
(Joz) and ideality factor (n,). These unexpected characteristics
indicate potential current losses at higher voltages, which are
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Fig.7 The laser power (a and b) and temperature dependencies (c and
d) of the PL spectra for CZCdTS monograin powders with Ag content
of 0 at% and 1 at%. The inset graphs present the thermal activation
energies derived from the temperature dependencies of the PL
spectra. Reproduced from ref. 28 with permission from the Royal
Society of Chemistry, Copyright 2019.
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