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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

This journal is © The Royal Society of Chemistry 2023


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta04541b&domain=pdf&date_stamp=2023-11-08
http://orcid.org/0000-0003-0071-8568
http://orcid.org/0000-0001-6054-6783
http://orcid.org/0000-0001-8105-6812
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta04541b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA011044

Open Access Article. Published on 23 October 2023. Downloaded on 1/22/2026 7:07:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

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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Fig. 9 Box plots of open circuit voltage, short-circuit current density,
fill factor and efficiency of MGL solar cells fabricated from ACZCTS
monograin powders with different added Ag content with respect to
Cu. Reproduced from ref. 28 with permission from the Royal Society of
Chemistry, Copyright 2019.

commonly associated with recombination processes or the
presence of crystals with poor performance. To comprehend the
suggested recombination processes, the relationship between
the ideality factor (n;) and temperature was examined.>® The
observed temperature dependence of n; suggested tunnelling
enhanced interface recombination. Initially, the tunnelling
energy (Eg) increased with increasing Ag content, but at the
highest Ag concentration (15%), it decreased. The increase in
Eq, was explained by the higher acceptor concentration due to
Ag doping. The optimized Ag content in the CZCdTS absorber
material reduced the concentration of Cuy, antisite defects,
leading to an increase in acceptor defects like Cucq and Agy,, as
predicted by DFT studies.** However, a high concentration of Ag
may compensate for these acceptor defects, resulting in reduced
carrier density, leading to poor junction formation and
a decrease in solar cell performance.
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Our results confirmed that the beneficial effect of Ag in
ACZCTS MGL solar cells is observed only at very low Ag
concentrations (1%), while higher levels of Ag prove to be
detrimental to solar cell performance. These findings highlight
the significance of interface engineering and optimization in
mitigating recombination losses and improving the overall
performance of the device.

2.5. Co-doping with Li and K

A prospective strategy to improve the PCE of the kesterite solar
cells is doping of the absorber material with alkali.*” The posi-
tive effect of Li" incorporation can be attributed to its relatively
lower Lig, substitution energy compared to other alkali
elements incorporated in the absorber. Nuclear magnetic
resonance investigations have revealed that the presence of Li
in materials within the kesterite domain tends to reduce the
Cu-Zn disorder.*® Alloying with Li offered a way to modify the
bandgap and conduction band offset of the CZTS.***

Monograin powder synthesis involves the use of inorganic
halide salts (such as KI, Lil, and mixtures of KI and Lil) in
a liquid phase at elevated temperatures. Consequently, unin-
tentional doping of the formed semiconductor crystals occurs
with elements present in the salt, such as K, Li, and I. The extent
of doping relies on the heating time and temperature and is
limited by the solubility of the dopant within the matrix crystal
under saturation conditions. It has been observed that the
incorporation of Li into kesterite is influenced by the presence
of Na. Therefore, achieving Li alloying is more feasible in the
absence of Na.*® There were no consistent set of experimental
results regarding the influence of constituent elements from
salt on the properties of kesterite monograin powders and the
performance of monograin solar cell devices. Notably, all high-
efficiency CZTS monograin layer solar cells are based on
powders synthesized in the presence of KI, which results in the
inclusion of potassium in the powders. In the study,* the effects
of co-doping with K and Li on the optoelectronic properties of
CZTS monograin powder and device performance were inves-
tigated. The levels of extrinsic doping in CZTS powder crystals
were adjusted by employing different salt mixtures during the
synthesis process.

According to atomic absorption spectroscopy analysis, the
concentration of potassium in all synthesized materials was
found to be 0.01 at% regardless of the amount of Lil present in
the KI flux. This consistent K concentration suggests that the
CZTS material reaches a saturation point for K incorporation at
the synthesis temperature of 740 °C. However, the concentra-
tion of Li varied based on the initial amount of LiI in the LiI-KI
flux mixture, ranging from 0.01 at% to 1.22 at% in the synthe-
sized CZTS. When the Li content reached 0.81% or higher in the
CZTS material, the formation of a solid solution occurred,
resulting in (Cu,;_,Li,)ZnSnS,.*> The formation of the solid
solution was also confirmed by Raman and XRD structural
analysis. As the Li concentration increased, the diffraction
peaks in CZTS shifted to lower diffraction angles, indicating
structural changes in the CZTS lattice due to the incorporation
of Li ions. Li has a larger covalent radius compared to Cu and
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Zn, leading to a longer lithium-sulphur bonding distance when
substituting Cu or Zn in the kesterite lattice with Li ions,
contributing to the observed shift in the diffraction peaks.
Calculated lattice parameters a and ¢ increased also with
increasing the Li content in CZTS.

The influence of K and Li co-doping effect on the defect
structure and related recombination processes in CZTS mono-
grains were studied by LT-PL. Regardless of the Li content, all
PL spectra consisted of at least two asymmetric PL bands
(Fig. 10). PL emission of all samples was most probably domi-
nated by the same deep donor-deep acceptor complex. The
activation energy E, of the quenching of PL increased with
increasing the Li content and this can be an indication that the
depth of acceptor defect levels increased with Li concentration.
As the lattice parameters of CZTS increased with Li concentra-
tion, the distances between possible acceptor and donor defects
also increased, leading to the increase of acceptor level ioniza-
tion energy.

The influence of Li on the bandgap of CZTS was investigated
using EQE measurements. It was found that CZTS powders with
Li content up to 0.09% in the synthesized powders had an
effective bandgap (E,*) of approximately 1.52 eV. However, as
the Li content in the final CZTS composition increased to 0.81%
or higher, a significant increase in the bandgap of the absorber
material was observed, reaching a value of 1.57 eV.

The research results confirmed that CZTS powders synthe-
sized in pure KI flux or in a mixture of less than 1 mol% Lil from
the KI flux contained K and Li at the doping level, but further
increase of Li led to the formation of a (Cu; _,Li,)ZnSnS, solid
solution.

The photovoltaic characteristics showed that the addition of
Li into the CZTS absorber had a significant effect on the Voc
value, which increased from 721 mV to 784 mV as the Li content
in the synthesized CZTS powders was increased from 0% to
1.22% (Fig. 11). While the V¢ values increased with Li incor-
poration, the difference between the measured Vo and the
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Fig. 10 PL spectra of post-annealed CZTS monograins with different
Li concentrations in the input composition of CZTS. Reproduced from
ref. 32 with permission from Elsevier B.V., Copyright 2023.
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theoretical V32 was slightly reduced, approximately by 20 mV.
However, this difference (Vo deficit) was still relatively large.

The highest efficiency achieved for the monograin layer solar
cell was 9.4% using the absorber material co-doped with both K
and Li at a level of 0.01 at% in the synthesized CZTS.**

2.6. Buffer layer and absorber/buffer interface

In all the previously mentioned studies, the preparation of
powders as absorbers involved the use of chemical and thermal
treatments. Subsequently, these prepared powders were coated
with a CdS buffer layer using the chemical bath deposition
(CBD) method. CZTS powders were subjected to the deposition
of the CdS buffer layer by CBD using a vertical rotator in a hot-
air thermostat at 60 °C for 20 min. The 360° multifunctional
vertical rotator provides compact and uniform CdS coverage on
CZTS crystals. CBD involves immersion of the post-treated CZTS
powders in a solution containing 0.01 M cadmium iodide
(CdlL,), 1 M thiourea (SC(NH,),), and 2 M ammonia aqueous
solution (NH,OH). The thickness of the CdS buffer layer is
~45 nm using the above-mentioned processing conditions.

CZTS solar cells exhibit a negative band offset, often referred
to as a “cliff-like” band alignment, where the conduction band
minimum (CBM) of CZTS is higher than that of CdS. This
negative conduction band offset (CBO) has been found to limit
the Voc and FF due to recombination at the heterojunction
interface.*»*> Addressing the challenges associated with the
CZTS/CdS interface is crucial for improving the efficiency of
CZTS solar cells.

In monograin technology, a specific step involves the air
annealing of CdS-covered CZTS powders at temperatures
ranging from 200 to 225 °C immediately after the deposition of
the buffer layer."” The post-deposition soft-annealing (PDT)
process applied to the CZTS/CdS interface demonstrated several
effects on the material and interface properties. It reduced the
degree of Cu-Zn disordering within the CZTS material. By
promoting a more ordered crystal structure, the band gap of
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CZTS increased from 1.57 to 1.62 eV by prolonging the
annealing time to 2 hours. However, this process also increased
recombination losses at the interface, and resulted in the
formation of a Cu-rich CZTS surface ([Cu]/([Zn] + [Sn]) > 1). The
out-diffusion of Cu from the absorber layer is a well-known
phenomenon that occurs in the Cu-chalcogenide/CdS hetero-
junction.”® The accumulation of Cu at the interface can create
a localized region with a higher concentration of Cu. This Cu-
rich region may have different electronic properties compared
to the rest of the absorber layer, potentially affecting the overall
device performance. The presence of Cu at the interface can also
lead to diffusion of Cu into CdS, which increased the photo-
conductivity of CdS and increased the series resistance (Rg) of
devices. Another effect of the PDT treatment is the diffusion of
Cd from the CdS layer into the surface of CZTS. This diffusion
process leads to the formation of an ultra-thin layer of Cu,-
7Zn,Cd; _,SnS, at the CZTS surface, which affected the interface
properties and electronic band alignment between CZTS and
CdS. These findings highlight the complex interplay of material
and interface properties in the CZTS/CdS system and the impact
of PDT treatment.

In summary, PDT treatment in the CZTS/CdS system has
shown both positive and negative effects on the material and
interface properties. It reduced Cu-Zn disordering and
increased the band gap of CZTS, which were beneficial for solar
cell performance. However, it also leads to increased recombi-
nation losses at the interface and the formation of a Cu-rich
CZTS surface, which can negatively impact device performance.

Achieving an optimal balance between Cu-Zn disorder
reduction, minimizing recombination losses, and managing
compositional changes is crucial for maximizing the perfor-
mance of CZTS solar cells. Therefore, we further applied the
two-step heterojunction formation process by controlling the
intermixing of Cd and Cu at the CZTS/CdS interface. In addition
to the CdS annealing step, an additional process was imple-
mented where the CdS layer was removed using concentrated
hydrochloric acid (HCI). After the removal of CdS, a fresh CdS
buffer layer was deposited on the CZTS crystals without
undergoing any additional post-annealing treatment.”® The
combined process for heterojunction formation slightly
improved Voc values from 723 to 735 mV; the main improve-
ment was in Jsc from 20.5 to 23.6 mA cm ™2, and in FF from
59.4% to 67.7%. The Rs of the monograin layer solar cells based
on the CZTS-modified absorber was significantly reduced from
2.4 Q em” to 0.67 Q cm>. As a result, enhanced device perfor-
mance with PCE of 11.7% was obtained.”® The electrical
behaviour of the high efficiency CZTS monograin layer solar cell
was investigated through temperature-dependent -V charac-
teristics.?® Dark J-V curves were fitted using a two-diode model
and the light curves were analysed using the single exponential
diode equation.””*® To gain a deeper understanding of the non-
ideal behavior of the solar cell, a more detailed analysis was
conducted on the diode ideality factor (n), series resistance (Rs),
and parallel shunt resistance (Rgy). From the room temperature
dark curve fitting, the ideality factor values for the two diodes
were determined to be 1.62 and 3.3, respectively. The signifi-
cantly higher value of 3.3 for the second diode (7,) suggested the
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presence of a tunnelling component in its behavior. The
temperature dependence of Rg exhibited a straightforward
exponential relationship for both light and dark conditions,
with activation energies of E, = 59 meV and E, = 99 meV,
respectively. Typically, this activation energy is attributed to the
back-contact barrier height and impacts the solar cell perfor-
mance, leading to relatively low values of FF. The difference
between the activation energies observed in the dark and light
cases suggests the presence of weak photoconductivity.

At higher temperatures, the Rgy in the light curves showed
nearly linear growth, resulting in smaller current losses
compared to lower temperatures. This ohmic behavior of Rgy is
likely due to ohmic shunts caused by pinholes in the polymer
layer between crystals or low-resistance grain boundaries.
Conversely, at low temperatures, Rgy increased exponentially,
with E, of ~20 meV, potentially associated with shallow trap
levels in the CdS buffer layer. Interestingly, Rsy values obtained
from dark curves were about 1000 times higher than those from
light curves. This significant decrease in Rgyy with illumination
suggests strong influence from illumination and likely links to
the buffer layer's photoconductivity. The CdS layer covers the
crystals while they are embedded into the polymer layer. During
the back-contact formation process, the CdS layer is typically
removed from the back side by etching and mechanical pol-
ishing. However, there is a low probability that some remains of
the CdS layer might still come into contact with the back
contact.

By fine-tuning various parameters in the monograin tech-
nology process and by implementing the best available tech-
nological techniques, a slight improvement in the efficiency of
the solar cells has been achieved, resulting in an efficiency of
12.06% with output parameters Voc = 745 mV, Jsc = 28.36 mA
cm 2 and FF = 57.1% (Fig. 12).

The J-V data analysis revealed that the primary recombination
mechanism, such as tunnelling-enhanced interface recombina-
tion, remained dominant in the record efficiency CZTS mono-
grain layer solar cells. Hence, addressing the challenges
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Fig. 12 Current density—voltage curve of the record efficiency CZTS
MGL solar cell.
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associated with back contact barriers, recombination mecha-
nisms, and shunts remains an important area for future research
and optimization of CZTS monograin layer solar cells.

2.7. Flexible CZTS monograin layer solar cells

Considering all the previous studies, we extended our investi-
gation to fabricate flexible solar cells and performed a statistical
comparison of their output parameters with devices made on
a rigid substrate. This comparison aimed to assess the perfor-
mance of the flexible monograin layer solar cells and under-
stand any potential differences or advantages they may offer
over the rigid substrate-based devices. The findings from this
comparison could provide valuable insights into the feasibility
and practicality of utilizing flexible CZTS solar cells for specific
applications and pave the way for future advancements in this
field. Fig. 13 shows two MGL solar cells - one is glued on the
glass (rigid) and the other on the Translux ETFE (ethylene tet-
rafluoroethylene) substrate (flexible). The choice to compare
ETFE film to glass was primarily driven by the fact that the ETFE
film demonstrated similar transmittance characteristics. This
made it a suitable candidate for evaluation as a potential
alternative substrate for the MGL solar cells, offering compa-
rable performance to glass while providing the added advantage
of flexibility. Fig. 14 displays the voltage maps of the 2.5 cm x
2.5 cm device area acquired from two types of MGL solar cells:
(a) the rigid MGL solar cells and (b) the flexible MGL solar cells
with an Au contact size of 0.018 mm?®. On the right side of the
figure, the oval Ag front contact is shown (in grey color), and the
Au back contacts are shown as hexagonal shapes.

The measured Vo values of the rigid device range from
679 mV to 706 mV, with a mean value of 695 mV. The percentage
deviation being within £2.3% of the mean suggests a quite
stable and consistent performance in terms of V. The flexible
MGL solar cell, on the other hand, displays slightly less varia-
tion in its Voc results. The Voc values range from 681 mV to
701 mV, which fall within £2% of the mean value. The mean
Voc for the flexible device is measured at 687 mV. These results
indicate similar stability in performance for the flexible MGL
solar cells. The FF and Jsc values obtained in both types of

Flexible MGL
device

Rigid MGL
device

Fig. 13 MGL device on the glass substrate (left) and on the polymer
substrate (right).
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Fig. 14 Map of the Voc over the 2.5 cm x 2.5 cm area obtained from
(a) the rigid MGL solar cell and (b) flexible MGL solar cell (contact size
0.018 mm?3).

devices varied from 49% to 61% and 13 to 26 mA cm 2,

respectively. The significant variation in values can be attrib-
uted to the spatial distribution of contacts in the solar cell. The
outermost and corner contacts are situated farther from the
front contact, leading to increased resistance and reduced
surface conductivity in those regions. To address this issue and
improve the current collection efficiency, it is essential to
incorporate current collecting grids and/or highly conductive Ag
nanowires® on the front side of the solar cell. Fig. 15 shows the
J-V characteristics of both the best performing rigid and flexible
CZTS MGL solar cells. Notably, there is no significant efficiency
gap between the CZTS monograin layer solar cells fabricated
using flexible and rigid substrates. This finding is promising as
it indicates that the flexibility of the substrate does not
compromise the overall efficiency of the CZTS MGL solar cells,
making them suitable candidates for various applications
regardless of the substrate type. However, conducting bending
and mechanical tests on the monograin layer solar cells is
essential to ensure their suitability for use on surfaces with
various curvatures and in applications that involve repeated
bending. These tests will provide valuable insights into the
structural integrity, durability, and reliability of the solar cells
under such conditions. By thoroughly evaluating their perfor-
mance, we can optimize and enhance the design to meet the
demands of flexible applications, advancing the practicality and
feasibility of monograin layer solar cell technologies.
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Fig. 15 J-V curves of rigid and flexible CZTS monograin layer solar
cells.
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3. Conclusions

This review provides a comprehensive overview of the signifi-
cant advancements made in pure sulfide kesterite monograin
powder technology and its applications in solar cells over the
past decade. Based on the extensive research and findings
presented, several key conclusions can be drawn.

High-purity CZTS monograin powders are produced through
a reaction of CuS, ZnS, and SnS in potassium iodide flux.
Compositional ratios of Cu/(Zn + Sn) = 0.91 and Zn/Sn = 1.08
achieve high-efficiency CZTS monograin layer solar cells. The
two-step etching and annealing process during post-annealing
increases the ratio of Cu/(Zn + Sn) in the bulk while
decreasing the Zn/Sn ratio. This improves CZTS powder quality
for solar cell applications.

Various strategies were explored to improve the V¢ losses in
CZTS monograin layer solar cells. These included reducing the
Cu-Zn disordering, as well as doping and alloying with other
elements. The results indicated that low-temperature post-
annealing was effective in reducing Cu-Zn disordering,
leading to an increase in E, by approximately 100 meV.
However, it was concluded that kesterite structures cannot be
entirely ordered or disordered phases. Even in primarily
ordered kesterites, regions with disordered phases still coexist.
These regions with lower E; can act as charge carrier funnels,
promoting recombination, which negatively impacts the effi-
ciency of photovoltaic devices based on kesterite materials. On
the other hand, predominantly disordered phases might not
encourage more recombination, as regions with ordered struc-
tures and higher band gaps could act as barriers, hindering
charge carrier mobility and reducing the overall performance of
the devices. Therefore, achieving the optimal balance between
ordered and disordered regions in kesterite materials is crucial
for enhancing the performance of photovoltaic devices.

Through double cation substitution, non-radiative recom-
bination was suppressed, and the short-circuit current density
of solar cells was increased. In particular, optimizing the Ag
content (at 1%) in the CZCdTS absorber material reduced the
concentration of Cuz, antisite defects, leading to an increase in
acceptor defects like Cucq and Agy,. However, a high concen-
tration of Ag had a compensating effect on these acceptor
defects, resulting in reduced carrier density, poor junction
formation, and a decrease in solar cell performance.

The research findings on co-doping of Li and K in CZTS
powders demonstrated that when the powders were synthesized
in pure KI flux or with a mixture of less than 1 mol% LiI from KI
flux, K and Li were present at the doping level. However,
increasing the Li content further resulted in the formation of
a (Cuy_,Li,)ZnSnS, solid solution. This led to a significant
increase in the bandgap of the absorber material, reaching
a value of 1.57 eV, and improved Vo from 721 mV to 784 mV.
However, the difference between measured V¢ and theoretical
V&L was still relatively large, suggesting further optimization is
needed.

The most effective performance improvement was achieved
through heterojunction modifications. Soft-annealing of CZTS/
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CdS had both positive and negative effects on the material and
interface properties. It reduced Cu-Zn disordering and
increased the band gap of CZTS, benefiting solar cell perfor-
mance. However, it also led to increased recombination losses
at the interface and the formation of a Cu-rich CZTS surface,
which could negatively impact device performance. The
combined process for heterojunction formation resulted in
slight improvements in V¢ values, while the main enhance-
ments were observed in Jsc and FF, leading to an overall effi-
ciency of 12.06% for the CZTS-based solar cells. Moreover, the
series resistance (Rs) of the monograin layer solar cells based on
the CZTS-modified absorber significantly decreased.

The detailed j-V data analysis revealed that the primary
recombination mechanism, such as tunnelling-enhanced inter-
face recombination, remained dominant in the record efficiency
CZTS monograin layer solar cells. Hence, addressing the chal-
lenges associated with back contact barriers, recombination
mechanisms, and shunts remains an important area for future
research and optimization of CZTS monograin layer solar cells.

The comparative experiments conducted on rigid and flex-
ible devices within this research provide promising results,
suggesting that monograin layer technology holds great
potential for diverse applications in the future.
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