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One promising and cost-effective method to produce flexible solar panels in the future is monograin
layer (MGL) solar cell technology based on monograin powder (MGP) crystals. The results of the present
study demonstrate the influence of different alkali salts (Lil, Nal, KI, Rbl and Csl) on the properties of
CusZnSnS, (CZTS) MGPs and their effect on the characteristics of MGL solar cells. SEM and EDX studies
revealed that the morphology and composition of the formed crystals are influenced by the nature of
the flux materials. Structural studies by XRD showed good crystallinities for all MGPs. However, CZTS
crystals grown in Lil exhibited a shift of all diffraction peaks towards lower angles and larger lattice
parameter values. In addition, powder grown in Lil exhibited the broadest main Raman peak (FWHM =
7.06 cm™Y). When Csl was used, the Raman peaks were sharper and narrower with FWHM of 4.5 cm™%,
showing a higher level of crystallinity compared to other produced powders. The estimated band gap
energy values obtained from EQE measurements were ~1.57 eV for Nal, Kl, Rbl, Csl and 1.65 eV for Lil
grown CZTS MGPs. The analysis of temperature-dependent current—voltage characteristics indicated
that tunneling enhanced interface recombination is the prevailing process in all materials. At low tem-
peratures, the powder crystals grown in Lil, Nal, and Rbl revealed the presence of recombination chan-
nels that were not observed at room temperature. The MGL solar cell based on CZTS powder grown in
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1. Introduction

The efficiency and cost-effectiveness of manufacturing a photo-
voltaic (PV) cell depends on the preparation technology and
materials used in its construction. Extensive research has been
conducted to identify the most efficient and economically
viable materials to produce PV solar cells. Solar cells based
on thin film kesterite Cu,ZnSn(S,Se), absorbers have been one
of the most interesting research areas in the field of photo-
voltaics due to their non-toxic elemental constituents that are
abundant in the Earth’s crust. They have semiconductor prop-
erties such as p-type conductivity, high absorption coefficient
(>10* em™), tunable direct band gap and potential ability to
achieve the efficiency of ~30% according to the Shockley-
Queisser limit, making them well-suited for solar energy
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Csl resulted in the highest power conversion efficiency of 10.9%.

conversion."? Recently, the efficiency of Cu,ZnSnS, (CZTS) thin
film solar cells has reached over 14%,* still lower than com-
mercially available CIGSe or CdTe thin film solar cells.” It is
well known that the efficiency of Cu,ZnSn(S,Se), solar cells is
directly affected by the phase purity, as well as the electronic
and optical properties of the absorber layer and the quality of
the interface between absorber and buffer layer. These factors
are crucial and depend on the chosen preparation technology.’

Molten salt synthesis-growth method is one possibility to
produce very high-quality monocrystalline absorber materials
in powder form for flexible solar cells (the photo of the flexible
monograin layer (MGL) solar cell prototype is presented in
Fig. 1). This method leads to the formation of materials with
single-crystalline grain structure and narrow-disperse granular-
ity, so called monograin powders (MGPs). The growth of the
powder grains proceeds at temperatures higher than the melt-
ing point of the flux material and at temperatures lower than
the melting or decomposition point of the synthesized semi-
conductor compound. The use of a molten salt medium, which
represents the liquid phase of the flux material, enhances the
diffusion of the constituents, leading to the expectation of
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Fig. 1 Photo of the MGL solar cell prototype.

achieving a more homogeneous material compared to the solid-
state reaction method. During the heat treatment, the presence
of a liquid phase of the flux material facilitates the fast
recrystallization and sintering of primary crystals. As a result,
compared to polycrystalline thin films, the high concentration
of inherent defects, particularly in the intergrain region (where
a considerable part of photogenerated charge carriers is lost
due to recombination), is reduced. On the other hand, the
liquid form of the flux can contain doping impurities that are
readily incorporated into the growing crystals during the
growth process. These impurities, present in the liquid phase,
have a higher probability of being integrated into the crystal
lattice, leading to controlled doping and modification of the
material’s properties. The level of doping depends on the
temperature and duration of heating process and is limited
by the solubility of the impurities within the crystals under
conditions sufficient for saturation. Therefore, the require-
ments for a suitable flux material include having a melting
temperature lower than main material, low vapor pressure at
the process temperatures, low chemical activity, readily avail-
able, affordability and the ability to be easily removed (high
solubility in water).

In this study, Cu,ZnSnS, was synthesized in the form of
MGPs using Lil, Nal, KI, RbI and CsI as a flux material.
Properties of these alkali iodide salts are appropriate for the
synthesis of CZTS MGPs: they have lower melting temperature
(LiI - 469 °C,° Nal - 651 °C, KI - 681 °C, RbI - 642 °C and CsI -
626 °C’) than the melting temperature of Cu,ZnSnS, (990 °C);®
they have also high solubility in water at 25 °C (Lil - 1670 g L™,
Nal - 1842 ¢ L™, KI - 1428 g L', RbI - 1520 ¢ L™ " and CsI -
848 g L"),° that allows to remove the flux by a simple dissolu-
tion in water after the synthesis-growth process. So far, KI have
been successfully used as a flux material for growth of mono-
grain powders of various solar absorber materials."*™"* How-
ever, there are no studies on the effect of other alkali metal
iodides as flux materials on the properties of CZTS MGPs and
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the optoelectronic properties of MGL solar cells. Gaining a
deeper understanding and better knowledge would create
opportunities to expand the technological possibilities.
Furthermore, several studies have shown the positive effect of
alkali metals on the parameters of kesterite based thin film
solar cells.”®?° The observed positive effects include an
increase in the carrier concentration, improved charge trans-
port properties, enhanced open-circuit voltage, and higher
overall device efficiency. Alkali metals can facilitate the for-
mation of favourable band alignment, reduce defect density,
and passivate grain boundaries, thus leading to improved
optoelectronic properties and device performance. It is worth
noting that the specific mechanisms underlying the positive
effects of alkali metals on kesterite solar cells are still under
investigation, and the optimal concentration and incorporation
methods may vary depending on the specific materials, fabrica-
tion technology and device architecture.

The research presented here focused on investigating the
influence of different alkali iodide salts (LiI, Nal, KI, RbI and
Csl) as flux materials on the properties of pure sulfide (CZTS)
monograin powder crystals and the characteristics of mono-
grain layer solar cells.

2. Experimental
2.1 Preparation of CZTS monograin powders

The monograin powders with initial composition of Cu, g4Zn go-
Sny 908, were synthesized from high purity (5 N) CusS, SnS and ZnS
binaries by isothermal molten salt synthesis-growth method in
the presence of molten Lil (Ty = 469 °C),® Nal (T = 651 °C), KI
(T = 681 °C), RbI (T, = 642 °C) and Csl (Ty; = 626 °C)’ salts as flux
materials. The used precursor compounds CuS and SnS were self-
synthesized from high purity Cu and Sn shots (5N, Alfa Aesar),
and sulfur pieces in evacuated quartz ampoules, ZnS was com-
mercially available. Due to the hygroscopic nature of Lil and Nal,
it is necessary to prepare synthesis samples in a glove box within a
dry environment to ensure optimal and similar conditions. The
initial composition of CZTS was selected based on our research
group previous experiments and as the best solar cell results have
been achieved using this chemical composition.>'* The volume
ratio of solid precursors for CZTS to the flux salt was kept constant
Vezrs/Vau (em*/em?) = 1. The amount of the components for the
kesterite synthesis and the amount of the flux material were taken
nearly equal as it is important in monograin powder technology to
provide enough volume of the liquid phase for filling the free
volume between the solid particles.>** The precursors were
weighed in desired amounts and ratios, grinded in an agate
mortar to improve the homogeneity of mixture and loaded into
quartz ampoules. The mixtures in ampoules were degassed under
dynamic vacuum at 100 °C and sealed. The syntheses were
performed in sealed vacuum quartz ampoules by heating at
740 °C for 136 hours. After the synthesis-growth, the ampoules
were naturally cooled to RT, opened, and the flux material was
removed by washing the powders with distilled water. After drying
in hot-air oven at 50 °C, the powders were sieved into narrow

© 2023 The Author(s). Published by the Royal Society of Chemistry
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granulometric fractions (between 36 and 125 um) by sieving
system Retsch AS 200.

2.2 Preparation of CZTS monograin layer solar cells

Before implementing the monograins as absorber layer in MGL
solar cells with the structure of Au/CZTS/CdS/i-ZnO/ZnO:Al/Ag/
glass, the as-grown MGPs were individually subjected to
chemical etching for 5 min with 1% v/v Br,-MeOH solution
followed by 10% m/m aqueous solution of KCN etching for
5 min.?® Etched CZTS monograin powders were subsequently
post-annealed in a dual-zone tube furnace in sealed ampoules
at 840 °C under sulfur pressure of 2050 torr for 1 hour.>* Post-
treatments are necessary to enhance the crystallinity of the
powders, eliminate secondary phases, and improve the solar
cell properties in general. The post-treated crystals were cov-
ered with CdS buffer layer by chemical bath deposition to form
heterojunction. After buffer layer deposition, a soft annealing at
200 °C for 10 min was applied. In the MGL solar cells, every
single CZTS crystal covered with the CdS buffer layer works as
an individual solar cell. CZTS crystals stand separately without
contacting each other and are bound together with a thin layer
of epoxy. The scheme of MGL solar cell structure can be found
elsewhere.”” The photoactive MGL (membrane) was formed by
embedding the CdS covered CZTS crystals halfway to a thin
epoxy layer (on a supporting plastic foil substrate). The thick-
ness of the epoxy layer is determined by the range of grain size
used for membrane preparation (for example 45-56 um, 56—
63 pm, 63-75 um, 75-80 pm, 80-90 um, 90-100 um, etc.). After
polymerization of epoxy, the membranes were covered by i-ZnO
layer with thickness about 40-45 nm and a conductive ZnO:Al
window layer with thickness about 800-900 nm using radio
frequency magnetron sputtering system. The silver paste was
used to make the front collector onto the ZnO window layer,
and the front contact side of the structure was glued onto a
glass plate. After removal of the supporting plastic foil from the
structure, the surfaces of powder crystals at the back contact
side were opened partly from the epoxy by etching with con-
centrated H,SO, for determined times. After etching, the crys-
tals’ surfaces of the back contact side were activated by a
mechanical abrasive treatment. Subsequently, the gold back
contacts with an area of 0.045 cm” were deposited by thermal
evaporation method.

2.3 Characterization

The morphology of the synthesized (as-grown) CZTS powder
crystals was investigated using a Zeiss Ultra 55 high-resolution
scanning electron microscope (SEM). In-lens secondary elec-
tron detection at accelerating voltage of 4 kv was used. The
chemical composition of the as-grown powder crystals’ bulk
was determined by energy-dispersive X-ray microanalysis (EDX)
on Bruker Esprit 1.82 EDX system equipped with EDX-XFlash
3001 detector at an accelerating voltage of 20 kv (the measure-
ment error is about 0.5 at%). The micro-Raman spectra were
recorded by using a Horiba LabRam HR800 spectrometer and a
532 nm laser line that was focused on the sample with a spot
size of about 5 pm. Powder X-ray diffraction (XRD) patterns
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were recorded on a Rigaku Ultima IV diffractometer with Cu Ko
radiation (1 = 1.5406 A). PDXL 2 software was used for the
derivation of crystal structure information from powder XRD
data. For photoluminescence (PL) measurements, the powder
samples were mounted in a closed-cycle He cryostat and cooled
down to 8 K. A 441 nm He-Cd laser line was used for PL
excitation and the spectra were detected by using an InGaAs
detector. A focused laser beam with a spot size of about 3 mm
was used. It means that the PL spectrum corresponds to at least
400 crystals. The measurement error in the values of the PL
peak positions is 0.005 eV.

The CZTS monograin layer solar cells were characterized by
measuring the current versus voltage (J-V) characteristics by
Keithley 2400 source meter under standard test conditions (AM
1.5, 100 mW cm %) using a Newport Oriel Class A 91195A solar
simulator. As the working area of the MGL solar cells is around
75% of the total area,”® the MGL solar cell efficiency values were
re-calculated for the active area (facive) Spectral response
measurements were performed in the spectral region of 350-
1100 nm using a computer-controlled SPM-2 prism monochro-
mator. The generated photocurrent was detected at 0 V bias
voltage at RT by using a 250 W halogen lamp. Temperature-
dependent j-V curve measurements were made using a Keithley
2401 source meter. The solar cells were mounted on the cold
finger of a closed-cycle He cryostat (T = 20-320 K).

3. Results and discussion
3.1 Properties of CZTS monograin powders

Morphology studies by SEM confirmed that the shape of the
formed crystals is influenced by the nature of the used flux
materials (see Fig. 2). The CZTS crystals grown in LiI resulted in
well-formed individual non-aggregated crystals. The crystal
shapes were observed to be uniformly round, with rounded
but porous edges (see Fig. 2(a)). In the crystal growth process,
the round shape of crystals indicates high solubility of pre-
cursors and/or formed compound (CZTS) in used flux material.
The CZTS crystals obtained through monograin synthesis-
growth in Nal and KI exhibit a tetragonal shape, characterized
by distinct sharp edges and smooth flat planes (Fig. 2(b) and
(¢))- This kind of shape is typical for tetragonal structured
crystals, which form under conditions where the solubility of
the target compound is relatively low. For example, the solubi-
lity of Cu,ZnSnSe, in KI was determined to be 0.61 mol% at
740 °C.*° Fig. 2(d) shows SEM micrographs of CZTS powder
crystals grown in RbI. The powder consists of sintered and non-
aggregated crystals. The individual crystals have flat and
smooth facets with sharp edges. The agglomerated crystals
have different, uneven shapes with rough edges and irregula-
rities of porous surfaces. The coexistence of sintered and non-
aggregated crystals suggests that parallel processes occur
simultaneously. On the one hand, the monograin growth,
which involves the formation of individual crystals through
the molten phase. On the other hand, the sintering process
occurs, where the formed crystals bond together. CZTS powder
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Fig. 2 SEM images of CZTS MGP crystals grown in (a) Lil, (b) Nal, (c) KI, (d) Rbl and (e) Csl molten salts.

crystals grown in CsI molten salt resulted in uniform and non-
aggregated crystals with smooth facets and round edges (see
Fig. 2(e)).

XRD patterns of CZTS MGPs grown in Lil, Nal, KI, RbI and
CsI molten salts are displayed in Fig. 3. All the diffraction peaks
including the major peaks (101), (112), (220) and (312) could be
indexed according to a tetragonal kesterite type phase structure
(ICDD: 01-084-8521) and correlates well with Mai et al.** No
secondary phases were detected. XRD pattern of CZTS MGPs
grown in LiI (red line) revealed a shift of the diffraction peaks
towards lower angles. The enlarged view of the shift of (112)
lattice plane diffraction peak from 28.45° to 28.40° is presented
in the inset graph in Fig. 3. Furthermore, the crystals grown in
Lil exhibited larger lattice parameters values (a, b and ¢)
compared with to the powders formed using Nal, KI, RbI and
Csl as flux materials (see Fig. 4(a)). This kind of behavior
indicates the incorporation of Li into the CZTS compound
from the molten salt of Lil. Most probably, the Li* ions (r =
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Fig. 3 X-ray diffraction patterns of the CZTS MGPs grown in Lil, Nal, K,
Rbl and Csl molten salts. The inset graph presents the enlarged view of the
shift of the (112) diffraction peak positions.
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Fig. 4 (a) Lattice parameters a, b, ¢ and (b) c/2a of the CZTS MGPs grown

in Lil, Nal, KI, Rbl and Csl molten salts. The dashed lines represent the
lattice constants of CZTS single crystal grown without alkali iodide salt as a
reference point.>°

0.76 A) partly replaced the Cu® ions (r = 0.74 A) causing the
expansion in the lattice.***' The obtained values are in good
agreement with the results reported in the literature.* Balboul
et al. showed a correlation between the ¢/2a ratio, composition
and efficiency in Culn,_,Ga,Se, materials and concluded that
the lowest electronic defect density occurs due to the smallest
possible crystallographic distortion of the tetragonal lattice. In
addition, the maximum efficiency was achieved at ¢/2a ~ 1.0.*®

Thus, it can be concluded that the highest efficiency is
achieved when the composition results in an ideal tetragonal
lattice with minimal disorder and defect density. Changing the
¢/2a ratio, which affects the tetragonality of the lattice, leads to
lattice distortion. This distortion is likely to increase the
concentration of crystallographic defects and potentially the
concentration of electronic defects. Consequently, the effi-
ciency of solar cells should decrease. In our experiments,
powders grown in CsI showed the smallest tetragonal lattice
distortion with a ratio of ¢/2a = 0.9971 (Fig. 4(b)). While
powders grown in Lil show the largest tetragonal distortion
with the ratio of ¢/2a = 0.9959.

The EDX results of the average concentration ratio values of
Cu/(Zn + Sn) and Zn/Sn of the synthesised CZTS monograin
powders are presented in Fig. 5(a). The average elemental ratios
of CZTS powders were calculated from the EDX measurements
of the cross-section of 8 different crystals. Fig. 5(a) gives an
overview of how the respective outcome chemical composition
of CZTS changes by using different flux materials i.e., Lil, Nal,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(@) Cu/(Zn + Sn) and Zn/Sn compositional ratios of the CZTS MGP crystals depending on the used flux material as determined by EDX. (b)—(f)

Raman spectra of CZTS MGP crystals grown in Lil, Nal, KI, Rbl and Csl molten salts.

KI, RbI and CsI. In input composition of CZTS the elemental
ratios were Cu/(Zn + Sn) = 0.88 and Zn/Sn = 1.1. Elemental
compositions determined by EDX analysis revealed that all the
used flux materials resulted in a CZTS composition that was Cu-
poor and Zn-rich. However, there were noticeable differences in
the concentrations of Cu and Zn within the bulk of the crystals,
which varied depending on the specific flux material utilized.
The concentration of Cu in crystals’ bulk increased and the
concentration of Zn decreased linearly in the order of used flux
materials from Lil, Nal, KI, RbI to CsI. Although, in the case of
all powders the ratio of Zn/Sn (varied from 1.04 to 1.07) was
lower than the input ratio of 1.1 and the ratio of Cu/(Zn + Sn)
(varied from 0.91 to 0.94) was higher than the input ratio of 0.88
except for the powder grown in Lil. The decrease in Zn content
in the final powder composition is most likely a result of some
unreacted ZnS precursor.’*?* As a result, the composition of
the material shifts towards a higher copper content. The
powder synthesised in Lil showed a ratio of Cu/(Zn + Sn) =
0.87, which is much lower compared to other materials and is
probably related to the replacement of Cu ions by Li in crystal
lattice. Among the used flux materials, CsI resulted in the
production of monograin powder with a chemical composition
that was closest to stoichiometry for CZTS (Cu/(Zn + Sn) = 0.94
and Zn/Sn = 1.04).

To support the findings obtained through XRD and EDX
analyses regarding the CZTS MGPs grown in different flux
materials, room temperature Raman analysis was carried out.
Raman spectra are presented in Fig. 5(b)-(f). The Lorentzian
function was used for fitting to resolve all the Raman peaks.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Raman analysis of all five analysed samples revealed that all
detected peaks could be attributed to the CZTS phase with the
sharp characteristic peak in the range of 337-339 cm ™ 1.3*3¢ A
trace of ZnS, peak at 351 cm™ **” was detected in the CZTS
MGPs grown in Csl. The full width at half maximum (FWHM)
of 7.06 cm™ " to 4.5 cm ™" in the order of used flux materials
from Lil, Nal, KI, RbI to CsI (Fig. 5(b)—(f)). The width of this
peak gives a hint about crystallinity and structural distribution.
This means that a material with high crystallinity is character-
ized by sharp and narrow peaks in the Raman spectra. In our
case, the CZTS MGPs grown in Lil showed the widest mode of
the main Raman peak (FWHM = 7.06 ¢cm ‘). This finding
supports the XRD results and proves the incorporation of Li
from Lil into the lattice structure. In the case of CsI, Raman
peaks are sharper and narrower (FWHM = 4.5 cm™ ') compared
to the other produced powders, showing a higher level of
crystallinity.

3.2 Photoluminescence studies

Temperature and excitation power dependent photolumines-
cence (PL) measurements were conducted to investigate the
recombination mechanisms in CZTS MGP crystals grown in
different alkaline salts. At a temperature of 8 K, all samples
exhibited a broad asymmetric PL band, characterized by an
exponential tail on the low-energy side. Normalized PL spectra
are presented in Fig. 6. All samples displayed a similar shape
and a peak position, with the maximum energy (E,.x) approxi-
mately equal to 1.262 eV. The exponential tail is determined by
the density of states function and is typical for kesterites with

Mater. Adv., 2023, 4, 4509-4519 | 4513
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Fig. 6 Normalized low-temperature photoluminescence spectra and the
average depth of potential fluctuations y in Cu,ZnSnS4 MGPs grown in Lil,
Nal, Kl, Rbl and Csl molten salts.

quite deep electrostatic potential and/or band gap fluctua-
tions.*®*® The average depth y of these fluctuations is found
to be about 41 meV and similar values have been measured in
our previous CZTS samples.*® The observed blue-shift of PL
band peak position with increasing laser power indicates the
presence of band edge fluctuations. All samples show quite
similar blue-shift of 10 meV per decade of laser power and this
is quite common for CZTS value, where band-edge fluctuations
are present.’*> The integrated PL band intensity @ for all
samples at T = 8 K exhibits a power-law dependence on the
excitation power, which can be described by the equation @ ~
P¥, where P represents the excitation power and k is the
exponent. The k-value, which is an indication of the type of
recombination, resulted in 0.86 for all samples. This is evidence
that the recombination is defect related.*’

The temperature dependent PL measurements revealed a
noticeable red-shift in the peak position for all samples.
Importantly, the rate of this red-shift was found to be faster
than the temperature dependence of band gap energy E,, see
Fig. 7. This rapid red-shift is usually caused by the redistribu-
tion of holes between shallow and deep potential wells or deep
acceptor levels.**

The theoretical formula for discrete energy levels was used
to fit the temperature quenching of the PL band across all
samples:*®

O(T) = Po/[1 + A T + A, T2 exp(—E/kT)] (1)

where E, is the thermal activation energy, typically the depth of
acceptor defect level, 4; and A, are process rate parameters, and
¢ is the integrated intensity of the PL band. All obtained
activation energies E, are shown in Fig. 8. The observed
energies exhibit some variation but generally cluster around
130 meV. Since this value exceeds the typical depth of band-
edge variations, it suggests that the recombination processes
are likely associated with deep acceptor defect. However, the
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Fig. 8 Thermal activation energies measured from Cu,ZnSnS; MGPs
grown in Lil, Nal, KI, Rbl and Csl molten salts.
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activation energy is insufficient for the straightforward free-to-
bound recombination. Therefore, we assume that the recombi-
nation is related to some sort of defect cluster. It is known that
some defect clusters in CZTS have the ability to reduce the band
gap energy locally.”” In this case the recombination happens
mostly in these regions and the sum of Ey,,, + E5 will be locally
equal to the band gap energy E,. This cluster model has been
proposed previously in polycrystalline CZTS, where (2Cug,” +
Snz,>") cluster induced the significant band gap decrease of
0.35 eV.**

3.3 Device characterization

Additional research was conducted to investigate the character-
istics of solar cells fabricated using Cu,ZnSnS, monograin
powders grown in molten Lil, Nal, KI, RbI and CsI.

Fig. 9 shows the impact of the five different flux materials
used on output parameters of the MGL solar cells. The box plots

© 2023 The Author(s). Published by the Royal Society of Chemistry
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present the values of short circuit current density (Js.), open
circuit voltage (V,.), fill factor (FF), and the efficiency, providing
a comparative analysis of their respective influences. Data are
extrapolated from the analysis of 10 solar cells. Among the five
flux materials used, the highest power conversion efficiencies
achieved are as follows: Lil (5.3%), Nal (9.4%), KI (10.6%) RbI
(9.9%) and CsI (10.9%). The values of fill factor and short
circuit current density also exhibited variations across the
different materials used. Solar cells based on CsI grown powder
showed the highest FF of 65% and Js,. of 23.4 mA cm >
Conversely, solar cells based on Lil grown powder exhibited
the lowest FF of 59.6% and J,. of 15 mA cm 2. Among the flux
materials Nal, KI and RbI, the mean values of J,. range from
20.8 to 22.5 mA cm 2. Specifically, KI shows the highest J,.
values, while Nal shows the lowest values. The mean values of
FF for Nal, KI and RbI fluctuated in the range of 59-63%, being
highest in the case of KI. Furthermore, the V,. for solar cells
using CZTS grown in Lil was exceptionally low at 602 mV. On
the other hand, solar cells based on powders grown in CsI
demonstrated the highest V,. value of 734 mV. Except for Lil,
the average values of V. for all other flux materials fall within a
similar range, with only slight variations. The V,. values of the
devices based on Nal, KI and RbI remained at the level of 712—
725 mV. Thus, based on the solar cell parameters presented in
Fig. 9, it can be concluded that both KI and CsI flux materials
are viable choices for fabricating MGPs as absorber materials.

View Article Online
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The resulting solar cell performance using these flux materials
exhibits comparable characteristics, although the highest effi-
ciency was achieved with CZTS grown in Csl.

Due to the challenges associated with evaluating the band
gap energy of monograin powders using optical absorption or
reflectance spectra, an analysis of external quantum efficiency
(EQE) was employed to estimate the effective band gap energy
(£;) of the absorber materials. This method provides a reliable

alternative for determining the band gap energy of the materi-
als under investigation. Fig. 10 presents the normalized exter-
nal quantum efficiency vs. wavelength plots for solar cells.
From the linear segment of the low-energy side of the
(E*EQE)® vs. E plots, the E; values are calculated (inset graph

in Fig. 10). Herein, it must be pointed out, that the (E*EQE)*
method gives about 20 meV smaller band gap energy than
could be found from absorption measurements.*’
Contradictory to the effective band gap energy values deter-
mined from the analysis of EQE (presented in Table 1), which
indicates that the powder grown in Lil has the highest £; value
(1.65 eV), the corresponding V,. values are the lowest at around
600 mV. However, for all other powders, the determined E;
values were lower approximately around 1.57 eV. The corres-
ponding solar cell devices exhibited V. values that were over
100 mV higher. The observed increase in band gap energy value
correlates the findings from XRD and Raman results, providing
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Fig. 9 Box plots of the open circuit voltage, short-circuit current density, fill factor and efficiency of MGL solar cells fabricated from Cu,ZnSnS, MGPs

grown in Lil, Nal, KI, Rbl and Csl molten salts.
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Fig. 10 Normalized external quantum efficiency spectra of Cu,ZnSnS4
MGL solar cells, inset graph shows band gap extraction by plotting
(E*EQE)? vs. E.

Table1l Obtained parameters from temperature dependent J-Vand C-V
curves

by Dy E; Ry (300 K) Egp
Used salt (eV) (eV) (eV) (Q cm?) (meV) N, (em™®)  n@300 K
LiI 1.60 1.30 1.65 0.40 116  1.47 x 10" 3.9
Nal 1.92 1.29 1.57 1.50 150  2.38 x 10*® 2.8
KI 1.26 1.31 1.57 0.57 49  9.90 x 10'® 2.8
RbI 1.67 1.37 1.57 1.09 93 7.99 x 10 2.9
Csl 1.27 1.25 1.56 0.89 58  1.28 x 10" 2.3

evidence for the incorporation of Li from Lil into the lattice
structure. This leads to the formation of the new solid solution,
(Cu; _,Liy),ZnSnS,, which has different properties as an absor-
ber material. This incorporation of Li and the resulting solid
solution formation have a negative impact on the performance
of the device, impairing its efficiency.

Temperature-dependent j-V curve measurements were
employed to gain further insights into the recombination
mechanisms and to evaluate the junction quality. The beha-
viour of the V,. of the cells as a function of temperature is
shown in Fig. 11 and can be described by the following
equation:

o= 28 0T, ] @

q q JL

where @, is the activation energy, n is the diode ideality factor,
Joo is the reverse saturation current pre-factor, and J;, is the
photocurrent.>® In general, the activation energy @, and Joo
depend mainly on the dominating recombination mechanism
in the solar cells. The activation energy of the dominated
recombination mechanism can be obtained from the 7= 0 K
intercept (see Fig. 11). The loss processes have not been totally
remedied, as evidenced by the substantial disparity between E

and @, values from the V,. versus temperature measurement,

4516 | Mater. Adv., 2023, 4, 4509-4519

View Article Online

Materials Advances

1400
o Lil
13001, e Nal
12001~ 3y, e K
N RN Rbl
E1100- NS e Csl
1000 ¢9280000gg >IN0
\; 000 nuonn.";g \::’\\\
o T ‘o..%
4 @
800 ;,?s\
700- L
600
0 50 100 150 200 250 300

Temperature (K)

Fig. 11 V,.—T measurements of the Cu,ZnSnS, MGL solar cells. Dashed
lines present the extrapolation of the linear part of the V,.—T at T = 0 K for
the determination of ®@,.

and the interface recombination is the predominant recombi-
nation mechanism. The difference between Eg and @, values
was highest (0.35 eV) in the solar cells prepared from powders
grown in Lil and lowest (0.20 eV) by using powders grown in
RbI as absorber material.

While the J-V curve parameters at ambient temperature do
not change significantly, the temperature dependency of iden-
tical cells reveals extremely distinct behavior. We used a single
diode equation to fit all the light -V curves:

q(V+JRSer) V+JRSer
= AT T ITer oA ser
J Jo{exp{ T + R JL 3)
where
-
Jo = Joo exXp (ﬁ) (4)

is the saturation and J;, the photogenerated current density. The
expression kT is the thermal energy where £ is the Boltzmann
constant, and T is the absolute temperature. The diode ideality
factors n, the series resistance R, and parallel resistance Ry
account for non-ideal behavior of the solar cell. Here J,, is an
only weekly temperature dependent pre-factor, @y is the activa-
tion energy of the saturation current. All the fittings were done
using an algorithm proposed in ref. 51 and ideality factors were
not fixed during the fittings.

The most important parameters obtained from the fittings
are given in Table 1.

The diode ideality factor n values as a function of tempera-
ture typically provide comprehensive information about possi-
ble recombination mechanisms in solar cells.”>>® It was
demonstrated that the temperature dependence of the ideality
factor in the case of tunneling assisted interface recombination
is given by:**

_ Ego Eoo
n= (kaCOth(kT) (5)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 nln(Jo) vs. 1000/T plot. Obtained values of ®g are given in Table 1.

where the characteristic tunneling energy E,, is a function of
the net acceptor concentration Ny:

Eqo = (qh/2)[Nal(m x &)]*° (6)
and

wy /&
o= P/ P (7)
wp /ey + n/n

where wp,, w, and ¢, ¢, are the space charge region widths and
dielectric constants of absorber and buffer, respectively. For a
few samples, we did not get a complete fit with eqn (5), which
suggests that at lower temperatures, extra recombination
processes are occurring and are impacting the diode ideality
factor n.

From the single diode model for the j,, the following
expression can be derived:

A

By reorganizing eqn (8), we obtain

nIn(Jo) = nln(Joy) — f—; ©)
A plot of nln(J,) versus 1/kT should yield a straight line with a
slope corresponding to the activation energy of the saturation
current P, see Fig. 12.

It is known that values @5 < E, would indicate interface
recombination as the dominant mechanism due to Fermi-level
pinning or band gap narrowing at the interface. However, we
see extremely high values of @y in some samples, see for
example Nal and RbI (Table 1). Also, the Lil sample shows
not a typical behavior, and it is related to abnormal tempera-
ture dependence of ideality factor n. Low temperature J-V
measurements thus reveal different recombination channels
which are missing at room temperature.

We also measured C-V curves at room temperature to get
information about carrier concentration. As can be seen from
Table 1, the carrier concentration (N,) of all samples is in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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range of 10'” ecm ™ and confirms the previous statement, that
room temperature properties of all samples are quite similar.

Based on the results of current research, we can conclude
that for the technological conditions used in this experimental
work, KI and CsI have been found to be the most useful flux
materials to enhance PV performance of CZTS MGL solar cells,
and Lil as the least suitable.

4. Conclusions

It was found that the synthesis-growth of CZTS MGP crystals is
possible in all used molten alkali fluxes. SEM and EDX studies
showed that the morphology and composition of the formed
crystals are influenced by the nature of the flux materials.
Structural studies by XRD showed good crystallinities for all
MGPs but revealed lattice expansion of powder grown in Lil.
The same powder also showed the widest main Raman peak
with FWHM of 7.06 cm™'. According to the Raman and XRD
analysis, the growth of CZTS MGP in CslI resulted in a higher
level of crystallinity and smallest lattice distortion compared to
other produced powders. Low-temperature (T = 8 K) photolu-
minescence spectra of all the CZTS MGPs were dominated by
single broad asymmetric photoluminescence bands with max-
ima at about 1.26 eV and thermal quenching activation ener-
gies of about 130 meV. The tunneling enhanced interface
recombination was discovered to be the dominant process in
all materials. At low temperatures, recombination channels
that were absent at room temperature were revealed for powder
crystals grown in Lil, Nal, and RbI. The effective band gap
energy values were determined to be ~1.57 eV for CZTS
powders grown in Nal, KI, RbI and Csl. The E; of absorber
material grown in Lil increased to 1.65 eV, but corresponding
solar cell showed 100 mV lower V,. value compared to solar
cells based on other MGPs. All results confirmed Li" incorpora-
tion from the molten flux (LiI) into the Cu,ZnSnS, crystal’s
structure, resulting in the formation of a new (Cu;_,
Li,),ZnSnS, solid solution. The highest efficiency of 10.9%
was achieved with MGL solar cell based on CZTS grown in Csl
showing output parameters: Vo = 718 mV, J,. = 23.4 mA cm > and
FF = 65%. Although CsI resulted in the highest efficiency, it is
important to consider other factors such as cost, stability, and
scalability when selecting a suitable flux material for large-scale
production. Further research and analysis may be required to fully
understand the advantages and limitations of each flux material,
including their impact on long-term stability, manufacturing cost,
and overall device performance.
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