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Colloidal Ink Engineering for Slot-Die Processes to Realize
Highly Efficient and Robust Perovskite Solar Modules

Sushil Shivaji Sangale, Hyeonsu Son, Sang Wook Park, Pramila Patil, Tae Kyung Lee,*

Sung-Nam Kwon,* and Seok-In Na*

Perovskite solar cells (PSCs) have emerged as a promising alternative to
silicon solar cells, but challenges remain in developing perovskite inks and
processes suitable for large-scale production. This study introduces a novel
approach using colloidal inks incorporating toluene and chlorobenzene as
co-antisolvents for PSC fabrication via slot-die process. It is found that
colloidal inks that are strategically engineered can significantly improve the
rheological properties of perovskite inks, leading to enhanced wettability and
high-quality film formation. The formation of large colloids such as a cubic
perovskite, 6 hexagonal perovskite and transition intermediate phases
promotes heterogeneous nucleation and lowers activation energy for
crystallization, resulting in superior crystal growth and improved film
morphology. Notably, the co-solvent enhances the FA-Pbl; binding energy and
weakens the dimethyl sulfoxide coordination, which is more
thermodynamically favorable for perovskite crystallization. This colloidal
strategy yields devices with a maximum efficiency of 21.32% and remarkable
long-term stability, retaining 77% of initial efficiency over 10115 h. The study
demonstrates the scalability of this approach, achieving 20.26% efficiency in
lab-scale minimodules and 19.15% in larger convergence minimodules. These

1. Introduction

During the past decade, remarkable
progress has been achieved in perovskite
solar cells (PSCs) technology, driven by
continuous efforts to enhance its efficiency
and stability. Today, PSCs are considered a
promising alternative to traditional silicon
solar cells due to their high power con-
version efficiency (PCE) of over 26% and
cost-effective manufacturing processes.[!!
However, such high efficiencies have
primarily been achieved in small-area
devices with active areas typically <0.1
cm?. Extending these efficiencies to larger
module levels remains a key challenge.
Various strategies have been employed to
address this issue, including improving
perovskite phase stability,?! employing
mixed perovskite compositions,*! additive
engineering,*! and interfacial modifica-
tions to minimize defects and enhance
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stability,l’! and improve scalability and effi-
ciency. For example, Yang et al. employed
diphenyl sulfoxide (DPSO) to stabilize wet
precursor films, achieving a PCE of 16.63%
on a 20.77 cm? active area.®! Similarly,
Bu et al. utilized N-methylpyrrolidone
(NMP) to coordinate with lead iodide and incorporated methy-
lammonium chloride additives, achieving a PCE of 20.42% (17.1
cm? aperture area).l” Yue et al. introduced the green additive N-
methyl-2-piperidone to modify the perovskite precursor, attain-
ing a PCE of 21% (10 cm? aperture area).”] Despite these ad-
vancements, module-level efficiencies still suffer from 15-20%
losses for aperture areas of 10-30 cm?. Additionally, the develop-
ment of affordable perovskite materials and precursor inks suit-
able for large-scale production and the implementation of envi-
ronmentally friendly manufacturing processes remain hurdles
on the path to commercialization.

A comprehensive understanding of perovskite ink chemistry
is an essential prerequisite to overcoming these challenges.
In line with this, interest in the colloidal chemistry of per-
ovskite inks has recently increased, and studies have been con-
ducted in widely used highly polar solvent systems such as N,N-
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).%]
As a result, recent research has shown that perovskite inks are
not an ideal solution in which the perovskite precursor is com-
pletely dissolved, but rather an imperfect solution containing
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various forms of incompletely dissolved phases, e.g. colloids.[8?]
It has also been reported that the thermodynamic driving force
for crystallization can be finely controlled by tuning the inter-
actions between colloidal particles through changes in additive
content, pH of solution, and supersaturation conditions./®*! In
particular, colloidal properties, including colloidal size distribu-
tion and colloidal concentration, have been reported to signifi-
cantly influence the defect concentration, growth direction, crys-
tallinity, morphology of perovskite films, as well as the final
device performance.l'%l For example, to deposit defect-low per-
ovskite films, stoichiometric §-phase lead formamidinium io-
dide (6-FAPDIL;) powders were synthesized by mechanochemical
methods to be used as high-purity precursors, and it was demon-
strated that upon redissolution, the pre-synthesized §-FAPbI,
precursors formed micrometer-sized colloids, favoring crystal-
lization by spontaneous heterogeneous nucleation.''] Further,
it was reported that substitution of lead iodide (Pbl,) with lead
acetate (PbAc,) in perovskite precursor inks increased the size
of CsPbI; colloids in the precursor and reduced the nucleation
energy barrier, resulting in the formation of dense, uniform,
and pinhole-free CsPbl; perovskite films.!'2] On the other hand,
Gritzel et al. introduced a co-solvent dilution strategy by adding
tetrahydrofuran (THF) to a mixed solvent of DMF and DMSO.
This approach turned the interaction between Pb?* and the sol-
vents and led to the stabilization of lead polyhalide colloids in
perovskite precursor inks, resulting in the production of high-
quality perovskite films and extended processing for large-scale
modules.l3] Therefore, the colloidal strategy can be one choice
for scale-up and commercialization.

Unlike small devices, in actual scale-up processes, the surface
tension, viscosity, boiling point, vapor pressure, etc. of the sol-
vent have a significant impact on the surface uniformity and PCE
of large-area perovskite devices, so it is important to consider
the rheological properties of colloidal inks. In this regard, the
microfluidics of perovskite inks are having a profound impact
on the large-scale manufacturing of solar cells across a variety
of technologies, including blade coating,'*! screen printing,!*>]
roll-to-roll printing,[*®! and slot-die coating (SD).l'””] Among these
coating techniques, SD emerges as a highly promising technol-
ogy for manufacturing PSCs, Burkitt et al. have defined a com-
prehensive processing framework that includes various factors
such as coating speed, coating interval, flow rate, surface ten-
sion, and ink viscosity.'®¥! Nevertheless, an approach that ad-
dresses specific process parameters is still needed to achieve sta-
ble and consistent perovskite film deposition. In particular, the
rheological properties of the ink, including surface tension and
viscosity, play a key role in ensuring the initial formation of a
uniform perovskite wet film in the SD process. For instance,
the viscosity of the perovskite ink was controlled by incorporat-
ing acetonitrile (ACN) into a 2-methoxyethanol-based formami-
dinium lead trijodide (FAPDI;) precursor ink, resulting in the for-
mation of a smooth perovskite film with no ribbing effect and
minimodules with a PCE of 17.1%.[% In addition, in our previ-
ous work, we applied the strategy of using 1,2-dichlorobenzene
(DCB) as a modifier to control the rheological properties while
producing locally supersaturated colloids. The resulting wettabil-
ity enhancement and colloid formation allowed the formation of
dense, large-grained perovskite films, ultimately leading to the
fabrication of minimodules with 17.66% PCE.[**! In short, the
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rheological properties of perovskite precursor inks play an impor-
tant role in the formation of perovskite films that crystallize from
wet films. However, ink rheology and the utilization of colloidal
perovskite ink strategies have not been studied in depth. There-
fore, to achieve scale-up for commercialization, including large-
area SD, significant effort is required to optimize perovskite inks
suitable for efficient and reliable PSC manufacturing, including
rheological properties such as surface tension, viscosity, and col-
loids.

In this study, we demonstrate a novel approach to fabricating
high-efficiency, highly stable PSCs and minimodules using an
SD process based on colloidal inks. By incorporating the anti-
solvents toluene (TL) and chlorobenzene (CB) as modulator sol-
vents, a colloidal ink system was formulated that exhibits supe-
rior rheological properties compared to conventional precursor
inks (CPI). This colloidal ink improves wettability, while the tran-
sition intermediate phases promote heterogeneous nucleation
and lower the activation energy for crystallization, resulting in
the formation of high-quality perovskite films. Additionally, den-
sity functional theory (DFT) calculations revealed that the inclu-
sion of TL+CB co-antisolvents increased the binding energy be-
tween the FA cation and PbI; anion, making the crystallization
process more thermodynamically favorable. Through a compre-
hensive analysis of ink composition, rheological properties, film
quality, crystallization kinetics, and computational modeling and
analysis, the intricate relationship between these factors and de-
vice performance was elucidated. Our optimized colloidal ink
yields devices with a maximum efficiency of 21.32% and remark-
able long-term stability. Furthermore, it has proven to be highly
scalable, achieving efficiencies of 20.26% in a 2.7 cm? lab-scale
minimodule and 19.15% in an 8.64 cm? converged minimodule.
These results not only provide valuable insights into fundamen-
tal aspects of colloidal ink-based perovskite film formation but
also suggest a promising approach for the commercialization of
high-efficiency, highly stable perovskite solar cells and modules.

2. Results and Discussion

2.1. Performance of Colloidal Ink-Based Devices

Figure 1a illustrates the preparation process of the colloidal ink
and the subsequent formation of a perovskite film using the SD
coating method. To prepare the CPI, a precursor with the com-
position of Cs 175 FA| 750MA 75 Pb(I 50 BT 120); Was first mixed
in DMSO to 1.45 M. Following this, for the preparation of col-
loidal inks, TL and CB, one of the antisolvents, were added to
DMSO-based perovskite precursor inks in appropriate amounts
as additives, thereby inducing supersaturation of the precursor
solution and formation of nanocrystals, i.e., colloids. The fol-
lowing criteria were employed in the selection of these antisol-
vents: a) the antisolvent must be highly miscible with the host
solvent (DMSO) to prevent phase separation, b) to improve the
wettability of DM SO-based precursor inks with high surface ten-
sion and viscosity, the antisolvent should have low surface ten-
sion and viscosity, c) it should have a low boiling point (BP)
and high vapor pressure (VP) to facilitate solvent extraction and
removal, d) it should have a low dielectric constant and dipole
moment to induce supersaturation and nanocrystal formation
by properly breaking the perovskite-DMSO intermediate phase.
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Figure 1. a) Schematic illustration of the perovskite film coating process using colloidal ink formulation and slot-die technique. b) Current-voltage (J-V)

curves of PSCs with CPI and colloidal inks containing TL or CB (Inserted figure exhibits the device architecture based on the p-i-n structure).

c) PCE

contour plot of PSCs as a function of the content and ratio of CB and TL. d) PCE histogram of the PSCs with CPI and colloidal inks containing TL;5+CB,s.
e) External quantum efficiency (EQE) of the PSCs with CPI and colloidal inks containing TL;5+CBys. f, g) Transient photocurrent (TPC) and transient
photovoltage (TPV) curves of the CPI and colloidal inks containing TL;s+CB,s. h) Space charge-limited current (SCLC) measurement of the CPI and

colloidal inks containing TL;5+CB,s.

Detailed physicochemical properties of TL and CB, including sur-
face tension, viscosity, boiling point, vapor pressure, etc. are given
in Table S1 (Supporting Information). In such an ink system,
DMSO forms an intermediate phase through strong coordina-
tion bonds with Pb?* in perovskite, and as is well known, the
added antisolvent is expected to induce nanocrystal formation by
breaking these coordination bonds.?!! Thus, the colloidal ink ul-
timately consists of perovskite intermediate phases, perovskite
nanocrystals, DMSO, TL, and CB. As shown in Figure S1 (Sup-
porting Information), a colloidal ink formulated with the appro-
priate amounts of TL and CB produces a clear yellow solution
that is identical to CPI. When the size distribution of colloids in
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colloidal inks was determined by dynamic light scattering (DLS)
measurements, it was found that colloidal inks contain more col-
loids in the size range of 1000 nm and above compared to the
CPI. This is mainly due to the nanocrystallization of the precur-
sor solution, and the generation of large colloids gradually in-
creases with higher antisolvent content. The formation of colloids
depending on the content of antisolvents, and their respective ra-
tios will be discussed in more detail in Section 2.3. In addition,
detailed information on the experimental procedures related to
the formulation of perovskite precursor inks and the SD-based
device fabrication process can be found in the Supporting Infor-
mation.
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First, in order to investigate the correlation between colloidal
inks containing 7.5 to 17.5 vol% antisolvent and device perfor-
mance, SD-based inverted structure (p-i-n) PSCs were fabricated,
and photoelectrical analysis was undertaken. Figure 1b shows
the corresponding representative current—voltage (J-V) curves of
PSCs with CPI and colloidal inks containing TL or CB. Detailed
J-V curves for different TL or CB contents are plotted in Figure
S2 (Supporting Information), and the associated photovoltaic pa-
rameters are listed in Table S2 (Supporting Information). The
CPI-based PSC exhibited a low PCE of 15.66%, while the colloidal
ink-based PSC containing CB and TL exhibited improved PCE of
18.34% and 18.90%, respectively, where the content of CB and
TL was equalized to 12.5 vol%. This result means that the opti-
mal content for both CB and TL is 12.5 vol%. Further, the device
performance was evaluated as a function of the mixing ratio of CB
and TL to identify the synergistic effect of adding a mixture of two
antisolvents (TL+CB) with different physicochemical properties.
As shown in Figure 1c and Figure S3 (Supporting Information),
which show contour plots and corresponding J-V as a function
of the content and ratio of CB and TL, PSCs based on colloidal
inks containing optimized amounts of co-antisolvent (TL+CB)
showed superior efficiency compared to CPI as well as single TL
and CB-based colloidal inks. In particular, the highest efficiency
of 21.32% in combination with a high short-circuit current den-
sity (Jsc) of 25.38 mA cm™2, open-circuit voltage (Vo) of 1.15V,
and fill factor (FF) of 72.56% was achieved with the addition of
12.5 vol% of a co-antisolvent containing a 75:25 ratio of TL and
CB (TL,5+CB,s) (Figure S4 and Table S3, Supporting Informa-
tion). The PCE histogram of the 20 devices shows that the col-
loidal ink-based devices with TL,s+CB,s (average PCE 20.20%)
have reproducibility in the higher efficiency distribution com-
pared to the CPI-based devices (average PCE 14.52%) (Figure 1d).
Furthermore, we analyzed the impact of humidity on device per-
formance. The results indicate that there was no significant im-
pact on film quality or efficiency, even though fluctuations in hu-
midity (Figure S5, Supporting Information). The external quan-
tum efficiency (EQE) spectra showed that the efficiency improve-
ment of the colloidal ink-based devices containing TL,;+CB, as
compared to the CPI-based device was attributed to the superior
photon-to-current conversion efficiency across the entire wave-
length range (Figure 1le).

Transient photocurrent (TPC) and transient photovoltage
(TPV) analyses, which can provide insightful understanding of
photoinduced charge carrier dynamics, including charge car-
rier lifetime characteristics and time-dependent charge extrac-
tion under operating conditions, have provided evidence for the
factors responsible for this efficiency improvement. As shown
in Figure 1f,g, the TPC and TPV decay times of colloidal ink-
based PSCs with TL,s+CB,; were 2.08 us and 2.79 ms, respec-
tively, which are shorter and longer than those of CPI-based
PSCs, indicating that charge extraction-transport and charge
lifetime are enhanced and non-radiative recombination is re-
duced in colloidal-based devices.[?*?2] Further, space charge-
limited current (SCLC) measurements showed that the en-
hancement of charge carrier dynamics in colloidal ink-based
PSCs with TL,;+CB,; can be attributed to the lower trap den-
sity. When SCLC analysis was performed using hole-only de-
vices (ITO/NiO, /perovskite/PTAA/Ag), the CPI- and colloidal
ink (TL,s+CB,s)-based devices exhibited Vg, values at 0.72 and
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0.59 'V, respectively, and the trap densities of 5.58 x 10'> and 4.58
x 10" cm~ were calculated correspondingly (Figure 1h). This
indicates that colloidal ink-based perovskite films with TL and
CB have lower trap densities compared to CPI-based perovskite
films, resulting in reduced trap-assisted charge carrier recom-
bination and improved PSC performance.?*! From this, it can
be inferred that co-antisolvent-based colloidal inks containing TL
and CB improve the quality of SD-based perovskite films, leading
to improved device efficiency.

2.2. Perovskite Films and Rheological Properties of Colloidal Inks

Figure S6 (Supporting Information) shows low-magnification op-
tical microscopy images depending on the colloidal ink com-
position, demonstrating the overall coating quality of the per-
ovskite film. For both colloidal inks containing CB (represents
TL,+CB,) or TL (represents TL,,,+CB,), it can be clearly seen
that the size of the grains has increased compared to the CPI-
based perovskite film, with the grain size increasing from 20-50
um for CPI to 50-90 um for CB, 50-120 pm for TL, and 80-150
um for TL,s+CB,s. The general trend with colloidal inks is to in-
crease grain size, but it has been found that film quality varies
significantly depending on the content and composition of CB or
TL. As shown in the high-magnification field emission scanning
electron microscopy (FE-SEM) images of Figure S7 (Supporting
Information), for the colloidal ink containing 12.5 vol% antisol-
vent, dense film morphology and no pinholes can be observed,
whereas for colloidal inks containing less or more antisolvent,
including CPI, pinholes, cavities, and cracks (highlighted by an
orange circle) appear at the grain boundaries and grain bodies.
Furthermore, as shown in Figure 2a, the colloidal ink containing
12.5 vol% co-antisolvent in the TL,+CB,; composition formed a
dense film with no pinholes, whereas the colloidal inks contain-
ing single antisolvent or more than 25% CB produced pinholes,
cavities, and cracks at the grain boundaries and grain bodies. As
aresult, it can be concluded that the colloidal ink containing 12.5
vol% of antisolvent in the TL,;+CB,; composition is the opti-
mal condition for the formation of a high-quality perovskite film,
which is consistent with the change in device performance.
X-ray diffraction (XRD) analysis was used to qualify the crys-
tallographic differences in colloidal ink-based perovskite films for
different co-antisolvent contents and ratios. As shown in Figure
S8 (Supporting Information), all perovskite films using colloidal
inks showed a diffraction pattern typical of cubic perovskite crys-
tals, with an additional unreacted Pbl, peak at 12.7° in the case of
CPL**) Importantly, as shown in Table S4 (Supporting Informa-
tion), the trend of the full width at half maximum (FWHM) was
similar to the surface morphology of the perovskite films, indi-
cating that the colloidal ink containing 12.5 vol% antisolvent with
TL,s+CB,; composition resulted in the formation of high-quality
perovskite films with the best crystallinity. In steady-state photo-
luminescence (PL) analysis (Figure S9, Supporting Information),
which indirectly shows the defect density and charge recombina-
tion characteristics within the perovskite film, the perovskite film
with TL,s+CB,s had the highest spectral intensity with a slight
blue shift, which suggests that non-radiative charge recombina-
tion was more suppressed as the defect density decreased.[?’] This
finding is further supported by time-resolved photoluminescence
spectra (TRPL) (Figure S10, Supporting Information). When the
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Figure 2. a) Field emission scanning electron microscopy (FE-SEM) images of perovskite films prepared with CPI and different TL+CB ratios. b) Varia-
tions in surface tension and dynamic viscosity of perovskite colloidal inks with different TL and CB ratios. c) Variations in surface tension and dynamic
viscosity of perovskite colloidal inks with various TL;5+CB,5 contents. d) Contact angles of perovskite colloidal inks with different TL and CB ratios.

average fluorescence lifetime (z,,) was measured from the TRPL
spectra using a bi-exponential decay function (Table S5, Support-
ing Information), the perovskite film with TL,;+CB, exhibited a
slower 7, (%63 ns) compared to the CPI-based perovskite film (z,
~ 40 ns). This shows a reduction in non-radiative recombination
of colloidal ink-based perovskite films containing co-antisolvent
(TL,s+CB,s), which can be inferred to be due to the suppression
of defects in the film by the formation of dense, large grains with
no pinholes and good crystallinity.

To understand the correlation between the physicochemical
properties of colloidal inks and the formation kinetics of SD-
based perovskite films, the rheological properties of the inks,
such as surface tension (o) and dynamic viscosity (1), were an-
alyzed as a function of the content and composition of the anti-
solvent in the colloidal ink formulations exhibiting optimal per-
ovskite film and efficiency properties. As shown in Figure 2b,c,
the ¢ and 5 of colloidal inks decreased with the addition of CB or
TL, especially TL,c+CB,s showed the lowest ¢ (38.52 mN m™!)
and 7 (26.93 cP) values, and the ¢ and 5 decreased further with
the increase of TL,s+CB,; co-antisolvent content. This change
in o and n was more evident in the change in contact angle ().
As shown in Figure 2d and Figure S11 (Supporting Informa-
tion), the 6 measured for the NiO/MeO-2PACz hole transport
layer was the lowest at 16.88° for the colloidal ink with TL,;+CB,g
co-antisolvent, and further  showed a decreasing trend with in-
creasing TL,;+CB,; co-antisolvent content. From this, the free
energy of adhesion, i.e., the work required to separate the lig-
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uid from the solid surface, was calculated by the Young-Dupre
equation, W = y,(1 + cos 6),1*/ where CPI and TL,;+CB,s de-
noted approximately 91.83 and 75.38 mN m™!, respectively. The
results allow us to predict the degree of wettability and the re-
sulting change in Gibbs free energy, indicating that TL,s+CB,g
with lower values has better wettability and can promote crystal-
lization than CPI.[?’] Based on the previous perovskite film and
device performance characteristics, these results suggest that a
colloidal ink containing 12.5 vol% of TL,s+CB,; co-antisolvent
with a ¢ of 38.52 mN m™ and a n of 26.93 cP is optimal for
the formation of SD-based perovskite films and that in other
cases, the surface tension and viscosity of the colloidal ink are
too high or too low to form good perovskite thin films. This is
because when the perovskite ink has the appropriate surface ten-
sion and viscosity, the perovskite precursor dispensed through
the SD process can form a uniform wet film of ideal thickness
without pinholes that dominate the quality of the perovskite film.
These results also were consistent with UV analysis of wet films
showing high absorbance in thick and dense films (Figure S12,
Supporting Information). Further, UV-vis light absorption spec-
tra for fully annealed perovskite films show a slight red shift,?®!
indirectly showed that the thickness of perovskite films increases
in colloidal inks containing antisolvents (Figure S13, Support-
ing Information),!?®*! which was consistent with the film thick-
ness trends measured with a contact surface profiler (alpha-
step) (Tables S6 and S7, Supporting Information). The CPI-based
perovskite film was thin with an average thickness of 314 nm and

© 2025 Wiley-VCH GmbH
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Figure 3. a) Colloidal size distribution of CPI and perovskite inks containing TL, TL;5+CB,s, and CB. b) Schematic illustration of the change in Gibbs
free energy (AG) as a function of particle radius (r) during nucleation according to classical nucleation theory, where the volume term (Gy)) and surface
term (Gg) for AG, respectively. c) Phase diagram of the physical state of the CPI, CB, TL, and TL;5+CB,5-based colloidal ink.

an inhomogeneous morphology including pinholes, while the
colloidal ink containing 12.5 vol% of TL,;+CB,s co-antisolvent
allowed for a dense and uniform perovskite film with an appro-
priate thickness of ~#640 nm (Figure S14, Supporting Informa-
tion). As a result, it can be concluded that the lower ¢ and 5 of
the colloidal ink result in better wettability, forming a thicker and
more uniform wet film, and eventually a high-quality perovskite
film with proper thickness and no pinholes (Figure S15, Support-
ing Information). However, in the case of a too low ¢ and 7, a
dense and uniform thin film is formed with improved wettabil-
ity (Figure S16, Supporting Information), but cracks occur in the
process of forming a too-thick film (seen in Figure S7, Support-
ing Information), so it is necessary to formulate a colloidal ink
containing an optimal antisolvent with an appropriate ¢ and #.

2.3. Crystallization Process of Colloidal Inks

The improved perovskite film in colloidal inks can be attributed
to the addition of antisolvents with low surface tension and vis-

cosity, which improved the rheological properties and film wetta-
bility of the ink. Additionally, it was postulated that this enhance-
ment was due to the formation of colloidal-based supersaturated
perovskite inks with low ¢ and 7 by the antisolvents TL or CB,
which modulated perovskite nucleation and growth to favor hav-
ing a dense and uniform morphology. To prove our hypothesis,
dynamic light scattering (DLS) measurements were performed
on colloidal inks containing TL or CB. As shown in Figure 3a,
colloids with small and large diameters were found to exist in
CPI as well as in colloidal inks containing CB or TL. However,
CPI showed a low integral volume of large colloids, while col-
loidal inks containing TL or CB had relatively increased integral
volumes, with TL+CB showing the highest integral volume of
637 (inset image of Figure 3a). This means that perovskite inks
containing TL or CB form larger colloids, and the formation of
large colloids is more promoted in perovskite inks containing
both TL and CB. On the other hand, in Figure S17 (Support-
ing Information), it can be seen that large colloids are generated
with increasing volumes of TL+CB, and it can be inferred that an
appropriate amount of large colloid formation, rather than too
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much, is required to form high-quality perovskite films. These
results are consistent with the good perovskite film morphology
and high-efficiency properties in the optimized colloidal ink con-
taining 12.5 vol% of antisolvent in the ratio TL,5+CB,s, suggest-
ing that the size and content of the colloid can be controlled by
adjusting the content and ratio of the antisolvent, and through
this, the crystallization process that determines the quality of the
perovskite film can be controlled.

XRD analysis was performed to determine the effect of antisol-
vent (TL and CB) and the resulting colloids on perovskite crystal-
lization in wet films (Figure S18, Supporting Information). It was
confirmed that § hexagonal phase perovskite was formed in the
CPI-based wet film deposited by SD process, which indicates that
the colloids observed in DLS are 6 hexagonal phase perovskite. In
the colloidal ink including CB, the formation of a small amount of
new transitional intermediate phase (®) was observed with more
6 hexagonal phase perovskite. Further, interestingly, in the col-
loidal ink including TL, the § hexagonal phase perovskite was re-
duced, and a large amount of & cubic phase perovskite was newly
formed, with an increase in the transitional intermediate phase.
Lastly, it was observed that in colloidal inks including both TL
and CB, the 6 hexagonal perovskites disappeared and only « cu-
bic perovskites and transitional intermediate phase were present.
As a result, it can be seen that the incorporation of either TL or
CB leads to the formation of perovskite seeds, i.e., colloids in the
form of 6 hexagonal phase, a cubic phase, and transitional in-
termediate phases, and that the incorporation of both TL and
CB leads to the formation of large amounts of « cubic phase
perovskite and transitional intermediate phases simultaneously,
which can promote crystallization. Specifically, considering that
the crystallization energy to crystallize from solution to the a cu-
bic phase perovskite is larger compared to the activation energy
required for the phase transition from the § hexagonal phase per-
ovskite to the a cubic phase perovskite (x0.6-0.7 eV per f.u.),[*]
it can be inferred that the crystallization of colloidal inks that al-
ready possess a cubic phase perovskite seeds and a transitional
intermediate phase is more favorable.

The in-situ optical microscopy videos (Videos S1-S4, Support-
ing Information) showed clear and comprehensible evidence of
the crystallization kinetics and film formation process of the
colloidal perovskite inks. Figure S19 (Supporting Information)
shows the images captured for the corresponding video as a func-
tion of time to better compare the crystallization and film forma-
tion processes. In the case of CPI, multiple crystal domains (t,, 1,
number of crystal domains > 36) appeared within a second of the
first crystal domain being observed through nucleation (t,), and
the subsequent growth of the crystal domains formed a very large
number of grains. Whereas, for colloidal inks containing TL and
CB, a relatively small number of crystal domains were observed
in t,,,,, especially the smallest number of crystal domains and
the resulting small number of grains in TL,;+CB,;. This can be
inferred to be due to the formation of uniform and thick wet film
by low surface tension and viscosity in colloidal inks containing
TL or CB, and at the same time, large colloids with relatively low
nucleation energy dominantly formed crystal domains and grew.

This crystallization process of perovskites can be explained
through classical nucleation and growth theory.**] Nucleation
and growth are the primary steps involved in the formation of
perovskite thin films. Once the solution attains a critical concen-
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tration and becomes supersaturated, it initiates nucleation in the
perovskite solution, and external thermal energy then helps to
promote the growth of perovskite crystals.®!] As an example, in-
corporating an antisolvent into the perovskite solution can serve
as a catalyst to reach supersaturation and initiate the nucleation
process.l??] In this study, the antisolvents, especially TL,;+CB,;,
can produce higher level of supersaturation, leading to the for-
mation of perovskite colloids (seeds), which is favorable to per-
ovskite crystallization. As described in the previous section “Per-
ovskite films and rheological properties”, CPI exhibited high o
and # (with high 6), but colloidal inks containing TL or CB ex-
hibited relatively low o and # (with low 6). Therefore, rather than
a homogeneous nucleation and growth mechanism, the crystal-
lization process of colloidal inks may follow a heterogeneous nu-
cleation and growth mechanism, which is considered using the
following equation:3%!

AGHet = AGHom Xf (6) (1)
with

(2 + cosh) (1 — cosh)?

f 0= .

(2)

where, AG,,, represents the free energy required for heteroge-
neous nucleation, AGy,,,, represents the free energy required for
homogeneous nucleation, and 6 represents the contact angle of
perovskite ink. When 6 decreases within the range 0° < < 180°,
the f{6) is decrease within the range 0 < f{f) < 1, and consequently
the AGy,, has lower value than the AG,,,,. From this relation-
ship, it can be seen that the heterogeneous nucleation occurs
in colloidal inks containing TL or CB, and the activation energy
(AG*) required for heterogeneous nucleation can be the mini-
mum in TL,;+CB,s. Further, considering that the AG,,,, for the
perovskite nucleation can be expressed as follows,

AGy, = {—%nr3Ag+47zr2y} xf(0),(f(0) <1 (3)

it can be seen that AG,,,, can be the lowest for colloidal ink con-
taining TL,s+CB,;, which contains a lot of large colloids com-
pared to other inks. Where r denotes the radius of the nucleus
or colloids, Ag denotes the specific Gibbs free energy for solidifi-
cation (crystal-free energy), and y denotes the surface energy; if
r is larger than some r*(critical radius), an increase in r leads to
a decrease in AG,,, resulting in crystal growth. Consequently, it
can be deduced that the magnitude of the AG* required for per-
ovskite crystallization decreases according to the volume of large
colloids, in the order CPI, CB, TL, and TL,;+CB,s (Figure 3b),
and that TL+CB, which has the lowest AG*, may be more favor-
able for the formation of high-quality perovskite films with large
grains. Moreover, the nucleation rate in the context of colloid-
based heterogeneous nucleation, 2, can be described by a mod-
ified Arrhenius-type equation!331);

AG*f (6

where N is the number of nuclei, ¢ is time, A is the pre-
exponential factor, f(6) is the contact angle function (0 < f(6) < 1)

© 2025 Wiley-VCH GmbH
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representing the interaction between the colloidal substrate and
the nucleating phase, Kj is the Boltzmann constant, and T'is tem-
perature. In colloidal ink systems, it has been observed that inks
containing larger colloids effectively lower the AG*f(6) term, in-
dicating a faster nucleation rate. However, to understand the ac-
tual phenomenon, which contradicts the fast nucleation and re-
sulting small grain formation predicted by the previous equation,
we must consider the concepts of Ostwald ripening and critical
radius to account for the complexity of nucleation and growth
during actual crystallization and thin film formation. Colloids
larger than the critical radius tend to grow, a process further pro-
moted by Ostwald ripening. The rate of Ostwald ripening, accord-
ing to LSW (Lifshitz-Slyozov-Wagner) theory,**! is expressed as:

r* r

where K is the mass transfer constant. The magnitude of (1/r*
— 1/r) determines how quickly the nuclei, or colloids, grow or
shrink. Nuclei, or colloids, are much smaller than r* will shrink
rapidly, while those much larger than r* will grow slowly. Larger
colloids (r > r*) have a lower surface energy and are less solu-
ble; they tend to grow by incorporating the dissolved material
from the smaller colloids or nuclei. Considering these mecha-
nisms, we can explain the phenomena observed in inks contain-
ing larger colloids (i.e., TL,s+CB,s). Initially, the nucleation rate
may increase due to the lowered AG*f{#), but most of the large
colloids are likely to have already exceeded the critical radius.
Thus, these colloids primarily serve as bases for crystal growth
rather than new nuclei formation. Through the Ostwald ripen-
ing process, smaller nuclei dissolve, and larger colloids grow
further, resulting in the formation of fewer but larger grains.
In contrast, in CPI, where numerous crystal grains were ob-
served, we can infer; the initial colloid size distribution likely
contained many colloids below a critical size, which promoted
nucleation, the nucleation rate (dN/dt) was high enough to pro-
duce many nuclei before significant Ostwald ripening occurred,
and the growth rate of the existing colloids was not fast enough
to deplete supersaturation and prevent new nucleation. Thus, the
overall crystal formation process can be thought of as a compe-
tition between nucleation and growth, and in CPI, conditions
favored nucleation, leading to numerous small grains. In con-
clusion, the colloid-based heterogeneous nucleation process in-
volves complex phenomena that cannot be described by a sim-
ple nucleation rate equation alone, and these complex processes
lead to the formation of fewer nuclei and growth into larger parti-
cles despite the lower AG*f{6) of colloidal inks. This is consistent
with optical in-situ observation results (Figure S19, Supporting
Information).

Up to this point, the process of perovskite crystallization in col-
loidal inks has been discussed through nucleation and growth
theory in terms of the phase transition from liquid to solid, but
in order to better explain the formation of perovskite films, the
correlation between the supersaturation conditions of the solute
in solution and the change in Gibbs free energy should be dis-
cussed. When the degree of supersaturation is defined as S =

C/C, (where C is the solute concentration, C; is the solubility
limit, and C > C,), the crystal-free energy for crystallization, Ag
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is dependent upon the T, kj, S, and its molar volume v, Ag is
defined in Equation (6).

—k;TIn (S
Ag = Bfn() (6)
Further, the AG* can be expressed as a function of y, v, and S,
resulting in the following equation.

_ 2 2,3
AG* — i Ty (?’*)2 — i Ty <ﬁ> _ 167zv 14 (7)

Ag 3k2 T2(InS)*

From Equation (7), it can be seen that S should be increased
to promote nucleation and growth by lowering. AG*, and it is
advantageous to allow the perovskite ink to reach supersatura-
tion quickly to form a dense and pinhole-free perovskite film.
From this perspective, perovskite inks containing TL or CB can
reach supersaturation more quickly, and the colloids formed by
reaching supersaturation, i.e., perovskite seeds, can promote nu-
cleation and growth. Importantly, TL,;+CB,s provides the oppor-
tunity for critical saturation points to be reached more easily, and
this supersaturation reduces the free energy of crystallization by
forming perovskite seeds above the critical size, i.e., r*, which
acts as a driving force for the formation of high-quality perovskite
thin films.

As discussed above, the complexity of perovskite crystalliza-
tion is attributed to several variables, including concentration,
surface tension, additives, and colloid formation. The phase dia-
grams shown in Figure 3c are a visual representation of the phys-
ical state of perovskite inks under various conditions, which can
provide important information about the stability regions of dif-
ferent phases and the transitions between them, helping to un-
derstand the crystallization process of complex systems. The per-
ovskite ink can be segmented into three primary zones>*l: (A)
unsaturation zone, (B) the metastable zone that includes both
fully dissolved and supersaturated state, and (C) the supersatu-
ration zone. The solubility curve divides the zone of complete
dissolution, A, and the zone of incomplete dissolution, B and C.
Each point on this curve corresponds to a concentration, at which
the solution is in equilibrium with the antisolvents. The anti-
solvent acts to weaken the perovskite-DMSO intermediate phase
and lower its solubility, thus aiding perovskite nucleation, i.e.,
colloid formation, and further, the degree of supersaturation can
be described by the traditional lever rule. The initial CPI ink is in
a metastable zone close to the solubility limit, where the solubil-
ity is C;, and the amount of solutions in the supersaturated state
in the metastable zone can be represented by the leverage rule as
a/(a+b). Thus, it can be inferred that a small volume of CPI in a
supersaturated state can result in tiny amounts of colloids, which
is consistent with the previous DLS results. Meanwhile, colloidal
inks containing TL or CB antisolvents exist in a metastable zone
near supersaturation, where the solubility is located at C,. Ac-
cordingly, when the degree of supersaturation is calculated by the
leverage rule, it can be seen that more solution is supersaturated
compared to CPI, resulting in more colloids as shown in the DLS
results. As a consequence, it can be inferred that in colloidal inks
containing a large volume of supersaturation, the AG* may be
low, as shown in Equation (7), and that colloids enlarged above a
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Figure 4. a) The binding energy of FA cation and Pbl; anion in each condition. b) Distance between a lead atom of perovskite precursor and oxygen
atom of CPI (DMSO). c) Binding Gibbs free energies of CB-DMSO, TL-DMSO, CB-Pbls, and TL-Pbl; in TL;5+CB,5 system according to the temperature
condition (i.e., 25 and 140 °C). d) Charge of | atoms in each condition. e) The interaction energy of CPI molecules in each condition at 25 °C/140 °C.

r* grow more rapidly to crystals in the metastable state, forming
large grains.3%]

Taken together, it can be concluded that for CPI with a low de-
gree of supersaturation, some precursors form a small amount of
colloids approaching the r*, but as shown in Figure S20 (Support-
ing Information) (region I), perovskite crystallization requires
overcoming G* followed by nucleation and growth, resulting in
the formation of small grains by multiple nucleation. Whereas,
for colloidal inks containing TL and CB, where the colloid is
larger than r* (region II), crystallization proceeds immediately
from the perovskite seeds (nucleation centers) as G is smaller
than G*, and crystal growth occurs spontaneously into large per-
ovskite grains. Therefore, rheology and supersaturation control
through the incorporation of antisolvents plays an important role
in regulating the wettability and crystallization properties of col-
loidal inks, and control of colloid size and quantity is critical for
the formation of high-quality perovskite films.

Adv. Mater. 2025, 2420093 2420093

2.4. Computational Modeling and Interpretation

To understand the effects of CB and TL on the crystalliza-
tion of perovskite structures, density functional theory (DFT)
calculations were performed. We first investigated the bind-
ing energy between FA cation and PbI; anion in the CPI
(DMSO), CB (DMSO+CB), TL (DMSO+TL), and TL,;+CB,;
(DMSO+CB+TL) systems to understand the crystallization of the
perovskite precursor induced by the CB and TL co-antisolvents
as shown in Figure 4a. The binding energy was more thermo-
dynamically favorable with the addition of antisolvent molecules
(TL or CB), indicating the strong binding between the FA cation
and Pbl; anion. In particular, the combined with CB and TL addi-
tives showed the strongest binding energy, which was consistent
with the increased distance between the lead atom of perovskite
precursor and the oxygen atom of CPI (Figure 4b). These results
suggest that additive molecules can strengthen the interaction

(9 of 13) © 2025 Wiley-VCH GmbH
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Figure 5. a) Schematic depicting the interconnection of a perovskite module fabricated through a typical scribing process. b) The J-V curve of the small-
area minimodule measured under AM 1.5G illumination at 100 mW cm™2. c) J-V curves of the convergence minimodule configured by connecting the
upper and lower electrodes in parallel and the sub-cells in series. d) The long-term stability of unencapsulated unit cells based on CPI and TL;5+CB,s

stored and measured for 10115 h in a nitrogen environment.

between perovskite precursors while simultaneously weakening
the interaction of DMSO and Pbl, in CPI inks. Furthermore, to
explore the behavior at realistic coating temperatures, Gibbs free
energy calculations were used to compare the interaction ener-
gies of CPI and inks incorporating CB or TL under experimental
temperature conditions of 25 and 140 °C. The calculated bind-
ing Gibbs free energies for both CB and TL were positive, indi-
cating repulsive interactions with the perovskite precursor, and
their repulsive interactions were more enhanced as increasing
the temperature (Figure 4c). This result substantiates the role
of CB and TL as antisolvents. Furthermore, it can be inferred
that the distance between the DMSO and Pb atoms can be in-
creased. It could also weaken the coordination between DM SO
and perovskite precursor and thereby strengthening the inter-
action between the components of perovskite precursor. There-
fore, the co-antisolvents (i.e., CB and TL) can enhance repul-
sive interactions, which could further weaken the coordination
bonding of DM SO to the perovskite precursor. Lastly, the charges
of I atoms also showed more negative charges with introduc-
ing the co-antisolvents as shown in Figure 4d. Thus, we pre-
dicted that the co-antisolvents induced the electron accumula-
tion of I atoms with the thermodynamically unstable of PbI; an-
ion (Figure S21, Supporting Information), which strengthened

Adv. Mater. 2025, 2420093

2420093 (10 of 13)

the interaction with FA cation and improved the stability of the
perovskite structure. Accordingly, the crystallization of the per-
ovskite precursor can be favorable in the TL,;+CB,5 system.

We next investigated the effects of CB and TL additives on the
decrease of surface tension of CPI-based solutions by using the
molecular dynamics (MD) simulations (Figure S22 and Table S8,
Supporting Information). Figure 4e showed that the interaction
between CPI molecules at 25 °C/140 °C became thermodynami-
cally unfavorable with the introduction the antisolvent molecules.
It indicates that the co-antisolvents can weaken the intermolec-
ular interactions of CPI molecules, which results in decreasing
the surface tension of perovskite solutions enabling the fabrica-
tion of uniform wet films. Overall, through the multiscale-based
molecular simulations, we clarified the roles of CB and TL an-
tisolvent molecules in the large formation of perovskite crystal
structure (i.e., an increase of interaction of perovskite precursors
and the decrease of surface tension of CPI solution).

2.5. Performance of Perovskite Solar Modules
As illustrated in Figure 5a, the minimodule was fabricated

by series connection of 4 sub-cells with the same p-in
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structure (ITO/NiO, /MeO-2PACz/perovskite/PC,; BM/ZnO/Cu)
as the unit cell. Figure S23 (Supporting Information) shows a
lab-scale minimodule with an active area of 2.7 cm? fabricated by
the SD process with TL,s+CB,s colloidal ink. The J-V curve for
the lab-scale minimodule measured under AM 1.5G illumina-
tion at 100 mW cm~2 is presented in Figure 5b. The TL,s+CB,c
colloidal ink-based lab-scale minimodule recorded a champion
PCE of 20.26% under optimal conditions with a V, 0f4.30 V, FF
of 68.12, and J4 of 6.90 mA cm~2. The CPI-based minimodule,
on the other hand, exhibited a lower PCE of 13.02% with a V¢ of
4.01V, FF of 53.67, and Jsc of 6.04 mA cm~2. This demonstrates
that scaling from a single unit cell to a lab-scale minimodule is
possible without performance degradation when using colloidal
inks. Furthermore, as a step toward a commercial strategy, a con-
vergence minimodule (5x5 cm?) integrating serial and parallel
interconnects was demonstrated, resulting in a champion PCE
of up t0 19.15% (V 0f 6.34 V, FF of 63.48%, and [, of 4.65 mA
cm™2) on an active area of 8.64 cm? (Figure 5c). The results
demonstrate that minimodules produced using colloidal ink
(including TL and CB) and the SD process are competitive when
compared to recent reports, as shown in Figure S24 (Supporting
Information).[619-2036] Additionally, we evaluated the uniformity
and scalability of the perovskite film by applying our strategy
to the fabrication of more substantial modules (Figure S25,
Supporting Information). UV-vis spectral and PL mapping con-
firmed consistent light absorption and photoluminescence in
random regions (A to C) of the large-area substrate (Figure S26,
Supporting Information), and surface profile measurements
confirmed uniform thickness (Table S9, Supporting Informa-
tion), indicating that our approach could provide a promising
pathway for the commercialization of perovskite solar cells.
Given that the stability of solar cells in real operating environ-
ments is one of the critical factors for commercialization, long-
term stability, and light stability evaluations were performed on
single-unit cells and minimodules. Figure 5d shows the long-
term stability of representative unit cells produced with both
CPI and colloidal ink including TL,s+CB,s, which were stored
in a nitrogen environment for 10115 h without encapsulation
(all J-V curves measured through the long-term stability evalu-
ation can be found in Supporting Information; Figure S27, Sup-
porting Information). At 10115 h, the colloidal ink (TL,5+CB,;)—
based unit cell retained 77% of its initial PCE, while the CPI-
based unit cell retained only 50%. Even more surprisingly, for
Tg,, which refers to the time required to reach 80% efficiency
from an initial efficiency value, the TL,s+CB,; showed excellent
reliability with a long lifetime of £9400 h, a significant improve-
ment over the CPI (Tg, ~ 2500 h). In addition, the colloidal ink
(TL,s+CB,s) based lab-scale minimodule retained 86% of its ini-
tial PCE (T, = 1200 h), demonstrating superior long-term stabil-
ity compared to the CPI-based minimodule (43%, Ty, = 480 h)
(Figure S28, Supporting Information). Encouragingly, the unen-
capsulated CPI-based device retained only 47% (Ts, = 120 h),
while the colloidal ink (TL,s+CB,5)-based device retained 73%
(Tgo = 500 h) of its PCE over 1000 h under 1 sun condition,
demonstrating that colloidal ink-based devices may have better
stability under real-world operating light (Figure S29, Support-
ing Information). Additionally, we conducted Maximum Power
Point Tracking (MPPT) measurements under continuous 1 sun
illumination at room temperature (Figure S30, Supporting In-
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formation). The TL,;+CB,s-based device maintained over 80%
of its initial efficiency for more than 600 h under continuous
operation. In contrast, the CPI-based device reached 27% of its
initial efficiency before reaching 200 h. These findings demon-
strate that TL,;+CB,s-based devices have better operational relia-
bility. Long-term and operational stability were conducted accord-
ing to the International Summit on Organic Photovoltaic Stability
(ISOS) protocols, specifically ISOS-D-11 for dark aging, ISOS-L-
11 for light stability, and ISOS-L-1 for MPPT stability.’’] These
results emphasize that the devices fabricated via the colloidal ink
developed through the incorporation of the antisolvents TL and
CB and the SD process exhibit comparatively long-term opera-
tional stability.238] This is attributed to the high-quality, pure-
phase perovskite film with a dense, pinhole- and crack-free mor-
phology originating from the colloidal ink is responsible for the
excellent stability, as derived from the previous analysis.

3. Conclusion

In summary, this study demonstrated the high-efficiency, highly
stable PSCs and minimodules using an SD process based on
colloidal inks incorporating TL and CB as co-antisolvents. The
colloidal ink including TL,s+CB,s exhibited superior rheologi-
cal properties compared to CPI, with low surface tension (38.52
mN m™') and viscosity (26.93 cP), leading to improved wetta-
bility and the formation of a high-quality perovskite film. DLS
measurements revealed the formation of large colloids in the col-
loidal ink, especially TL,;+CB,, promoting heterogeneous nu-
cleation and lowering the activation energy (AG¥*) for crystal-
lization. DFT calculations further demonstrated that the incor-
poration of TL,s+CB,s led to the strongest binding energy be-
tween the FA cation and PbI; anion, making the crystallization
process more thermodynamically favorable and enhancing per-
ovskite stability. This resulted in enhanced crystal growth and
superior crystallinity, as confirmed by XRD analysis and micro-
scopic observations. The optimized colloidal ink yielded devices
with a maximum efficiency of 21.32% and remarkable long-term
stability, retaining 77% of initial efficiency over 10115 h. It also
demonstrated excellent scalability, achieving 20.26% efficiency
for 2.7 cm? lab-scale minimodules and 19.15% for 8.64 cm? con-
vergence minimodules. These results provide insight into the in-
tricate relationship between ink composition, rheological proper-
ties, film quality, crystallization kinetics, and device performance,
demonstrating that colloidal ink-based SD process is a promising
approach for the commercialization of high-efficiency, highly sta-
ble perovskite solar cells and modules.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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