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Abstract

Scalable deposition of high-quality perovskite films is a key challenge for the
commercialization of flexible perovskite solar cells. In this work, the deposition
process and material properties of printed mixed-cation, mixed-halide perovskite
films with the composition Csqq175FAq7sMAg07sPb(lossBro1,); were systematically
optimized using slot-die printing techniques. The influence of key printing
parameters, including ink flow rate, coating speed, and substrate temperature,
on film thickness, morphology, crystallization behavior, and optical properties
was investigated. Optimized conditions enabled the formation of uniform
perovskite layers with a thickness of 300-400 nm, a dense microstructure, and
strong optical absorption with a bandgap of approximately 1.55 eV. The effects
of solvent engineering and crystallization additives were further evaluated. While
the pristine DMSO-based formulation provided structurally high-quality films, the
incorporation of 5 mol% methylammonium chloride (MACI) significantly improved
the film morphology, grain connectivity, and reproducibility without altering phase
purity. Consequently, printed flexible perovskite solar cells fabricated with MACI
exhibited enhanced short-circuit current density, fill factor, and power conversion
efficiency (PCE), reaching a best PCE of 9.72%. These results demonstrate an
effective strategy for controlling perovskite film formation in fully printed flexible
devices and highlight the potential of MACI-assisted slot-die printing for flexible
perovskite photovoltaics.

1. Introduction

In particular, mixed-cation perovskite compositions
(e.g., cesium/formamidinium/methylammonium

Hybrid organic—inorganic perovskites have rev-
olutionized the field of photovoltaics over the past
decade, demonstrating an unprecedented increase
in power conversion efficiency (PCE) from 3.8% to
over 27% [1-4]. Their outstanding optoelectronic
properties, including a high absorption coefficient,
long charge-carrier diffusion lengths, and a tunable
bandgap, make them highly attractive candidates for
next-generation photovoltaic technologies [5-7].
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(Cs/FA/MA)) have attracted significant attention
due to their enhanced thermal and phase stability
compared to single-cation perovskites, leading to
improved device stability and performance [8-10].
For the commercialization of perovskite photo-
voltaics, the development of scalable, cost-effective,
and material-efficient film deposition techniques is
of critical importance [11-13]. Slot-die coating has
emerged as a promising approach owing to its pre-
cise material deposition, minimal waste, and com-
patibility with flexible substrates and patterned
device architectures [14, 15]. Despite these advan-
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tages, achieving precise control over film morphol-
ogy, crystallization dynamics, and thickness during
printing remains challenging, as these characteris-
tics are strongly influenced by ink rheology, printing
parameters, and post-deposition processing condi-
tions [16, 17].

In this work, we present a systematic optimi-
zation of slot-die coating for complex-composi-
tion perovskite films with the formulation Csg ;55
FA,7sMAq575Pb(los5Bro12)s, Where FA and MA denote
formamidinium and methylammonium cations, re-
spectively, previously reported in the literature [18].
Particular emphasis is placed on elucidating the ef-
fects of key printing parameters, including ink flow
rate, coating speed, and substrate temperature, on
film thickness and morphology. In addition, the role
of methylammonium chloride (MACI) as a crystalli-
zation additive is investigated with respect to film
quality and structural stability. Based on the opti-
mized printing conditions, flexible perovskite solar
cells (FPSCs) were fabricated and comprehensive-
ly characterized, demonstrating the viability of the
proposed approach for scalable flexible photovoltaic
devices.

2. Materials and Methods
2.1. Materials

All the chemicals were used as received with-
out further purification. Indium tin oxide-coated
polyethylene terephthalate (PET/ITO) substrates
(thickness: 125 um, sheet resistance: 45 Q/sq)
were obtained from Mekoprint. Tin(IV) oxide col-
loidal nanoparticle solution (SnO,, 15 wt.% in H,0
colloidal dispersion) was purchased from Alfa Ae-
sar. Lead iodide (Pbl,, 99%), lead bromide (PbBr,,
99.999%), bis(trifluoromethane)sulfonimide lithi-
um salt (Li-TFSI, 99%), 4-tert-Butylpyridine (4-tBP,
98%), cesium iodide (Csl, 99.999%), chlorobenzene
(CB, 99.80%), acetone (99.80%), and dimethyl sulf-
oxide (DMSO) were obtained from Merck. N-meth-
yl-2-pyrrolidone (NMP, 99.5%) was obtained from
Thermo Scientific. Methylammonium iodide (MAI,
99.995%), formamidinium iodide (FAI, >99.99%),
and methylammonium chloride (MACI, >99.99%)
were obtained from GreatCell Energy. 2-Propanol
(IPA, 99.80%) was obtained from a local supplier.
2,2’,7,7’-Tetrakis-(N,N-di-4-methoxyphenylami-
no)-9,9’-spirobifluorene (Spiro-MeOTAD, 99.50%)
was obtained from Lumtec. Aluminum (Al, 99.99%)
and molybdenum oxide (MoO;, 99.95%) were ob-
tained from Kurt J. Lesker.

2.2. Preparation of perovskite ink

The base perovskite ink was prepared by dis-
solving stoichiometric amounts of Pbl,, PbBr,, FAl,
methylammonium bromide (MABr), MAI, and Csl in
anhydrous DMSO to obtain a 1.4 M solution with the
target composition Csg75FAg75sMAG475Pb(lggsBroqz)s
following the protocol described in Ref. [18]. To
modify the composition 5 mol% of MACI was add-
ed to the base solution. The solutions were filtered
through a 0.45 um hydrophobic filter before use.

2.3. Device fabrication

To fabricate printed FPSCs, PET/ITO substrates
were cleaned by sequential ultrasonication in de-
ionized (DI) water with detergent, deionized (DI)
water, acetone, and IPA for 10 min each. Following
cleaning, the substrates were dried with a nitrogen
stream and treated with UV-ozone for 15 min to en-
hance surface wettability. All functional layers were
deposited using a slot-die coater (VectorSC or Na-
noRoll, FOM Technologies, Denmark). The SnO, elec-
tron transport layer (ETL) was prepared by diluting a
commercial SnO, nanoparticle (NP) colloidal disper-
sion with DI water at a 1:3 volume ratio. The SnO,
layer was printed at a pump rate (PR) of 150 puL/min
and a chuck speed (CS) of 80 cm/min at 50 °C chuck
temperature (T.), followed by annealing at 130 °C for
30 minutes. Finally, a second 30-minute UV-ozone
treatment was applied to optimize film quality and
interfacial properties.

Perovskite films were deposited by slot-die coat-
ing onto freshly prepared SnO, ETL on PET/ITO. The
printing process was carried out using a VectorSC
or NanoRoll slot-die coater. The key variable pa-
rameters were the PR (10-60 pL/min), the CS (5-12
cm/min), and the T, (25-130 °C). Immediately after
printing, the samples were annealed at 100 °C for
10 minutes.

The hole transport layer (HTL) precursor was pre-
pared by dissolving 45 mg of Spiro-OMeTAD, 28.8 uL
of 4-tBP, and 17.5 pL of Li-TFSI solution (520 mg/mL
in acetonitrile (ACN)) in 1 mL of CB, followed by stir-
ring for 1 hour. The Spiro-OMeTAD layer was depos-
ited by slot-die coating at a PR of 150 pL/min, a CS
of 80 cm/min, and a T, of 25 °C. All three functional
layers were printed under ambient conditions, with
the temperature and relative humidity maintained
at 18-21 °C and 27-33%, respectively. The coating
window (CW), defined as the distance between the
shim and the substrate surface, was varied between
0.1 and 0.2 mm in all coating experiments.
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Finally, a MoOs/Al top contact was deposited us-
ing thermal evaporation (Angstrom Engineering Inc.,
Kitchener, Canada) at a base pressure of 2x107® Torr.
The deposition rates were maintained at 0.5 A/s for
MoO; and 0.1 A/s for Al, achieving optimized thick-
nesses of 35/100 nm for the respective layers.

2.4. Materials characterizations and device mea-
surements

The surface morphology of the perovskite films
and cross-sectional images of the device layers were
obtained using a scanning electron microscope
(SEM, Crossbeam 540, Zeiss, Germany). A ultravi-
olet—visible (UV-VIS) spectrometer (Lambda 1050,
PerkinElmer, USA) was used to analyze the optical
properties of the thin films. X-ray diffraction (XRD)
analysis (Rigaku Smartlab, Japan) analysis was used
to study the structural properties of perovskite lay-
ers. The sheet resistance of the electrodes was mea-
sured using a four-point probe system (RM3000, Jan-
del, UK). A semiconductor device analyzer (B1500A,
Keysight, USA) coupled with a 3A+ solar simulator
(Oriel Sol3A, Newport, USA) providing Air Mass 1.5
Global (AM 1.5G) illumination with an intensity of
100 mW/cm? was used to measure the current den-
sity—voltage (J-V) characteristics of the devices. All
characterization and photovoltaic measurements
were performed using instruments calibrated ac-
cording to the manufacturers’ procedures and stan-
dard laboratory protocols prior to data acquisition.

3. Results and Discussion
3.1. Optimization of basic printing parameters
Experiments were performed using a complex

perovskite precursor solution with a concentration
of 1.4 M and a composition of Csg,,5FA;7sMAy75Pb

1) T=120 °C; PR=60ul/min;
CS=12cm/min; CW=0.2mm

(lo.88Bro.12); dissolved in 1 mL of DMSO, following the
procedure reported in [18]. The perovskite ink was
deposited onto glass substrates by printing. A dis-
tinctive feature of this deposition approach is the
absence of an air-knife—assisted drying step; instead,
film formation and crystallization are driven by the
elevated temperature of the chuck of the VectorSC
slot-die coater during printing. Figure 1 presents
photographs of the printed perovskite films along
with the corresponding processing parameters.
Based on visual inspection of the deposited layers,
samples 4, 5, 7, and 8 exhibited the highest film uni-
formity and surface coverage, indicating that these
parameter sets are optimal for producing high-qual-
ity perovskite films.

The thickness of the printed perovskite films
was systematically evaluated using a stylus profilo-
meter, and the results are presented in Fig. 2. As
evidenced by the statistical analysis, the average
film thickness for the investigated samples lies in
the range of 300 to 400 nm, with relatively narrow
thickness distributions for the optimized printing
conditions This thickness range is consistent with
values commonly reported for efficient perovskite
optoelectronic devices, where a balance between
sufficient optical absorption and efficient charge ex-
traction must be maintained [17-18]. Consequent-
ly, the obtained film thicknesses are well suited for
the fabrication of high-performance devices in sub-
sequent processing steps.

Figure 3 shows optical microscopy images of the
perovskite films deposited under different printing
parameters. The top row shows low-magnification
(x10) optical microscopy images of the perovskite
films, revealing detailed features of the film mor-
phology, while the bottom row provides high-mag-
nification (x50) optical microscopy images, offering
insight into the overall grain organization and uni-
formity in the films.

5) T=140 °C; PR=30ul/min;
CS=6cm/min; CW=0.1mm

2) T=120 °C; PR=60ul/min;
CS=10cm/min; CW=0.1mm

3) T =140 °C; PR=50ul/min;
CS=10cm/min; CW=0.1mm

4) T=140 °C; PR=40ul/min;
CS=8cm/min; CW=0.1mm

6) T=140 °C; PR=30ul/min;
CS=5c¢cm/min; CW=0.1mm

7) T=140 °C; PR=20ul/min;
CS=5c¢cm/min; CW=0.1mm

8) T=140 °C; PR=20ul/min;
CS=6cm/min; CW=0.1mm

Fig. 1. Photographic images of Csg175FAq7sMAg07sPb(lossBro1,)s perovskite films on glass printed at various printing

parameters.
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Fig. 2. Estimated thickness of the printed perovskite
films on glass.

The perovskite layers exhibit a dense and contin-
uous microstructure characterized by well-defined
grain boundaries and pronounced radially oriented
crystalline domains, which are particularly evident in
the lower-magnification images. Variations in grain
size, boundary sharpness, and domain uniformi-
ty are observed among the samples, reflecting the
influence of the printing parameters on nucleation
and crystal growth dynamics. Such microstructural
features are known to play a critical role in carrier
transport, recombination behavior, and overall de-
vice performance, indicating that optimized printing
conditions promote the formation of high-quality
perovskite films suitable for subsequent device fab-
rication.

Figure 3 shows optical microscopy images of the
perovskite films deposited under different printing
parameters. The top row shows low-magnification
(x10) optical microscopy images of the perovskite
films, revealing detailed features of the film mor-
phology, while the bottom row provides high-mag-
nification (x50) optical microscopy images, offering
insight into the overall grain organization and uni-
formity in the films.

The perovskite layers exhibit a dense and contin-
uous microstructure characterized by well-defined
grain boundaries and pronounced radially oriented
crystalline domains, which are particularly evident in
the lower-magnification images. Variations in grain
size, boundary sharpness, and domain uniformity are
observed among the samples, reflecting the influence
of the printing parameters on nucleation and crys-
tal growth dynamics. Such microstructural features
are known to play a critical role in carrier transport,
recombination behavior, and overall device perfor-
mance, indicating that optimized printing conditions
promote the formation of high-quality perovskite
films suitable for subsequent device fabrication.

Figure 4 presents the UV—-Vis absorbance spectra
of the perovskite films corresponding to samples 4,
5,7, and 8 and measured in the wavelength range of
300-800 nm. A clear dependence of optical absorp-
tion on the printing parameters is observed. Among
the investigated samples, sample 4 exhibits the low-
est absorbance over the entire spectral range, where-
as sample 8 shows the highest absorbance, indicating
improved light-harvesting capability. Samples 5 and
7 display intermediate absorption intensities.

4) T=140 °C; PR=40ul/min; 5) T=140 °C; PR=30ul/min;

CS=6cm/min; CW=0.1mm

CS=8cm/min; CW=0.1mm

7) T=140 °C; PR=20ul/min;
CS=5c¢cm/min; CW=0,1mm

8) T=140 °C; PR=20ul/min;
CS=6cm/min; CW=0.1mm

e

;//
- 20 pm

20 pm 20 pm

Fig. 3. Optical microscopy images of printed perovskite films on glass.
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Fig. 4. Absorbance spectra of the printed perovskite
films on glass.

All films exhibit a pronounced absorption onset in
the range of 750-800 nm, which is characteristic to
mixed-cation, mixed-halide perovskites with an opti-
cal bandgap of approximately 1.55 eV. This confirms
the successful formation of the targeted perovskite
phase and its suitability for optoelectronic appli-
cations. The enhanced absorbance observed for
sample 8 is likely associated with its optimized film
thickness and improved microstructural uniformity,
suggesting that this sample is particularly promising
for high-performance device fabrication.

Experiments using a complex perovskite solution
(1.4 M Csg175FA¢.7sMAg 675Pb(lo.5Bro.12); in DMSO) on
glass substrates showed that crystallization, driven
by high substrate temperatures, produces films with
excellent uniformity under specific conditions. Anal-
ysis of the films revealed an optimal thickness range
of 300-400 nm and demonstrated superior optical
properties, particularly in samples formed under the
best conditions, such as sample 8, which exhibited the
highest absorbance. These findings establish a solid
foundation for the further development of efficient
and high-performance perovskite-based devices.

Although the conducted experiments successful-
ly determined the optimal parameters for the depo-
sition of high-quality perovskite films and demon-
strated promising optical and structural properties,
further studies and experiments are required. Ad-
ditional investigations are needed to refine the
deposition process, explore the long-term stability
of the films, and evaluate their performance under
various environmental and operational conditions.
Moreover, experiments on scaling up the fabrica-
tion process and integrating these films into com-
plete device structures are essential for advancing

towards practical applications. These further studies
will help ensure the reliability and efficiency of per-
ovskite-based devices in real-world scenarios.

3.2. Effect of MACI additive

To further improve the structural quality of the
perovskite films and suppress intergranular voids,
5 mol% methylammonium chloride (MACI) was in-
corporated into the perovskite precursor compo-
sition as a crystallization modulator. In this study,
5 mol% MACI was selected based on previous re-
ports demonstrating that low MACI concentrations
effectively modulate crystallization and improve film
morphology while preserving phase purity [16, 17].
Figure 5 shows top-view scanning electron microsco-
py (SEM) images of the printed perovskite films fab-
ricated at different coating speeds. At relatively low
coating speeds, the films exhibit compact microstruc-
tures with well-connected grains and minimal inter-
granular gaps, indicating effective crystal growth and
coalescence promoted by the addition of MACI.

With increasing coating speed, a progressive deg-
radation of film morphology is observed, manifest-
ed by the appearance of cracks and enlarged grain
boundaries between adjacent perovskite domains.
This behavior can be attributed to accelerated solvent
evaporation and reduced time for crystal rearrange-
ment and grain fusion during film formation. Further-
more, cross-sectional SEM images (Fig. 6) reveal a
monotonic decrease in film thickness with increasing
coating speed, which is consistent with the reduced
material deposition per unit area at higher speeds.

These results demonstrate that although MACI
additive effectively enhances crystallization and im-
proves film continuity under optimized printing con-
ditions, excessively high coating speeds adversely
affect the film uniformity and structural integrity.
Therefore, careful optimization of the coating speed
is essential to fully exploit the beneficial role of MACI
additive and to achieve high-quality perovskite films
suitable for subsequent device fabrication.

Figure 7 shows the X-ray diffraction (XRD) patterns
of the printed perovskite films on glass with MACI ad-
ditive and deposited at different coating speeds. All
samples exhibit well-defined diffraction peaks char-
acteristic of the perovskite crystal structure, con-
firming the formation of a single-phase perovskite
without detectable secondary phases over the inves-
tigated range of coating speeds. The dominant reflec-
tions can be indexed to the (100), (110), (111), (200),
(210), (211), (220), and (300) planes, indicating pres-
ervation of the tetragonal perovskite lattice.

Eurasian Chemico-Technological Journal 28 (2026) 171-179
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CS =3 cm/min CS =4 ¢cm/min

Fig. 5. Top-view SEM images of printed perovskite films on glass with MACI additive.
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Fig. 6. Cross-sectional SEM images of printed perovskite films on glass with MACI additive.
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Fig. 7. XRD patterns of printed perovskite films on glass
with MACI additive.

Intensity (a.u.)

A comparison of the diffraction patterns reveals
no noticeable peak shifts or additional reflections
with increasing coating speed, suggesting that vari-
ations in deposition speed do not induce changes
in lattice parameters or phase composition. Minor
variations in peak intensity can be attributed to dif-
ferences in film thickness and preferred crystallo-
graphic orientation rather than structural changes.
Importantly, the MACI-containing films exhibit dif-
fraction features comparable to those of the refer-
ence sample prepared without MACI addition. This
indicates that MACI acts as a crystallization addi-
tive without altering the intrinsic perovskite crystal
structure. Overall, the XRD results demonstrate that
the incorporation of MACI ensures phase stability of
the perovskite films across a broad range of coating
speeds, highlighting the structural tolerance of the
optimized printing process.
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3.3. Fabrication and characterization of flexible
perovskite solar cells

Subsequently, printed flexible perovskite solar
cells (FPSCs) were fabricated using the optimized
perovskite ink, and their photovoltaic performance
was evaluated. Figure 8 summarizes the device
structure and statistical analysis of the key photo-
voltaic parameters for reference devices and de-
vices incorporating MACI. The statistical analysis
was performed based on 70 devices for each con-
dition. As shown in Fig. 8a, the FPSCs adopt a con-
ventional n—i—p architecture consisting of PET/ITO/

MoO, (35nm)

ETL (SnO, NPs) /

ITO
PET
Light

il a2

0.8+ *

RSRef FSRef RSMACI FSMACI

RSRef FSRef RSMACI FS MACI

-y

PCE (%)

SnO,/perovskite  (Csq175FA¢75MAg075Pb(lo.85Bro.12)3)/
Spiro-OMeTAD/MoO,/Al.

The J-V characteristics of the best-performing
devices measured under reverse scan (RS) and for-
ward scan (FS) conditions are shown in Fig. 8b. For
both the reference and MACI-containing devices,
the RS measurements consistently exhibit higher
current densities than the FS measurements, indicat-
ing scan-direction-dependent hysteresis. Notably,
the devices incorporating MACI demonstrate supe-
rior J-V characteristics in both scanning directions,
with enhanced current density and improved curve
squareness compared to the reference devices.

—— RS Ref \
- = -FS Ref v
——RS MACI
- - -FS MACI

T T T T

04 06
(V)

0 02

.
.

RSRef FSRef RSMACI FS MACI

RSRef FSRef RSMACI FSMACI

Fig. 8. Device structure (a) and J-V curves (b) of printed FPSCs; c) Jsc, d) Vo, €) FF, and f) PCE of printed FPSCs with

and without MACI additive.
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Under reverse scan conditions, the reference de-
vice exhibits an open-circuit voltage (Vo) of 1.074 YV,
a short-circuit current density (Jsc) of 12.91 mA/cm?,
a fill factor (FF) of 58.0%, and a PCE of 8.04%. In con-
trast, the MACI-containing device delivers a higher
Voc of 1.091 V, a significantly increased Js. of 15.01
mA/cm?, an improved FF of 59.4%, and a substantial-
ly enhanced PCE of 9.72%.

The pronounced improvement in Jsc and FF upon
MACI incorporation directly translates into a nota-
ble enhancement in overall device efficiency. This
performance enhancement is attributed to the im-
proved structural quality and morphology of the
perovskite films induced by MACI, including reduced
defect density, improved grain connectivity, and
more efficient charge transport and collection.

Figures 8c and 8d show the statistical distribu-
tions of Ve and Jg, respectively. The Vo values re-
main relatively unchanged upon MACI incorporation,
suggesting that the additive does not significantly
affect the energetic alignment between the device
functional layers. In contrast, a clear increase in Jg
is observed for MACI-containing devices in both re-
verse-scan (RS) and forward-scan (FS) modes, which
can be attributed to improved film morphology, re-
duced defect density, and enhanced charge collec-
tion efficiency.

Figures 8e and 8f present the statistical distribu-
tions of FF and PCE, respectively. Devices incorpo-
rating MACI exhibit higher and more reproducible FF
values compared to the reference devices, indicat-
ing reduced series resistance and improved charge
transport across the interfaces. As a direct conse-
guence of the enhanced JSC and FF, the MACI-con-
taining devices demonstrate a systematic improve-
ment in PCE under both scanning directions.

Overall, the results establish a clear process—
structure—property—performance relationship:
printing parameters such as flow rate, coating
speed, and substrate temperature govern solvent
evaporation and crystallization kinetics; which in
turn determine film thickness, grain connectivity,
and surface uniformity. The resulting structural and
optical properties influence charge transport and
recombination losses, ultimately controlling the
photovoltaic parameters of the flexible solar cells.
In particular, MACI-assisted printing improves grain
connectivity and reduces morphological defects,
which is reflected in enhanced J¢, FF, and PCE.

4, Conclusion

In conclusion, uniform mixed-cation, mixed-ha-
lide perovskite films were successfully fabricated by
slot-die printing through optimization of flow rate,
coating speed, substrate temperature, and ink for-
mulation. The optimized process enabled the forma-
tion of perovskite layers with favorable thickness,
dense morphology, preserved crystal structure, and
strong optical absorption. Within this flexible device
architecture, the incorporation of MACI improved
grain connectivity and film reproducibility, leading
to enhanced short-circuit current density, fill fac-
tor, and overall power conversion efficiency. These
results highlight the importance of process control
in determining film structure and device perfor-
mance, and demonstrate the practical potential of
MACI-assisted slot-die printing for scalable flexible
perovskite photovoltaics.
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