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The development of perovskite solar cells (PSCs) has been extensively studied in the past
decade, and the power conversion efficiency (PCE) has reached a record of 25.2%.
Despite impressively high PCE, the fabrication process mainly relied on a well-controlled
environment, an inert gas–filled glovebox, and devices of small areas were demonstrated.
This impedes the technology transfer from laboratory scale spin coating to manufacturing
ambient air scalable processes. Furthermore, the nucleation and crystal growth processes
of the perovskite thin films are different when the films are prepared in different
environmental conditions. In this review, we summarize the recent advances of
ambient air–processed organometallic halide perovskite thin films. Focuses are made
on the impact of ambient air conditions, typically adventitious moisture, on the
crystallization of perovskites thin films. The challenges and strategies in the technology
transfer from the glovebox or ambient air spin coating to scalable meniscus blade coating
are also discussed to shed light on the manufacture of ambient air–processed PSCs.

Keywords: ambient fabrication, spin coating, meniscus blade coating, perovskite solar cells, scalable large area,
nucleation, supersaturation, air-knife

INTRODUCTION

Organic–inorganic hybrid perovskite solar cells have received tremendous attention in the
photovoltaic field of study in the past decade because the active perovskite layer exhibits
excellent optoelectronic and intrinsic properties such as high carrier mobility, long charge
carrier diffusion length (∼100 μm), large optical absorption coefficient (∼105 cm−1), low exciton
binding energy (∼20 meV), and low nonradiative recombination losses (Liu et al., 2013; Correa-
Baena et al., 2017); flexible bandgap tunability (Noh et al., 2013; Saliba et al., 2016); and ease of low-
temperature solution process facilitating low-cost fabrication of photovoltaic devices (Dunlap-Shohl
et al., 2019). Perovskite has a chemical formula of AMX3, where the monovalent organic cation A is
the organic cation occupying the 12-fold coordinated holes within the cavity, M is the metallic cation,
and X is the halogen anion forming the octahedral structure. Typically, methylammonium (MA+),
formamidinium (FA+), and cesium (Cs+) are the mostly used A-site organic cations; Pb2+ and Sn2+

are the metallic divalent cations, and I−, Br−, and Cl− are the halogen anions. There is a remarkable
progress of the perovskite solar cells (PSCs) in the past decade in which the record power conversion
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efficiency (PCE) of organic–inorganic hybrid perovskite solar
cells (PSCs) has increased rapidly from its debut of 3.8% (Kojima
et al., 2009) to the latest certificated record of 25.2% (NREL,
2020). The perovskite material was first used as sensitizers for the
liquid electrolyte in dye-sensitized solar cells byMiyasaka in 2009,
and the reported PCE was 3.8% (Kojima et al., 2009). However,
the so-called perovskite fever appeared since the solid-state
organic–inorganic hybrid perovskite solar cell was reported by
Park et al. and Snaith et al. with a PCE of ∼10% in 2012 (Kim
et al., 2012; Lee et al., 2012). The breakthrough was not only the
efficiency improvement but also the stability of the device by
avoiding the use of the liquid electrolyte. Since then, huge efforts
were made on the strategies to improve the crystallization and
nucleation of the perovskite thin films and the perovskite film
morphology.

The state-of-the-art PSCs are typically fabricated in a well-
controlled environment such as an inert gas–filled glovebox.
While the best performing laboratory PSC exhibits a record PCE
of 25.2% (NREL, 2020) which is approaching the theoretical
limit based on the Shockley–Queisser (S-Q) theory, the PCE of
the PSCs prepared in ambient air still lags behind those
processed in the inert gas–filled glovebox. Researchers start
to explore the technology transfer of the PSC fabrication
process from the laboratory to manufacturing by different
approaches mostly focused on the strategies avoiding the
influence of adventitious moisture on the perovskite thin film
nucleation and crystallization. Liu et al. adopted 4-tert-
butylpyridine (tBP) as an additive to the precursor solution
to increase the moisture resistance attributed to the
hydrophobic property of the additive (Liu et al., 2017).
Troughton et al. used anti-solvent of higher water solubility,
ethyl acetate, for the crystallization protocol to extract moisture
from the intermediate phase of the perovskite layer (Troughton
et al., 2017). Toward industrial fabrication of PSCs, ambient air
processing and scalability are two important issues to be
explored systematically. It is known that the crystallinity and
surface morphology of the perovskite material are very sensitive
to the ambient conditions, especially the airborne moisture.
However, encouraging results by moisture-induced
crystallization have been reported in PSCs by different
groups (You et al., 2014; Zhou et al., 2014; Rong et al., 2017).

In this review, we summarize the progress of PSCs toward
upscaling fabrication by in-depth discussion of the
crystallization process of both spin-coating and roll-to-
roll–compatible blade-coating methods. First, the progress of
the development of PSCs will be explored. The fabrication
processes from the laboratory-scaled spin-coating method to
the industrial roll-to-roll–compatible blade-coating method are
discussed in detail based on the differences in drying kinetics
and processing window between these two coating methods.
Second, the advances of ambient air–processed PSCs are
summarized including the strategies avoiding moisture attack
during the crystallization process, the methodologies improving
crystallinity, and the challenges and pathways toward the
manufacturing-compatible fabrication process—scalability.
Finally, we provide an outlook on the challenges associated
with the environmental and manufacturing issues.

PROGRESS OF PSCS: TOWARD
UPSCALING FABRICATION

There has been a steady improvement in the development of
highly efficient PSCs in the past decade, and the record certified
efficiency is 25.2% (NREL, 2020). However, most of the highly
efficient devices were prepared by the spin-coating method.
Facile spin-coating solution process technique is very useful in
the laboratory research scale, but the drawbacks are the wastage
of chemical solution, most of the drop casted solution being
wasted in the spin-coating process, and the limitation of the
substrate size to maintain spun film uniformity and quality.
Although modules of size 100 cm2 were fabricated by the spin-
coating method (Seo et al., 2014), the PCE was considerably
reduced as the size of the device was increased. For mass
production, scalability is one of the major factors that
researchers need to consider in the early stage of research.
The technology transfer from the laboratory scale to the
manufacturing scale is limited especially in perovskite solar
cells, in which the film formation involves different stages of the
chemical reaction. In addition, the manufacture of perovskite
solar cells faces another challenge, besides scalability, which is
the impact of airborne moisture on the perovskite film
formation and morphology. It is well known that the device
performance of the PSC is significantly affected by the grain size
and the morphology of the perovskite thin film. In the following
sections, we first discuss the scalability issue and then the
strategies in the fabrication of perovskite solar cells in
ambient conditions. The state-of-the-art PSCs are fabricated
by facile spin-coating solution process technique, but it is
incompatible with mass production. Toward the
manufacturing process, upscaling technique should be
implemented in the early research stage. Scalable solution
processes for the fabrication of PSCs include slot-die coating
(Hwang et al., 2015; Qin et al., 2017; Galagan et al., 2018), spray
coating (Heo et al., 2016; Tait et al., 2016), inkjet printing (Li
et al., 2015), screen printing (Mei et al., 2014; Rong et al., 2017),
electrodeposition (Cui et al., 2015; Huang et al., 2015), and
meniscus blade coating. Among these scalable deposition
methods, the blade-coating method received more awareness
in the development of upscaling of perovskite solar cells because
it is compatible with roll-to-roll fabrication. In this review, we
focus on the discussion of the development of scalable
deposition of PSCs using the meniscus blade–coating method.

Scalable Meniscus Blade Coating of
Perovskite Thin Films
Meniscus blade coating is a facile and roll-to-roll–compatible
deposition method in which a small amount of precursor solution
is injected, by the capillary force, into the gap between the blade
and the substrate to form a static wet line. Then, the blade (or the
substrate) is moved laterally to coat a layer of the precursor wet
film on the substrate. Several parameters are taken into
consideration for the film formation process: the spacing
between the substrate and the blade, amount of applied
solution, linear coating speed, viscosity (dependent on the
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concentration or solvent used) of the precursor solution, and
wettability of the precursor solution on the substrate (Le Berre
et al., 2009). In addition, the drying kinetics (evaporation rate
of the solvent) is also a crucial parameter in the blade-coating
process, which significantly affects the processing window,
perovskite thin film morphology, crystal grain size, and
final photovoltaic device performance (Hu et al., 2019).
This can be controlled by different strategies including
solvent engineering (Yang et al., 2017), hot substrate at the
blade-coating step (He et al., 2017; Wu et al., 2018), and gas-
assisted drying (gas quenching) (Ding et al., 2019; Hu et al.,
2019; Liu et al., 2020).

Intrinsic Difference in Drying Mechanisms
Between Spin-Coating and Blade-Coating
Methods
The film formation process of the spin-coating deposition
method cannot be transferred directly to that of the blade-
coating deposition method. There are structural differences in
solvates prepared by spin-coating and blade-coating techniques
(Zhong et al., 2018). It is not difficult to expect that the
evaporation rate of the solvent for a dynamic (spin-coating)
sample is different from that for a static (blade-coating)
sample. In the spin-coating deposition process, excess solution
is spun off the substrate to produce a uniform wet film of
thickness h0, as shown in Figure 1 (Heo et al., 2014). The
continuous spinning induces further evaporation of solvent
and thinning of the wet film. The wet film thickness, h, as a
function of spinning time can be expressed as (Lawrence, 1988;
van Hardeveld et al., 1995; Heo et al., 2014)

dh
dt

� −2ρω
2

3η
h3 − ϕ, (1)

where ω is the radial velocity, ϕ is the evaporation rate induced by
spinning, and ρ and η are the density and viscosity of the solution,
respectively. The evaporation of solvent results in an increase in
the concentration of the solute, and if it reaches the concentration
of supersaturation, nucleation is initiated (Hu et al., 2020). The
final film thickness, hf, is dependent on the solidification process
of the perovskite material.

For the blade-coating process, the evaporation rate of the
solvent is very different from that during a spin coating–induced
evaporation. Thus, the well-developed deposition recipe using the
spin-coating method requires appropriate modification for the
implementation in the blade-coating method. Detailed studies are

needed to gain the insight into the optimization of the fabrication
recipe. Zhong et al. performed an in situ GIWAXS investigation
on the ink-to-solid solidification process for the two different
coating methods (Figure 2A–C) (Zhong et al., 2018). It was found
that the blade-coated wet film took longer time to dry than the
spin-coated wet film, exhibiting highly disordered solvates
(blade-coated film) vs crystalline solvates (spin-coated film).
The relatively low evaporation rate of the solvent in the blade-
coated wet film facilities the growth of larger grain size, but this is
difficult to form a compact and pinhole-free film when dried
naturally (Kim et al., 2015). Different strategies were adopted to
create rapid solvent extraction, resulting in the supersaturation of
the solution, such as hot-substrate casting (He et al., 2017; Wu
et al., 2018) and gas-assisted drying (Ding et al., 2019; Hu et al.,
2019; Liu et al., 2020).

The Processing Window of Spin Coating
and Blade Coating of Perovskite Thin Films
Highly efficient PSCs fabricated by the spin-coating method
typically rely on the application of anti-solvent to extract the
solvent from the precursor solution rapidly. Rapid
supersaturation of the precursor solution is achieved to initiate
the formation of crystal nuclei (Thanh et al., 2014). However,
anti-solvent is not technically compatible with the blade-coating
method, and its toxicity is not ambient environment friendly. The
control of supersaturation has a significant impact on the
nucleation rate, the grain size, and subsequently the final film
morphology. In the spin-coating method, it is known that the
process window, the precise control of time to drop cast the anti-
solvent, and the duration of the drop cast process for the
application of anti-solvent are very narrow. It is not the favor
process for roll-to-roll manufacturing, and the reproducibility is
also significantly affected. This would be a big challenge especially
when the manufacturing process takes place in ambient
conditions. There are other strategies to create the
supersaturation state of the precursor solution such as gas
quenching, hot-substrate drop casting, and vacuum-assisted
drying, in which the first two drying techniques are widely
studied. Hu et al. studied the process window of the blade
coating of mixed halide perovskite solar cells (Hu et al., 2019).
A laminar air-knife–assisted blade-coating technique was
adopted, enabling the in situ study of the drying kinetics of
the perovskite film by time-resolved UV-Vis spectroscopy. A
wide process window, up to 12 min, enabled the fabrication of
highly efficient meniscus blade–coated PSCs performed in an

FIGURE 1 | Illustrations of the dynamic evaporation of solvent in the spin-coating process. Reprinted with permission from Heo et al. (2014). Copyright 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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inert gas–filled glovebox (Figure 3A). The rapid change in
absorption of the blade-coated precursor wet film by gas
quenching, analogous to anti-solvent in spin-coating
technique, can also be recorded, providing insights into the
drying kinetics, degree of supersaturation, crystal nucleation
and growth, and final film morphology (Figure 3B–D). Yang
et al. reported that the process window could be extended from
several seconds to several minutes by using different solvent
compositions, attributed to the different evaporation rates of
solvents (Yang et al., 2017).

DEVELOPMENT OF AMBIENT
AIR–PROCESSED PSCS—TOWARD
MANUFACTURE
Perovskite thin films undergo severe degradation in the presence
of oxygen and moisture, and high-quality perovskite films are
typically prepared in inert gas–filled gloveboxes. Because of the
chemical complexity of the precursor solution, the presence of
oxygen and moisture in ambient air results in an uncertainty of
the precursor recipe developed for the glovebox process to be

FIGURE 2 | In situGIWAXS diagnostics performed during (A) spin coating and (B) blade coating of hybrid perovskite films at room temperature and (C) intensity vs
q plots of the low-q region corresponding to the crystalline MAPbI3. Reprinted with permission from Zhong et al. (2018). Copyright 2018 American Chemical Society.

FIGURE 3 | (A) In situ time-resolved UV-Vis absorption spectra of the blade-coated perovskite wet film. SEM images of the perovskite films receiving gas-assisted
drying at (B) t � 0 min, (C) t � 12 min, and (D) t � 18 min after the precursor wet films were blade-coated. Reprinted with permission fromHu et al. (2019). Copyright 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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transferred to the ambient process. Water molecules attack the
perovskite film by forming the (CH3NH3)4PbI6 di-hydrated
phase and PbI2 via the chemical reaction (Radicchi et al., 2020)

4(CH3NH3)PbI3 + 4H2O#4[CH3NH3PbI3

·H2O]#(CH3NH3)4PbI6 · 2H2O + 3PbI2+2Η2Ο

The mono-hydrated phase is reversible when receiving
subsequent dry treatment (Leguy et al., 2015). This stage is
reported as a beneficial factor which helps to enhance the
crystallization process to increase the grain size and achieve
better crystallinity. The improved lattice crystallinity induces
enhanced photovoltaic performance (Heo et al., 2014; Gong
et al., 2015; Wu et al., 2015; Chiang et al., 2017) and the
stability (Contreras-Bernal et al., 2018) of the PSCs. When the
chemical reaction proceeds further to the right with prolonged
exposure to water molecules, a di-hydrated phase is formed
accomplished by two water molecules. The release of two
water molecules provides the self-sustainability of the chemical
reaction process, resulting in the degradation of the complete
perovskite film. Computational studies also showed that aqueous
solutions inhabited the formation process of perovskites, but
small amount of water could be added as an additive for the
deposition of perovskite materials (Radicchi et al., 2020). A study
has been conducted recently to provide a comprehensive
understanding of the improvement of PSC stability against
water molecules through compositional engineering (Li et al.,
2021). Initial studies have been conducted on the synthesis of
water-stable perovskites for the application of light-emitting
devices (Jana and Kim, 2018; Ba et al., 2019). In the following
section, we will discuss the impact of airborne moisture on the
ambient air–processed perovskite thin films and summarize the
advances of upscaling fabrication of perovskite materials in the
ambient environment.

Impact of Airborne Moisture
Airborne moisture attack is the most challenging technical issue
to face to successfully transfer the perovskite solar cell fabrication
process from the well-controlled environment (inert gas–filled
glovebox) to the ambient conditions. It is known that, for a
fabricated perovskite device (film formation process is
completed), the organic components would be attacked by
moisture and the perovskite active layer would be
decomposed, and hence, both the device performance and
stability were significantly affected. However, the influence of
the presence of moisture during the fabrication process
(nucleation and crystal growth) on the perovskite crystallinity
is unclear. There were some contradictory results when the
perovskite layers were prepared in an ambient environment
with intrinsic or extrinsic moisture content. Zhou et al.
reported that the moisture level at RH � 30% resulted in an
enhanced reconstruction in film formation by partially dissolving
the reactant species and accelerating mass transport in the film.
This humidity enhanced reconstruction strategy improved the
PCE from 13.5% (control) to 16.4% for the device of architecture
ITO/TiO2/pvsk/spiro-OMeTAD/Au (Zhou et al., 2014).
Although excess moisture could damage the crystal structure

of perovskites, You et al. reported a similar positive effect of a
small amount of moisture in the annealing stage of the film
formation process could improve the film crystallinity (grain
size), carrier mobility, and lifetime of p–i–n devices, with the PCE
boosted from 12.3% to 15.4% (You et al., 2014). Pathak et al.
studied the effect of annealing parameters (annealing
atmosphere, time, and temperature) on the crystallinity of the
perovskite thin film. They also found that annealing in air
resulted in better crystallinity and a larger grain size than
annealing in nitrogen ambient (Pathak et al., 2015). Although
moisture (with proper moisture level) could be an advantage for
the annealing stage, it has been reported that moisture should be
avoided during the spin coating–induced nucleation stage (Gao
et al., 2015). It is also interesting to note that the aqueous HI
(57 wt% in H2O) additive in the MAPbI3 one-step spin-coating
process can significantly improve the device performance,
attributed to the prevention of decomposition of MAPbI3 into
MAI and PbI2 (Heo et al., 2015a; Heo et al., 2015b). However, the
water content in HI solution does not have any apparent adverse
effect on the thin film crystallinity. A similar observation was
reported by Heo et al. (2014) that devices fabricated by the
precursor solution prepared by DMF + H2O or DMF +
HBr(aq.) were better than those prepared by pure DMF
because the addition of H2O or aqueous HBr exhibited better
solubility than pure DMF. In general, it is a competing process
between the nucleation in the spin-coating stage and the film-
annealing stage in ambient conditions. Relatively dry ambient
favors the supersaturation in the spin-coating stage, resulting in
high nucleation densities for the formation of a compact and
smooth thin film. In the annealing stage, proper moisture content
is beneficial to the formation of perovskite films with good
crystallinity, which is attributed to the modest supersaturation
(You et al., 2014; Gao et al., 2015; Pathak et al., 2015). Thus,
control of supersaturation has proven to be the crucial factor to
control the nucleation and hence the final film grain size and
morphology. In ambient conditions, airborne moisture could
“dilute” the solute, impeding the supersaturation of the
precursor wet film.

As discussed above, the impact of airborne moisture could be
an advantage or disadvantage to the solidification process of the
perovskite thin film. To gain more insights into the effect of
kinetics of the moisture on the film formation in ambient
conditions, researchers performed systematic studies by
intentionally (extrinsically) adding water content in the
fabrication of the perovskite thin film. Wu et al. performed a
systematic study on the water additive, varied from 0 to 4 wt% to
DMF, in PbI2+DMF solution using a two-step deposition method
for the inverted device structure, and the best device was
produced from the solution with 2 wt% H2O additives (with
better surface morphology and film coverage) (Wu et al., 2015).
Although the PCE with optimized water content could produce a
device of PCE 18%, the mechanisms for the water enhanced
morphology were unclear. Gong et al. (2015) also used a similar
water additive method in the one-step deposition method for
CH3NH3PbI3-xClx, whereas Heo et al. (2014) used a water
additive method in the one-step deposition method for
MAPbBr3. Both reported better devices were achieved with a
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FIGURE 4 | (A) Photovoltaic performance of the perovskite thin films fabricated in ambient conditions at different relative humidity levels. Data are extracted from
(Liu et al., 2017) for the two-step spin-coating method (squares), (Yang et al., 2015) for the blade-coating method (circles), and (Cheng et al., 2019) for the two-step spin-
coating method with an optimizedmolar ratio at specific RH (triangles). (B) SEMmicrographs of the perovskite films fabricated by the spin-coating method at different RH
levels and different anti-solvents and the corresponding photovoltaic device parameters. Adapted under the terms of the CC-BYCreative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/BY/4.0/) (Troughton et al., 2017). Copyright 2017 The Authors. Published by Elsevier Ltd.
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proper amount of water additive than with anhydrous precursor
solution. Therefore, a suitable amount of water is beneficial to
promoting the grain growth, but excess amount of water is
detrimental because it dilutes the precursor concentration,
affecting the supersaturation condition.

Strategies to Deposit Compact Perovskite
Film in Ambient Conditions
Typically, PSCs fabricated in ambient conditions of high relative
humidity exhibit a poor photovoltaic performance, as shown in
Figure 4A. The decrease in PCE is attributed to the poor film
coverage and nucleation of the perovskite thin film which is
attributed to the impeding supersaturation of the precursor wet
film by moisture dilution. Troughton et al. (2017) performed
systematic studies on the preparation of the perovskite layer in
ambient conditions at different humidity levels (Figures 4B). As
expected, the higher the relative humidity (RH), the poorer the
film coverage (providing a shunt path of the device). Their studies
also found that anti-solvent with higher water solubility (as both
anti-solvent and water absorber) produced better film coverage at
high humidity levels. Ethyl acetate, an anti-solvent with higher
water solubility, could minimize the moisture exposure of the
intermediate phase MAI-PbI2-DMSO, which is known to be very
unstable in moisture (Jung et al., 2014). Cheng et al. (2019)
optimized the molar ratio of the precursor solution targeted for
the fabrication of PSCs at different RH levels (from 20% to 60%
RH) to maintain a constant PCE (Figure 4A). Similar results have
been reported by Aranda et al. to optimize the DMSO:Pb ratio of
the perovskite ink targeted at different RH levels (Aranda et al.,
2017). Although the PCE is independent of the ambient RH
(ranging from 20 to 60%), the processing window is very narrow
especially when there is a day-to-day variation in RH. There are
also different strategies to minimize the impact of high humidity
conditions on the spin-coating deposition of the perovskite thin
film in ambient conditions. tBP was used as an additive for one-
step deposition of MAPbI3, which is beneficial to its hydrophobic
property to increase the moisture resistance in the solidification
process (Liu et al., 2017). The Han group used NH4Cl as an
additive to improve the grain size and film morphology via
moisture-assisted nucleation (Rong et al., 2017). There are also
some other strategies to control the nucleation in the ambient
conditions summarized inTable 1 (Ko et al., 2015; Tai et al., 2016;

Cheng et al., 2017; Liu et al., 2017; Rong et al., 2017; Troughton
et al., 2017; Singh and Miyasaka, 2018; Wang et al., 2018; Cheng
et al., 2019). However, the use of anti-solvent is very ineffective
for large scale device production, and the reproducibility is not
desired because of the complex dynamics. In the next section, we
will discuss the upscaling fabrication of PSCs in the ambient
environment by the meniscus blade–coating method.

Ambient Blade Coating–Processed
PSCs—Keys to Success
Yang et al. performed the blade coating of perovskite layer in
ambient conditions at different relative humidity levels, varying
from 15% to 70% (Yang et al., 2015). Their findings suggested that
the airborne moisture significantly affected the nucleation and
crystal growth of perovskites, as shown in Figure 5A–F. As
expected, the corresponding PCE of the PSCs decreased as the
fabrication ambient RH increased. A PCE of 10.71% was obtained
for the device fabricated at RH � 15–25%, whereas the reference
device fabricated in a glovebox with H2O < 0.1 ppm showed a
comparable PCE of 11.32%. This evidence shows that airborne
moisture affects the perovskite nucleation and growth
mechanisms although it is still processable at RH < 25% (a
limiting factor in manufacturing). In this section, we will
explore different strategies to form a compact and high-quality
perovskite film under ambient conditions: hot-substrate coating,
compositional engineering, adding additives, solvent engineering,
adding surfactant, and gas quenching.

The film formation process for the meniscus blade–coating
method is different from that of the spin-coating method (Kim
et al., 2015). As discussed in the previous sections, the process
transfer from spin coating to blade coating is not straightforward
due to the complexity of the chemical process (Yang et al., 2017)
and also the different solvent evaporation rates during the
spinning and blading stages, as shown in Figure 2A,B (in situ
GIWAXS) (Zhong et al., 2018). It was found that the evaporation
rate of the solvent could be accelerated by heating the substrate
when the blade coating of wet film was conducted (Deng et al.,
2015; Kim et al., 2015; Zhong et al., 2018). The hot substrate
provides thermal energy to evaporate the solvent to approach the
supersaturation to initiate the nucleation process. It is worthy to
note that the intermediate phase is very sensitive to moisture.
Thus, blade coating on the hot substrate, with optimized

TABLE 1 | Strategies to control the nucleation and growth of perovskite films fabricated in ambient conditions.

Perovskite composition Methodology Ref.

MAPbI3 (one-step) tBP additive (hydrophobic) to increase the moisture resistance Liu et al. (2017)
MAPbI3 (one-step) Anti-solvent of higher water solubility to extract moisture from intermediate phase Troughton et al. (2017)
MAPbI3 (one-step) NH4Cl additive and moisture–assisted crystallization Rong et al. (2017)
MAPbI3 (two-step) Optimized molar ratio for different ambient RH levels Cheng et al. (2019)
MAPbI3 (two-step) ZnO nanoparticle–induced crystallization Wang et al. (2018)
MAPbI3 (two-step) Hot substrate Cheng et al. (2017)
MAPbI3 (two-step) Hot substrate Ko et al. (2015)
MAPbI3-x (SCN)x (two-step) Lead(II) thiocyanate precursor Tai et al. (2016)
Csx (FA0.83MA0.17) (1-x)Pb(I0.83Br0.17)3 Cs-controlled grain growth at low RH (15–25%) Singh and Miyasaka (2018)
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temperature, can accelerate the solidification process from the
wet film via the intermediate phase to the final solid state to
minimizing the intermediate phase being attacked bymoisture. In
situ GIWAXS was conducted, and no intermediate solvates were
observed at substrate temperature >100°C. A PCE of 17.5% was
achieved at a substrate temperature of 150°C. The drawback of the
high-temperature process is the difficulty in blade coating on
flexible substrates.

Compositional engineering is another key aspect to be
considered in the ambient air–processed perovskite solar cells.
MAPbI3 is widely used as the active layer in PSCs. However, its
bandgap energy is too large for achieving maximum efficiency.
The alloying of mixed cations (FA andMA) can tune (reduce) the
bandgap energy, thereby increasing the short-circuit current
which is attributed to the broadening of the solar absorption
spectrum. However, pure FA-based perovskite materials suffer
from poor phase stability and high moisture sensitivity. Deng
et al. tuned the composition of the perovskite (FA0.4MA0.6PbI3) to
extend the absorption onset to 850 nm (Deng et al., 2016). The
perovskite layer was prepared by doctor blade coating on the hot
substrate at 140°C to form the α-phase (Figure 6A–E), and a
device PCE of 18.3% was demonstrated. The same group then
further optimized the ink formulation by adding a small fraction
of Cs cations and Br anions to lower the process substrate
temperature to 120°C in the blade-coating process of the
Cs0.02FA0.38MA0.6PbI2.975Br0.025 perovskite film (Tang et al.,
2017). However, the devices fabricated under these conditions
shunt easily. MACl was used as an additive to slow down the
grain growth in the film-annealing stage, thereby forming a
smoother and more compact film and reducing the shunt pathway
of the device (Dong et al., 2015; Tang et al., 2017). A PCE of 19.3%was
demonstrated on the champion device which was blade coated at a
substrate temperature of 120°C in ambient conditions. Although these

TABLE 2 | Comparison of some representative PSCs with perovskite thin films fabricated by the blade-coating method in the ambient environment.

Perovskite composition Crystallization protocol RH (%) PCE (%) Ref.

MAPbIxCl3-x Hot substrate (60°C) 15–25% 10.71% Yang et al. (2015)
MAPbIxCl3-x Hot substrate (60°C) 40–50% 4.07% Yang et al. (2015)
MAPbIxCl3-x Hot substrate (60°C) 60–70% 0.53% Yang et al. (2015)
MAPbI3 Hot substrate (150°C) 25–45% 7.32% Mallajosyula et al. (2016)
MAPbI3 NH4Cl additive; gas quenching 30–50% 19.72% Dai et al. (2020)
FA0.85MA0.15PbI2.55Br0.45 Hot substrate (60°C) 30% 20.05% He et al. (2017)
CsPbI2Br Hot substrate (80°C) 35% 14.7% Fan et al. (2019)
Cs0.05FA0.8MA0.15PbI2.55Br0.45 Hot substrate (150°C) 50% 18.2% Tang et al. (2020)
FA0.85MA0.15PbI2.55Br0.45 Hot substrate (150°C) 50% 15.8% Tang et al. (2020)
Cs0.05FA0.8MA0.15PbI3 Hot substrate (150°C) 50% 16.3% Tang et al. (2020)
FAPbI2.55Br0.45 Hot substrate (150°C) 50% 13.9% Tang et al. (2020)
FAPbI3 Hot substrate (150°C) 50% 12.35% Tang et al. (2020)
MAPbI3 Hot substrate (150°C) 55% 17.5% Zhong et al. (2018)
MAPbI3 Hot substrate (145°C); L-α-phosphatidylcholine additive Not specified 20.3% Deng et al. (2018)
MAPbI3 Hot substrate (85°C); gas quenching Not specified 19.5% Ternes et al. (2019)
MAPbI3 Gas quenching with mixed solvent (DMSO, DMF, ACN, 2-ME) Not specified 21.3% Deng et al. (2019)
MAPbI3 Diethyl ether bath; MACl additive 10–20% 19.05% Yang et al. (2017)
MAPbI3 Hot substrate (150°C); “non-toxic” solvent 45% 18.0% Bi et al. (2018)
Cs0.05FA0.8MA0.15PbI2.55Br0.45 Gas quenching 55% 21.1% Fong et al. (2021)
MAPbI3 Hot substrate (150°C); “non-toxic” solvent Not specified 17.02 Huang et al. (2020)
MAPbI3 Hot substrate (135°C); PbAc2·3H2O lead source 45% 16.4% Kong et al. (2018)

FIGURE 5 | Photographs and SEM micrographs of the perovskite thin
films fabricated by blade-coating technique at different RH levels. Images were
taken at (A, D) RH � 50–70%, (B, E) RH � 40–50%, and (C, F) RH � 15–25%.
A compact perovskite film was obtained under RH � 15–25%, and
needle-like crystallites were observed for the sample fabricated under RH �
60–70%. Reprinted with permission from Yang et al. (2015). Copyright 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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triple cation CsFAMA–based PSCs exhibit a larger bandgap than
MAPbI3 PSCs, the blade-coated device performance still lags behind
that of the MAPbI3-based devices. Recently, Wu et al. successfully
fabricated pure phase FA–dominated PSCs using the doctor
blade–coating method, demonstrating a PCE over 22% (Wu et al.,
2020). They found that a small amount of organic halide molecules,
phenylethylammonium chloride (PEACl), could enhance the phase
purity and stability of FA-alloyed PSCs. The PEACl molecules
provided three functions for the enhanced nucleation and growth:
1) PEA+ cations passivated the negatively charged A-site vacancies; 2)
Cl− anions altered the nucleation and grain growth to achieve a
compact and low defect density thin film; and 3) the hydrophobic
conjugated rings provided a highmoisture resistance to the perovskite
precursor.

Apart from compositional engineering, solvent engineering
also plays a key role in the ambient fabrication of perovskite thin
films. Yang et al. (2017) developed an excess chlorine–containing
MAPbI3 precursor solution with proper solvent tuning and
coupled with anti-solvent bathing, to increase the processing
window up to 8 min and create a rapid grain growth, at room
temperature with RH � 10–20%. The ink used for both spin
coating and blade coating resulted in comparable film
morphology and device performance. The improved film
morphology was attributed to the Ostwald ripening of the
grains (recrystallization of the perovskite film to form large
grains during the annealing stage). A four-cell module
(12.6 cm2 with 88% geometric fill factor) was demonstrated
with a stabilized efficiency of 13.3%.

Blade coating is a facile and roll-to-roll–compatible deposition
method for manufacturing. It is scalable and reduces the wastage
of material (compared to the spin-coating method). For
manufacturing, it is also desired to achieve a high-throughput
process. Hence, fast blading speed in air is necessary. Deng et al.
reported the use of surfactant to enhance the wettability of the ink
solution especially fabricated on the p–i–n structure using the
hydrophobic PTTA hole transport layer (Deng et al., 2018). A fast
blading speed of 180 m h−1 was achieved by adding 20 ppm
surfactants into the ink solution. In addition, the surfactants
passivated the traps which produced ambient blade–coated PSCs
of PCE over 20%.

Gas-assisted drying has been demonstrated to remove solvent
effectively such that the supersaturation condition is achieved,
and nucleation is started in glovebox-processed PSCs (Huang
et al., 2014; Deng et al., 2019; Green et al., 2019). Recently, our
group reported highly efficient PSCs (PCE � 21.1%) fabricated at
room temperature in ambient conditions of 55% RH by the
meniscus blade–coating method using air-knife–assisted drying
to accelerate the evaporation of solvent (Fong et al., 2021). In situ
UV-Vis spectroscopy studies were conducted to quantitatively
analyze the influence of blowing gas velocity on the nucleation
rate in the solution-to-solid solidification process. A gas blowing
velocity of 42 m s−1 enabled the fabrication of PSCs with steady
PCE under ambient conditions up to 65% RH. Comparison of
some representative PSCs with the perovskite thin films
fabricated in the ambient environment are summarized in
Table 2.

FIGURE 6 | Formation of the mixed cation perovskite film in ambient conditions using the hot-substrate method (A) Illustration of the blade-coating method on the
hot substrate at temperature between 100°C and 145°C. Illustration of the free energy of α-phase and α-phase at (B) room temperature and (C) at 145°C. Phase purity is
illustrated and characterized by X-ray diffraction for (D) FAPbI3 and (E) FA0.4MA0.6PbI3, respectively, at different substrate temperatures. Reprinted with permission from
Deng et al. (2016). Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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SUMMARY AND OUTLOOK

Remarkable progress in the stability and efficiency of
perovskite solar cells has been demonstrated in laboratory
small-scaled devices fabricated in an inert gas–filled glovebox.
The blade-coating method is a promising technique which is
compatible with the roll-to-roll manufacturing process.
Extensive studies of solvent engineering, precursor
composition engineering, adding additives, adding
surfactants, hot-substrate coating, and gas-assisted drying
on the nucleation of the perovskite by meniscus blade
coating of perovskite thin films in ambient conditions have
been conducted. Recently, fast blading speed has been reported
attributed to the improved wettability by surfactant. Device
stability has also been widely studied by controlling the
nucleation process in the ambient environment. The most
processing challenge falls into the game-changing
parameter—ambient moisture. Extensive studies showed
that water molecules could facilitate the formation of large
grains but could also result in material degradation. More
studies are needed in the future in compositional engineering
not only due to the phase, thermal, and chemical stability but
also due to the environmental impact. The photovoltaic
performance of Pb-free perovskite PSCs lags behind that of

the Pb-based PSCs. However, the toxicity of Pb and solvent
would hinder the manufacturing process until a robust
encapsulation process is well-developed. A recent
computational study provided in-depth understanding and
strategies to improving the stability of PSCs against
moisture through compositional engineering (Li et al.,
2021). More studies could be performed in this direction to
achieve a Pb-free ambient air–processed PSC.
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