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Suppressing interfacial nucleation competition through
supersaturation regulation for enhanced perovskite

film quality and scalability

Gao Zhang't, Bin Ding?t, Yong Ding*>t, Yan Liu', Changze Yu', Lirong Zeng', Yao Wang’,
Xin Zhang1, Meijun Liu', Qingyong Tian? Bin Fan®, Qiuju Liu?, Guanjun Yang1*,

Mohammad Khaja Nazeeruddin®*, Bo Chen'*

The growing interest in cost-effective and high-performing perovskite solar cells (PSCs) has driven extensive re-
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search. However, the challenge lies in upscaling PSCs while maintaining high performance. This study focuses on
achieving uniform and compact perovskite films without pinholes and interfacial voids during upscaling from
small PSCs to large-area modules. Competition in nucleation at concavities with various angles on rough-textured
substrates during the gas-pumping drying process, coupled with different drying rates across the expansive film,
aggravates these issues. Consequently, substrate roughness notably influences the deposition window of com-
pact large-area perovskite films. We propose a supersaturation regulation approach aimed at achieving compact
deposition of high-quality perovskite films over large areas. This involves introducing a rapid drying strategy to
induce a high-supersaturation state, thereby equalizing nucleation across diverse concavities. This breakthrough
enables the production of perovskite photovoltaics with high efficiencies of 25.58, 21.86, and 20.62% with aper-

ture areas of 0.06, 29, and 1160 square centimeters, respectively.

INTRODUCTION

Because of their rapid advancements in performance and cost-
effectiveness, perovskite solar cells (PSCs) have gained considerable
attention from both the academic and industrial realms (I, 2). Re-
cently, the power conversion efficiency (PCE) of PSCs at a small cell
size of <0.1 cm? has soared to an impressive 26.1% (3-5). Neverthe-
less, compared to traditional silicon solar cells, upscaling PSCs to
large-area modules without notable efficiency losses remains a chal-
lenge (6-8), impeding the broader commercialization of this promis-
ing photovoltaic technology.

A substantial challenge in upscaling PSCs is the need to produce
high-quality perovskite films over large areas while ensuring the absence
of pinholes and buried interfacial voids (9, 10). These imperfections can
create shunt paths and hinder proper electrical contact, ultimately com-
promising charge collection efficiency (11, 12). Several strategies have
been proposed to address this challenge, primarily focusing on en-
hancing wettability during the coating process (13), engineering inter-
mediate film to facilitate uniform drying (14, 15), reducing the volume
shrinkage induced by residual dimethyl sulfoxide (DMSO) during the
annealing process (16, 17), and using posthealing techniques (18). These
strategies effectively prevent the formation of morphological imperfec-
tions and inhomogeneous films on a flat substrate.

The impact of substrate roughness on the morphology and up-
scaling of perovskite films has received relatively limited attention.
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Transparent conductive oxide (TCO) substrates, such as fluorine-
doped tin oxide (FTO) and indium-doped tin oxide (ITO), are
commonly used in PSCs, each offering distinct advantages (19).
In comparison to ITO, the textured FTO substrate is well suited for
high-temperature processing applications, reduces reflection losses,
extends the length of the optical path (20), offers cost-effectiveness,
and eliminates the need for rare indium metal (20-24). Because of
the vapor deposition method used in its production, the surface of
FTO substrates is textured with greater surface roughness compared
to ITO, attributed to the larger grain sizes of FTO spanning from tens
to hundreds of nanometers (23, 24). The extent to which the surface
roughness of TCO substrates may influence the nucleation and growth
process of perovskite films remains insufficiently understood and de-
mands further comprehensive exploration.

Supersaturation, referring to the degree to which the concentra-
tion of perovskite precursor exceeds the equilibrium solubility, is a
critical parameter in the nucleation and crystal growth process. The
supersaturation level is pivotal in determining the critical nucleation
energy for both homogeneous and heterogeneous nucleation events,
thereby influencing the dynamics of the nucleation process (25). In
the context of perovskite film formation, the LaMer model, a classical
nucleation theory, highlights that nucleation does not commence
until the concentration reaches the critical supersaturation level dur-
ing the drying process (26). Despite its importance, a comprehensive
understanding of the impact of supersaturation regulation on large-
scale perovskite film fabrication remains an area that demands fur-
ther exploration and investigation.

In this study, we explored the influence of substrate roughness
and its interplay with supersaturation on the production of high-
quality perovskite films during upscaling. Drying rate discrepancies
across the film led to varied supersaturation levels during upscaling,
causing nonuniform perovskite films with pinholes and buried inter-
facial voids in regions with slower drying kinetics. To overcome these
challenges, we proposed an innovative supersaturation regulation
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strategy aimed at minimizing differences in critical nucleation ener-
gies between large-angle and small-angle concavities. This strategy
effectively prevented the formation of morphological imperfections
at the former, enabling the successful deposition of high-quality
perovskite films for large-area modules.

RESULTS

Formation of pinholes and voids during upscaling

We investigated the influence of textured substrate on the unifor-
mity of perovskite films during the scaling-up process, especially
during the drying process. The dry films were prepared using our
previously reported gas-pumping method (27-29) at a pressure of
2 kPa and gas flow of 50 liters/min, using a perovskite precursor
solution of 1.3 M Csg9sMAg 5FA(oPbl3 in dimethylformamide
(DMF). For the small sample, we spin-coated the precursor on a
textured FTO substrate with a size of 2.5 cm by 2.5 cm. The resulting
perovskite film displayed a uniform morphology with black color,
regardless of its placement within the drying chamber (Fig. 1A).
However, upon transitioning to larger substrates with a dimension
of 10 cm by 10 cm while maintaining identical drying conditions,
we observed the emergence of nonuniform morphology within
the perovskite film by the naked eye (Fig. 1A). The surface changed
from a smooth appearance near the gas inlet of the chamber (right
side in Fig. 1A) to a rough and hazy surface near the gas outlet (left
side in Fig. 1A). Scanning electron microscopy (SEM) images in
Fig. 1 (B and G) confirm this difference, revealing an increased pres-
ence of pinholes within the perovskite film and interfacial voids at
the bottom surface of the perovskite film, progressing from the right
side to the left side of the sample. Analysis of the transmittance spec-
tra across the film indicated notable discrepancies in transmittance,
which further confirmed the nonuniformity of the deposited film
(Fig. 1H). We speculate that the varied film morphology across the
film stems from different drying rates across the large sample. Spe-
cifically, the higher concentration of accumulated DMF vapor near
the gas outlet results in its slower drying rate compared to regions
near the gas inlet.

Upon switching the substrate from textured FTO to flat glass,
with a corresponding reduction in surface roughness from 20.4 to
2.7 nm (figs. S1 and S2), we achieved uniform film morphology and
consistent transmittance spectra for perovskite film deposited on a
large substrate of 10 cm by 10 cm (Fig. 1, I and J). This observation
underscores the substantial influence of surface roughness on the
uniformity of perovskite films during the scaling-up process. To dis-
tinguish the influence of the composition of perovskite precursor, we
conducted the same experiment using MAPbI; on substrates with
different surface roughnesses (figs. S3 to S5). These experiments also
exhibited the same substrate-related effects on the uniformity of
small-area and large-area perovskite films.

Impact of surface roughness on

morphological imperfections

The wetting angles of FTO, ITO, and glass were measured at 14.7°,
17.6° and 19.4°, respectively, and wetting angles for all substrates be-
came less than the measurable values after ultraviolet (UV)-Oj5 treat-
ment, indicating highly favorable wetting properties (figs. S6 and S7).
This suggests that voids and pinholes in dry films on the textured
FTO substrate do not manifest during the wetting process but rather
during the subsequent drying process. To better understand how
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substrate roughness affects the emergence of morphological imper-
fections in perovskite films, we quantified local substrate concave
angles beneath the interfacial voids and pinholes. Figure S8 illus-
trates the use of cross-sectional SEM images for measuring and
quantifying the concave angles of the FTO substrate and those be-
neath the interface voids and pinholes. Statistical data in Fig. 2A were
obtained through angle quantification across multiple cross-sectional
SEM images, with a total of 100 data points for bare FTO and con-
cavities beneath the interfacial voids and pinholes. For the bare FTO
substrate, the concave angles of the rough FTO surface exhibited a
nearly symmetrical Gaussian distribution spanning 40° to 160°, with
an average angle of approximately 100°. Notably, most voids and
pinholes of annealed perovskite film formed at large-angle concavi-
ties, particularly within the range of 100° to 160°, with an average
angle of approximately 125°. Therefore, substrate roughness leads to
the formation of interfacial voids and pinholes primarily at large-
angle concavities. This implies that perovskite film nucleation is
more favorable at small-angle concavities compared to large-angle
concavities.

Furthermore, to demonstrate the nucleation direction of the gas-
pumping method, we added saturated poly(methyl methacrylate)
(PMMA) polymer into 1.3 M Csg0sMAg 05FA(oPbl; precursor as a
nucleation direction indicator. Because of the different saturation
levels of PMMA and perovskite in DMF, PMMA precipitates earlier
than perovskite during the drying process. For the gas-pumping
sample, PMMA is located at the bottom surface of the dry film, while
for the antisolvent sample, PMMA is located at the top surface
(fig. S9). When the perovskite dry film was peeled off from the FTO
substrate, numerous PMMA residues were observed on the FTO
substrate for the gas-pumping sample. This indicates that the nucle-
ation direction for the gas-pumping method is from bottom to top.
The nucleation direction of the perovskite film during the drying
process results from a competition between thermodynamic and ki-
netic processes. The gas-pumping method under vacuum conditions
creates a smaller difference in solvent extraction rates between the
top and bottom interfaces compared to the antisolvent method. As
illustrated in figs. S10 and S11, the thermodynamic preference for
nucleation at the bottom interface still dominates the gas-pumping
drying process (30), resulting in the bottom-to-top film growth di-
rection. This contrasts with the kinetic preference for nucleation at
the top interface observed in the antisolvent method. Moreover, sta-
tistical data show grain size compatibility between the perovskite dry
film and the FTO substrate (fig. S12), which makes it possible to dis-
tinguish the corresponding concavities underneath the interfacial
voids and analyze the nucleation behavior between concavities with
different angles.

Using classical nucleation theory, we explored the competition
between nucleation at large-angle and small-angle concavities. The
energy of heterogeneous nucleation (AGye) on different local mor-
phology angles (B) on the rough surface is related to the hetero-
geneous nucleation energy factor, denoted as f(f, 0) (31)

f(B,0)= i [2—3sin<g+9> +sin3(§+6> —cos3<g+9>cotg]
(1)

AGyo = AGy X f(B,6) = [— %;:P%T In(1+0) +41crzysl] x £(5.0)
(2)
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Fig. 1. Formation of pinholes and voids during upscaling. (A) Schematic illustration depicting the upscaling process of perovskite film fabrication using the gas-pumping
method during the drying process, and photographs of annealed perovskite films deposited on 2.5 cm by 2.5 cm and 10 cm by 10 cm FTO substrate, with a scale bar of 1 cm.
The small-area films were dried on the left side and right side of the chamber. (B to D) Top-view SEM images and (E to G) cross-sectional SEM images of annealed
Cs0.0sMAg05FA09Pbl; perovskite films captured at the left [“L"in (A)], center [“C"in (A)], and right ["R”in (A)] regions of the 10 cm by 10 cm FTO substrate, respectively. Transmit-
tance spectra of perovskite films at five different regions of the 10 cm by 10 cm (H) FTO and (1) glass substrates, as indicated in (J). (J) Photograph of 10 cm by 10 cm annealed
films on a glass substrate drying through the gas-pumping method, where marks indicate five different locations for UV-visible (vis) absorption measurement.

where 6 is the contact angle of the nucleus on the substrate, yg is the
surface energy of solid-liquid, €2 is monomer volume, r is the radius
of the nucleus, k is Boltzmann’s constant, and T is temperature.
More details about the equations can be found in the Supplemen-
tary Materials. As calculated in Fig. 2D, f(p, 0) at large-angle con-
cavities is larger than that at small-angle ones; for instance, the f(3, 0)
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at 160° concavity is 13.7 times that at 40° concavity when 0 is 90°.
As a result, considerably higher energy input is required to initiate
heterogeneous nucleation at large-angle concavities, owing to the
heightened nucleation energy barrier (fig. S13).

The relationship between nucleation rate (J), supersaturation degree
(6), and substrate morphology angle p can be described as (32-35)
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Fig. 2. Impact of substrate roughness and supersaturation on nucleation. (A) Statistical data regarding the concave angles of the FTO substrate and the concave an-
gles beneath the interface voids and pinholes. (B) Schematic illustration of low supersaturation (LSS) leading to the absence of nucleation at large-angle concavities.
(€) Schematic illustration of high supersaturation (HSS) leading to nucleation at all concavities. (D) Relation between the concave angle and the nucleation energy factor
of the nucleus at 6 of 90°. (E) LaMer curves of slow drying at large and small concave angles. (F) Cross-sectional SEM image of the film coated by 0.1 M Csg 05sMA 05FAq9Pbl3
precursor on rough FTO without covering and (G) with covering, showing preferential nucleation at small-angle concavities. Red circles highlight the locations without
perovskite nuclei, and yellow lines delineate the concavities on the FTO surface. Scale bars, 200 nm. (H) Relationship between supersaturation and the difference in nucle-
ation energy barrier at different angles. (I) LaMer curves of fast drying at large and small concave angles.
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3)

(4)

(5)

where C; is the saturated concentration of the solution, d is the di-
ameter of the nucleus, 1 is the viscosity of the solution, AG}  is
heterogeneous critical nucleation energy, and AG; is homoge-
neous critical nucleation energy. Figure S14 illustrates the calculated
nucleation rate at different concave angles, revealing that nucleation
at small-angle concavities requires a lower ¢ compared to the large-
angle counterparts.

The LaMer curves in Fig. 2E show that the minimum concentra-
tion for nucleation at large-angle concavities (Cpin-1,) is higher than
that at small-angle concavities (Cpin-s). Consequently, during the
drying process, the solution at small-angle concavities reaches the
required supersaturation for nucleation before the solution at large-
angle concavities. If the maximum concentration at small-angle con-
cavities (Cpax-s) remains lower than Cpy.1, nucleation and growth at
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small-angle concavities deplete materials from large-angle concavi-
ties, thus hindering nucleation in the latter (26). This elucidates the
competitive dynamics governing the nucleation at small-angle and
large-angle concavities.

To pinpoint the initiation points of nucleation, we intentionally
reduced the concentration of the perovskite precursor, ensuring that
the resulting perovskite film did not entirely cover the textured FTO
substrate. By reducing the precursor concentration to 0.1 M under
spin coating at 2000 rpm for 10 s, we observed that the tips of the
textured FTO grains were left uncovered by perovskite materials after
gas-pumping drying (fig. S15). The locations of the perovskite materi-
als can reveal the preferred nucleation sites. Cross-sectional SEM im-
ages show that most small-angle concavities had perovskite nuclei,
while many large-angle concavities did not (Fig. 2F and fig. S16). We
also applied an additional cover layer on the surface of the nuclei to
improve the interfacial contrast in the cross-sectional view (Fig. 2G
and fig. S16). The statistical results in fig. S17, based on multiple
cross-sectional SEM images, demonstrate a competition of nucleation
between small-angle and large-angle concavities, with nucleation pre-
dominantly initiating from small-angle concavities.

To demonstrate that the uncovered concavities on the rough sub-
strate are not due to nonuniform coating from the spin-coating pro-
cess of 0.1 M precursor at 2000 rpm, we characterized the thickness
of the wet film after spin coating by the weighing method and theo-
retical calculations (36). The wet-film thickness is more than an or-
der of magnitude larger than the roughness of the FTO substrate
(Table S1 and figs. S18 and S19), ensuring full coverage of the
rough FTO by the wet film and minimizing the impact of FTO
roughness on wet-film thickness uniformity. It is the drying pro-
cess in the gas-pumping chamber that causes preferred nucleation at
small-angle sites, resulting in partial coverage of the FTO substrate
by the perovskite materials.

Impact of supersaturation inhomogeneity on
morphology imperfections
During the drying process of large-area samples, the accumulation
of DMF vapor from the inlet to the outlet results in a slower drying
rate near the outlet compared to the inlet side. This variation in dry-
ing speed leads to differing levels of supersaturation, which subse-
quently affects the competition of nucleation at concavities with
varying angles.

Under fast drying conditions near the inlet, higher degrees of
supersaturation reduce the difference in heterogeneous critical nucle-

ation energy AG; b —p between large-angle and small-angle con-
> PLTPs

cavities (Fig. 2H). This is expressed through the equation

Cagr 2 16T B0~ 0]

=AG! =
het: B3 KT2n*(1+0)

AG* het, B

het, B —Ps
(6)

Critical nucleation energy is the difference between Gibbs free en-
ergy at Cmin and Cs, and a smaller AG} b, during rapid drying in-
dicates smaller difference between Cpin.s and Cpin.1, thus increasing
the likelihood of Cpyax.s surpassing Cuin-1, (Fig. 21 and fig. S20). As a
result, it becomes easier to meet the nucleation requirements for both
types of concavities, leading to the formation of dense films without
voids or pinholes. Conversely, under slow drying conditions near the

outlet, where the drying rate is slowed because of the accumulation of
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DMEF vapor, lower-supersaturation conditions coupled with a larger

AGp b —po 3 depicted in Fig. 2E and fig. S20, predominantly pro-
> PL™Ps

mote nucleation only at small-angle concavities. When neighboring
nuclei are too distant from each other, they consume materials and
create pinholes between them. This interplay between surface rough-
ness and supersaturation levels in the formation of morphology im-
perfections is illustrated in fig. S21.

To confirm the relationship between drying rate and supersatura-
tion levels, we dried the wet film under different pressures and com-
pared the number of formed grains. On the basis of Egs. 5 and 6), a

higher supersaturation level reduces A G} and AGy . .~ value, fa-

cilitating nucleation at more sites and resulting in the formation of
more grains with smaller sizes. When the absolute vacuum pressure
value reduced from 1 to 0.2 kPa, the average grain size of the unan-
nealed dry film decreased from 125.3 to 82.1 nm, which indicates the
formation of more nuclei (fig. S22). This result reveals that rapid dry-
ing at a lower pressure value does create a higher supersaturation
level. Therefore, rapid drying plays a pivotal role in achieving a fast
increase in precursor concentration, leading to a higher supersatura-
tion level before nucleation initiates.

Compact large-area film deposition by

supersaturation regulation

To achieve compact perovskite films with intimate interfacial contact
without morphological imperfections during upscaling, we propose
a supersaturation regulation strategy by rapid drying. According to
Eq. 6, we can minimize the nucleation energy difference between dif-
ferent nucleation sites by increasing the supersaturation levels, facili-
tating the simultaneous initiation of nucleation at various locations
with different concave angles.

Under low-supersaturation (LSS) conditions, attained through
slow drying at a high absolute pressure of 5 kPa with a gas flow of
25 liters/min, even the perovskite films on small-area FTO substrates
of 2.5 cm by 2.5 cm display nonuniform color with the presence of
pinholes and interface voids (Fig. 3A and fig. S23). In contrast, using
high supersaturation (HSS) via rapid drying at a low absolute pres-
sure of 1 kPa with a gas flow of 25 liters/min during the gas-pumping
process results in the formation of uniform and densely packed
perovskite films (Fig. 3A and fig. S23). To emphasize the influence of
supersaturation on buried interfacial voids, we use an epoxy encapsu-
lant to peel off perovskite films from the FTO substrate (37), enabling
analysis of the exposed bottom surface morphology. The results reveal
that the bottom surface of the perovskite film exhibits numerous voids
under the LSS condition, while a compact bottom surface is achieved
under the HSS condition (fig. S24). Moreover, both dry films and an-
nealed samples exhibited voids issues under LSS conditions, whereas
films prepared under HSS conditions not only eliminated voids in the
dry film but also resulted in a compact annealed film (fig. $25). Our
findings highlight the effectiveness of the proposed supersaturation
strategy in controlling pinholes and voids during the drying stage,
with the annealed film exhibiting corresponding improvements to
eliminate morphological imperfections.

Besides reducing the absolute pressure, we also used a high gas flow
rate to expedite the drying process. By increasing the gas flow from 25
to 50 liters/min, we can achieve uniform perovskite film formation at a
high absolute pressure of 5 kPa (Fig. 3A). This underscores the versatil-
ity of heightened supersaturation in promoting the deposition of com-
pact perovskite films without morphological imperfections on rough
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Fig. 3. Achieving uniform large-area perovskite film deposition using HSS through fast drying. Impact of pressure, gas flow, and substrate on (A) 2.5 cm by 2.5 cm
and (B) 10 cm by 10 cm annealed Csg9sMAg0sFAoPbls perovskite film deposition via gas-pumping method. The red square highlights conditions leading to a nonuniform
film, while the dotted yellow line denotes the boundary between two differently colored annealed films. Photograph of 30 cm by 30 cm annealed (C) Csg.0sMAg.05FA0.9Pbl3
and (E) MAPbl; perovskite films. UV-vis absorption spectra obtained from 16 different locations of annealed (D) Cs05MAg 05sFA0oPbls and (F) MAPbI3 perovskite films, de-

rived by cutting a 30 cm by 30 cm film into 16 individual pieces.

textured FTO substrates. These trends extend to the deposition of
various perovskite precursors, such as MAPbI; with solvent of DMF
(ﬁg $26) and Csg gsMAg 05FA( 9PbI; with solvent of DMF:DMSO = 4:1
(fig. S27). A flat-glass substrate eliminates nucleation site competition
at different local angles, offering greater tolerance within the drying
window for uniform perovskite film formation (Fig. 3A).

Regarding the influence of perovskite precursor concentration,
we observed that increasing the concentration does not alleviate the
nonuniformity issue during large-area deposition (fig. S28). This is
likely because a higher concentration of perovskite precursor may
expedite the transition time of the wet film to a supersaturated state,
but it does not notably alter the supersaturation level. Consequently,
this does not effectively diminish AG; b, —p, 1O achieve the uniform
deposition of compact perovskite films.

We expanded our methodology to facilitate the upscaling of
perovskite film deposition on the substrate with sizes of 10 cm by
10 cm and 30 cm by 30 cm. For 10 cm by 10 cm FTO substrate, the
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HSS condition via rapid drying at 1 kPa and 50 liters/min yielded a
uniform and densely packed film, while the LSS condition via slow
drying at 2 or 3 kPa yielded nonuniform films (Fig. 3B). Furthermore,
elevating the gas flow rate from 50 to 100 liters/min facilitated the
formation of uniform perovskite film on the 10 cm by 10 cm FTO
substrate (fig. $29). We successfully applied this fast-drying HSS
approach to deposit uniform perovskite films with dimensions of
30 cm by 30 cm, encompassing various perovskite compositions such
as CspgsMAg 05FAgoPbls and MAPDIS;, as illustrated in Flg 3 (Cand
E). To assess film uniformity across large areas, we partitioned the
film into 16 segments, conducting individual UV-vis measurements
(Fig. 3, D and F). The variation in absorbance at 600 nm is minimal,
with an absorption variation of less than 0.6%. In addition, we con-
ducted a comparative analysis of Urbach energies (E,) across these
16 segments, calculated from UV-vis absorption spectra using
o = ogexp(hv/Ey), a recognized indicator of photovoltaic material
quality (38, 39). The results revealed an average E, value of 34.16 meV
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with a SD of 0.67 meV across various locations (fig. S30). We divided
the spin-coated 30 cm by 30 cm large-area sample into 36 individual
pieces measuring 5 cm by 5 cm each. Subsequently, we characterized
each piece using top-view SEM and cross-sectional SEM images.
Across all 36 locations, no pinholes or interfacial voids were observed
in the SEM images (figs. S31 to $33). Although there were 5-mm in-
homogeneous regions near the substrate edges and corners attributed
to the spinning effect, all other areas displayed small thickness devia-
tions within 5% (fig. S34). Particularly, these narrow inhomogeneous
regions near the edges were rendered inactive for modules because of
edge cleaning during the module fabrication process.

We investigated the impact of substrate roughness, coating meth-
ods, and the choice of the charge transport layer (CTL) on nucleation
competition, emphasizing the efficacy of the supersaturation regula-
tion strategy across diverse conditions. Compared to the textured
FTO substrate, the change of p and f(P, 0) between different sites on
the ITO substrate and the flat-glass substrate are smaller (Fig. 2D).
Using Eq. 6, the reduced Af(f, 8) and corresponding diminished

AGp, b, —p, o0 ITO and glass substrates, relative to FTO under equiv-
> FL S

alent supersaturation levels, led to a narrower disparity between Cpjn-s
and Cpjip-r. This expands the window for compact perovskite film
growth on ITO and glass substrates compared to FTO during super-
saturation regulation. Under identical drying conditions at 2 kPa and
50 liters/min, the FTO substrate yielded a nonuniform perovskite
film, whereas ITO and glass substrates facilitated the formation of a
uniform film (Fig. 3B). Furthermore, we observed analogous phe-
nomena and regularities in the blade-coating method for the differ-
ence substrates, extending the applicability of our findings beyond
spin coating (fig. S35). The conformal deposition of the compact
TiO,@Sn0; layer using the chemical bath method did not smooth the
textured FTO substrate (fig. S36). However, different CTLs alter the
supersaturation window for the growth of compact perovskite films in
large areas. This is attributed to the diverse contact angles 8 of the
nucleus on the different CTLs, thereby modifying Af(f, 6) and the

corresponding AG value under the same change in f values, as

het, By, —Bs
illustrated in fig. S37. Nonetheless, the fundamental principle of using

an HSS strategy to achieve uniform and compact perovskite films re-
mains unchanged.

Characterization of perovskite films and devices
We thoroughly characterized the effect of the supersaturation regula-
tion approach on charge carrier behavior. Perovskite films prepared
under the HSS condition at 1 kPa and 50 liters/min on 2.5 cm by
2.5 cm substrate displayed stronger photoluminescence (PL) in-
tensity and extended carrier lifetimes in comparison to films prepared
under LSS condition at 5 kPa (Fig. 4, A and B). This improvement can
be attributed to the enhanced film quality through the elimination of
pinholes and buried interfacial voids. To investigate the effect of super-
saturation regulation on perovskite film trap density, we conducted
space charge-limited current (SCLC) measurements using hole-only
devices with configuration of FTO/NiO,/perovskite/Spiro-OMeTAD/
Au (Fig. 4C). The HSS device exhibited lower trap-filled limit voltage
and lower trap-state density (Vg = 0.554 V; Ny = 7.92 X 10" cm™)
compared to the LSS device (Vg = 0.746 V; Ny = 1.07 X 10 cm™).
These findings highlight the positive impact of supersaturation regu-
lation on perovskite film quality and charge carrier behavior.

Figure 4 (D and E) shows the substantially improved photovol-
taic performance of PSCs and modules when prepared under HSS
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conditions compared to LSS conditions. For the small-area in-
verted PSCs (0.06 cm?) with the configuration of FTO/TiO,@SnO,/
perovskite/Spiro-OMeTAD/Au, the current density-voltage (J-V)
curves of champion devices under different supersaturation condi-
tions are presented in Fig. 4D. Benefiting from the enhanced film
quality and better interfacial contact, the HSS device exhibited notable
enhancements, with PCE increasing from 21.74 to 25.58%, the open-
circuit voltage (Voc) rising from 1.10 to 1.16 V, and the fill factor (FF)
increasing from 76.76 to 84.41%. Furthermore, we fabricated perovskite
solar modules with an aperture area of 29 cm” and eight subcells inter-
connected in series (Fig. 4E). The champion module achieved an im-
pressive PCE of 21.86%, accompanied by a V¢ of 9.28 V, short-circuit
current (Isc) of 86.22 mA, and FF of 79.22%. Further details of the pho-
tovoltaic performance statistics for 20 perovskite solar modules pre-
pared under HSS conditions are provided in Fig. 4F and detailed
parameters are in table S2, demonstrating the high reproducibility of
the upscaling strategy under HSS. Subsequently, we fabricated an even
larger module with a size of 1160 cm® under high-supersaturation
drying conditions with perovskite wet film deposited by slot die coat-
ing, and we achieved an impressive certified PCE of 20.62% with a
Voc 0£92.49 V, an Isc of 332 mA, and an FF of 77.9%, providing clear
evidence of the scalability of our strategy (figs. S38 and S39).

We conducted long-term stability tests on encapsulated perovskite
cells and modules under continuous AM1.5G light-emitting diode
light illumination in the air at a relative humidity of ~40 + 10%. As
shown in Fig. 4 (G and H), when tracked at the maximum power
point (MPP) with constant illumination, the cell and module pre-
pared under HSS conditions maintained 91 and 83% of their initial
efficiency over 1000 hours, outperforming the devices prepared un-
der LSS conditions. This increased stability can be attributed to the
reduction in morphological imperfections such as pinholes and in-
terfacial voids, which result in lower defect density and reduced
charge recombination. The difference in stabilities between cell and
module was ascribed to possible degradation of perovskite film near
the scribed line by heat-induced damage and exposure to ambient
atmosphere during laser scribing.

DISCUSSION

In conclusion, our study provided a comprehensive understanding of
the influence of substrate roughness and supersaturation on forma-
tion of high-quality perovskite films for upscaling from small PSCs to
large-area perovskite solar modules. We identified that rough sub-
strates with large-angle concavities tend to develop pinholes and voids
under LSS conditions during gas-pumping drying process. Further-
more, variations in drying rates across the film introduce different
levels of supersaturation, resulting in nonuniform films with mor-
phology imperfections. To overcome these challenges, we introduced
arapid-drying strategy that effectively balances nucleation at different
concave angles, thereby preventing the formation of pinholes and in-
terfacial voids. As a result, high-quality perovskite films on a substan-
tial large scale were successfully achieved. This strategy enables the
perovskite films with improved morphology, enhanced charge carrier
behavior, and reduced trap density. Consequently, it has enabled the
fabrication of perovskite solar devices with high efficiencies of 25.58,
21.86, and 20.62% with aperture areas of 0.06, 29, and 1160 cm?, re-
spectively. The proposed supersaturation regulation strategy aligns
well with other ongoing efforts in the field, such as charge transporter
layer optimization, additive engineering, and surface passivation. We
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Fig. 4. Performance of PSCs and modules. (A) Steady-state PL spectra and (B) Time-resolved PL spectra of Csp0sMAq 0sFA¢oPbls perovskite films prepared on 2.5 cm by 2.5 cm
FTO substrates under HSS (1 kPa and 50 liters/min) and LSS (5 kPa and 50 liters/min). (C) SCLC analysis for hole-only devices based on perovskite films prepared under HSS and
LSS, with Vg indicating the trap-filled limit voltage. (D) J-V curves of champion PSCs with an aperture area of 0.06 cm? under simulated 1-sun illumination. (E) IV curve of
champion perovskite solar module with an aperture area of 29 cm? under simulated 1-sun illumination. (F) Efficiency distribution for 20 perovskite solar modules. Operational
stability of the encapsulated (G) 0.06-cm? PSCs and (H) 29-cm? perovskite solar module measured at MPP under a continuous AM1.5G illumination in air.

believe that a synergistic integration of these approaches could pave
the way for achieving higher PCEs in both small cells and large-area
modules in future endeavors.

MATERIALS AND METHODS

Materials
Leadiodide(PbI,99.99%)waspurchased from TCI. Methylammonium
iodide (MAI), and formamidinium iodide (FAI) were purchased
from GreatCell Solar. Phenethylammonium iodide (PEAI, 99.5%),

Zhang et al., Sci. Adv. 10, ead16398 (2024) 7 August 2024

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, >99%), 4-
tert-butylpyridine (tBP, 96%), and 2,2',7,7'-tetrakis [N, N-di(4-
methoxyphenyl) amino] 9,9’-spirobifluorene (spiro-OMeTAD, 99.8%)
were bought from Xian Polymer Light Technology. Cesium chloride
(CsCl), PMMA, DME DMSO, isopropanol, acetonitrile, and chloro-
benzene were purchased from Sigma-Aldrich. FTO glass (TEC, 7 ohm/
square), ITO glass (Asahi, 15 ohm per square), and ultraclear glass
substrates were purchased from Advanced Election Technology Co.,
Ltd. Polytetrafluoroethylene (PTFE) filters were purchased from
VWR. All the materials were used as received.
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Fabrication of PSCs

The patterned FTO substrate was ultrasonically cleaned by sequen-
tially washing with detergent, acetone, ethanol, and deionized water
for 20 min, respectively. The compact TiO,@SnO, layer was prepared
using a chemical bath method as previously reported (40). The
Cs0.0sM Ay g5FA( oPbl; perovskite precursor solution (1.3 M) was pre-
pared by adding 659 mg of Pbl,, 10 mg of MAI, 11 mg of CsCl, and
212 mg of FAI in 1-ml mixed solvent of DMF and DMSO in 4:1 vol-
ume ratio. The filtered perovskite precursor solution was spin coated
onto the TiO,@SnO; substrate at 2000 rpm for 10 s and then trans-
ferred to a gas pump chamber. The film was dried under the pressure
and flow rate conditions described in the manuscript for 1 min,
followed by annealing at 100°C for 30 min. After cooling to room
temperature, 60 pl of PEAI solution (3 mg/ml in isopropanol) was
dropped on the perovskite layer at 5000 rpm for 30 s. Throughout
the process, the ambient temperature was monitored and maintained
at 20° + 5°C, and the relative humidity was maintained at 30 to
45%. Next, the spiro-OMeTAD solution [72.3 mg of spiro-OMeTAD,
30.6 pl of tBP, and 19.5 pl of LiTFSI (520 mg/ml in acetonitrile) in
1 ml of chlorobenzene] was spin coated onto the perovskite film by
spin coating at 4000 rpm for 30 s. The spiro-OMeTAD coated sample
was then stored in an autodrying cabinet with relative humidity below
10% for 9 hours. Last, a 60-nm gold electrode was deposited onto the
spiro-OMeTAD layer via thermal evaporation under a high vacuum
(<5 x 107* Pa). The PSCs were encapsulated by a glass-glass encapsu-
lation technology combined with an edge seal (UV Curing Sealant,
Three Bond) to seal the device under UV light illumination (light-
emitting diode flood lamp, DELOLUX 20). The UV light was set at
25% maximum power for 120 s in the glove box to induce the cross-
linking in sealant with a glass.

Setup of gas-pumping method

The gas-pumping method setup (40) uses a self-built vacuum system
with vacuum pumps, vacuum bellows, a sealable chamber, a valve,
and a flow meter (with a schematic diagram of the detailed gas-
pumping setup in fig. S40). Through the built equipment, the sealed
chamber can be quickly pumped and the pressure can be instantly
reduced to the set value. The internal pressure of the chamber can be
controlled by adjusting the valve in advance. In addition, an adjust-
able flow meter is added to this basis to control the value of the in-
let airflow.

Fabrication of perovskite module and large-area films

The perovskite solar modules, comprising eight subcells connected in
series, were fabricated on FTO substrates with dimensions of 6.5 cm
by 7.0 cm. The series interconnection of the module was realized by
P1, P2, and P3 lines, which were patterned using a laser scribing sys-
tem with 1064-nm laser at a power of 20 W (Trotec). The FTO sub-
strates were prepatterned P1 lines with a width of 40 pm using 60%
laser power under a speed of 300 mm/s, a frequency of 65 kHz, and a
pulse duration of 120 ns. The subsequent processes for TiO,@SnO,,
perovskite film, and spiro-OMeTAD layer were the same as small-area
PSCs, where perovskite film was spin coated. The P2 lines, which had
a width of 100 pm, were patterned before the Au evaporation process.
This was done with an average laser power of 15% under a speed of
1000 mm/s, a frequency of 65 kHz, and a pulse duration of 120 ns.
After depositing a 60-nm-thick Au layer, the P3 lines (with a width
of 40 pm) were engraved under the same scribing conditions as the
P2 lines. The width of the total dead area was approximately 280 pm,
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resulting in a geometric FF of approximately 95.7%. The perovskite
solar modules were encapsulated by the same method and parame-
ters as PSCs. The 30 cm by 30 cm film was prepared by using large-
scale spin coating equipment (Leibo-AC300) to achieve liquid film
preparation, and the same gas-pumping equipment was built to scale
up and dry the film. The blade-coated film was prepared by ZEHNT-
NER ZAA2300. The blade coater gap was 200 to 300 pm, and the
blade coating speed was 20 mm/s. After blade coating, transfer to
the gas pump chamber for drying within 3 s. The perovskite film of
1160-cm? module was prepared by slot die coating process through
homemade slot-die coating machine with a 200-pm gap between the
slot-die head and substrate at a speed of 20 mm/s.

Characterization and measurements

The J-V curves of PSCs were recorded using a 2400 series source me-
ter from Keithley Instruments. These measurements were conducted
under the illumination of a solar simulator (Newport, Class AAA)
with an AM 1.5-G filter (Sol3A, Oriel) at a light intensity of 100 mW
cm™2. The light source was calibrated using a standard Si reference
cell. Each PSC was exposed to light for 10 s before testing. The devices
were tested both in forward scan (—0.2 to 1.2 V) and reverse scan (1.2
to —0.2 V) with a step size of 0.01 V and a delay time of 500 ms. The
PSCs and modules used metal masks with apertures of 0.06, 29, and
1160 cm?, respectively. All J-V measurements were conducted in an
ambient air environment with a temperature of ~25°C and a humidity
of 30 to 50%. The stability measurement of encapsulated PSCs and
perovskite modules were tested in ambient air environment without
cooling at the MPP by using an MPP tracking algorithm under
100 mW cm >, The devices were covered with an antireflection
layer. To investigate the nucleation and growth direction, excess PMMA
was added to a 1.3 M perovskite precursor, stirred overnight, and then
filtered using a 0.22-pum PTEFE filter. For the gas-pumping method, the
precursor containing PMMA was spin coated and gas pumped as de-
scribed above. For the antisolvent method, the precursor containing
PMMA was spin coated on the FTO substrate at 2000 rpm for 10 s
and 4000 rpm for 30 s. At 20 s of the second step, 200 pl of chloroben-
zene was dropped on the spinning film. The surface, cross-sectional,
and buried interfacial morphology of perovskite films were examined
with a field-emission SEM (FEI VERIOS 460 and Zeiss Sigma 300).
Atomic force microscopy measurement was carried out by SPM-
9700HT. The UV-vis spectra of the perovskite films were measured in
an UV-vis-near infrared spectrophotometer (PE Lambda950). The
PL and TRPL decay were carried out using a steady-state—transient
fluorescence spectrometer (Edinburgh FLS1000) with the laser diode
at a wavelength of 450 nm. SCLC was measured using a Keithley 2400
source meter in dark conditions on hole-only devices with configura-
tion of FTO/NiOy/perovskite/Spiro-OMeTAD/Au.

Supplementary Materials
This PDF file includes:

Nucleation calculation formula

Figs. S1 to S40

Tables S1.and S2
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