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ABSTRACT:With increasing demand for renewable energy, perovskite solar cells (PSCs) have emerged as a promising alternative due to
their high efficiency and solution-based manufacturing processes. However, the fabrication of PSCs in ambient conditions, as opposed
to inert environments, remains challenging due to environmental factors such as moisture and oxygen that degrade perovskite materials.
Developing air-processed PSCs is therefore critical for reducing fabrication cost, simplifying manufacturing infrastructure, and enabling
scalable production compatible with industrial processes. Moreover, air processing represents a key step toward realistic deployment,
bridging the gap between laboratory demonstrations and commercial applications. This perspective discusses the progress of air-processed
PSCs, highlights the environmental challenges related to stability and performance, and outlines potential strategies for future research,
including precursor chemistry, solvent and additive engineering, and interface optimization. In addition, emerging scalable deposition
techniques, automated platforms, andmachine learning-assisted control are expected to accelerate device optimization and reproducibility.
Despite remaining challenges, commercializing air-processed PSCs is increasingly viable, promising a sustainable and efficient approach
for solar energy technology.

1. INTRODUCTION

Renewable energy sources are gaining significant attention
with the growing global challenges of climate change and

energy scarcity [1]. Solar power has seen a strong rise in de-
mand, driving increased interest in new and cost-effective tech-
nologies for next-generation photovoltaics like perovskite solar
cells (PSCs) [2]. PSCs stand out as highly promising candi-
dates for next-generation photovoltaic technologies due to their
high power conversion efficiency (PCE), solution-processed
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manufacturing, and tunable optoelectronic properties [3, 4].
Since their debut in 2009 [5], single-junction PSCs have wit-
nessed a rapid evolution in efficiency, reaching certified val-
ues over 27% [6] within just over a decade. While single-
junction silicon solar cells have achieved an impressive effi-
ciency of 27.80% [7], approaching the theoretical Shockley-
Queisser limit of about 29.40%, further improvements are be-
coming increasingly difficult as they approach the thermody-
namic detailed balance limit [8]. In addition, their energy-
intensive production and related carbon emissions highlight the
need for new processing methods and device designs. These
factors have accelerated the search for alternative photovoltaic
technologies like PSCs. However, the most highly efficient
PSCs are fabricated under inert atmospheres or controlled hu-
midity to ensure film quality [9], which limits their scalability
and increases production cost.
In light of the above, air-processed PSCs have garnered in-

creasing attention as a more practical approach for industrial-
scale manufacturing. As a result, recent advances in fabrication
methods and modulation strategies have significantly enhanced
the development of high-performance air-processed PSCs [10].
Techniques such as slot-die coating, screen printing, spray coat-
ing, and inkjet printing have been successfully implemented
for large-scale photovoltaic devices [11]. However, PSCs are
highly sensitive to the surrounding environment during fabri-
cation, making ambient production challenging [12]. For per-
ovskite compositions, charge-transport layers and their inter-
faces can be affected by air. Various strategies have been ex-
plored to make air-processed PSCs more efficient, stable, and
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FIGURE 1. (a) Schematic illustration of key environmental factors — including moisture, oxygen, light, temperature — that govern perovskite
film formation and stability during ambient fabrication. Reproduced with permission from Ref. [19], Copyright 2023 Elsevier. (b) Chronological
evolution of the champion PCE of small-area (∼0.1 cm2) and large-area (∼1 cm2) PSCs fabricated in ambient air and glovebox environments.
(HainanU (Hainan University), Soochow (Soochow University), UNSW (University of New South Wales), BaimaLake (Baima Lake Laboratory),
HEBUT (Hebei University of Technology), NCEPU (North China Electric Power University)).

reproducible, including compositional tuning, additive incor-
poration, solvent engineering, and surface modification [13–
18]. Figure 1 illustrates the environmental factors affecting
PSCs and recent performance trends of both small-area and
large-area PSCs fabricated under ambient air versus glovebox
conditions. Encouragingly, the performance gap between de-
vices fabricated in air and those processed in inert atmospheres
is narrowing. Given that material costs constitute only a frac-
tion of the total cost of PSC production, with the majority of
expenses stemming from processing and equipment, ambient
fabrication offers cost reductions by eliminating the need for
gloveboxes, gas purification systems, and a continuous inert
gas supply. This enhances the economic feasibility of the large-
scale manufacturing of PSCs. From this perspective, we dis-
cuss the challenges of perovskite stability in ambient air, recent
advancements in air-processing methods, and future research
directions.

2. STABILITY CHALLENGES OF PEROVSKITES IN
AMBIENT AIR FABRICATION

High-quality perovskite films are essential for ensuring both the
stability and efficiency of PSCs. Such films typically exhibit
high surface coverage, large grain sizes, low defect concentra-
tions, and uniform crystal orientation [20, 21]. These character-
istics collectively underpin their superior performance. How-
ever, PSCs exhibit pronounced sensitivity to environmental
factors such as moisture, oxygen, light, and temperature, all
of which can influence their performance and long-term sta-
bility [22]. Oxygen and water have been proven to be the
most important external elements leading to the degradation of
PSCs [19]. Accordingly, the following section examines the
roles of water and oxygen in shaping the quality of perovskite
during the fabrication of PSCs under ambient conditions.

CH3NH3PbI3 (MAPbI3) is the archetypal perovskite in
PSCs, but the hygroscopic methylammonium cation (MA+)
makes it highly moisture-sensitive, accelerating degrada-
tion [23]. Water penetrates along grain boundaries to form a
reversible monohydrate (Eq. (1)) and, under high humidity,
a zero-dimensional dihydrate (Eq. (2)) that can decompose
to volatile MAI and residual PbI2 (Eq. (3)), causing lattice
expansion, grain-boundary separation, and impaired charge
transport; these pathways and their light-assisted progression
have been documented by XRD and optical studies [24–
27]. PbI2 accumulation also raises solubility and toxicity
concerns [28, 29].

MAPbI3 + H2O ↔ MAPbI3 · H2O (1)
(4− n)MAPbI3 + nMAPbI3 · H2O+ (2− n)H2O
↔ MA4PbI6 · 2H2O+ 3PbI2 (2)
MA4PbI6 · 2H2O ↔ PbI2 + 4MAI+ 2H2O (3)

Beyond its role in degradation, water exerts stage-specific
effects during fabrication, influencing nucleation, intermediate
phase evolution, and final film morphology. In one-step spin
coating, excessive humidity accelerates nucleation, producing
poor coverage and reduced device stability, while controlled
relative humidity (RH) yields more uniform films [30, 31].
Moderate humidity during annealing can promote Ostwald
ripening, enlarging grains and improving crystallinity, though
sometimes at the cost of coverage [32, 33]. In two-step pro-
cesses, moisture during PbI2 formation lowers precursor super-
saturation, reducing nucleation density and producing larger,
rougher PbI2 grains via adsorption and hydrogen bonding,
which can harm morphology [31]; however, residual water can
aid MAI-PbI2 conversion in the subsequent salt step [34, 35].
Thus, the best practice is low humidity for the initial PbI2
deposition and controlled, moderate humidity during conver-
sion and annealing [36]. At scale, humidity plays a dual role:
low RH limits dissolution and grain growth, excessive RH
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FIGURE 2. Dual role of oxygen and water for the perovskite film: Degradation of perovskites or better film crystallization.

causes over-dissolution and water accumulation at grain bound-
aries, while intermediate RH optimizes PbI2 solubility, pro-
motes grain growth, suppresses pinholes, and helps passivate
grain boundaries—making humidity a key tunable process pa-
rameter [37].
Oxygen also exhibits a dual role during the fabrication of

PSC [38]. MAPbI3 degrades in O2, forming charge barriers via
reactions with MA+ and increasing defect mobility and elec-
tron traps [39, 40]. Photoexcited electrons accelerate oxygen-
mediated degradation: in the dark, MAPbI3 can oxidize to PbI2
(Eq. (4)), while under illumination, superoxide (O2) formed
from O2 reacts with photoexcited MAPbI3* to drive deproto-
nation and decomposition (Eq. (5)) [41]. Iodine vacancies and
grain boundaries promote O2 formation and diffusion; thus,
films with smaller grains (more boundaries) generate more su-
peroxide and degrade faster. Inorganic perovskites (CsPbX3)
follow different oxidation pathways depending on O2 content
(Eqs. (6)–(8)) [42]. Photoexcited CsPbBr3 can transfer elec-
trons to metal oxides (TiO2, SnO2, ZnO), which then reduce
O2 to O−

2 (Eq. (9)), causing hole accumulation in the per-
ovskite and accelerating oxidation [43]. Chemisorbed oxygen
can also induce interstitial oxygen defects in compositions like
CsPbI2Br, further compromising stability [44].

4CH3NH3PbI3 + O2 → 4PbI2 + 2I2 + 2H2O
+4CH3NH2 (4)
4CH3NH3PbI3 ∗+O−

2 → 4PbI2 + 2I2 + 2H2O
+4CH3NH2 (5)

CsPbX3 +
1

2
O2 → 1

2
Cs2O+

1

2
X2 + PbX2 (6)

CsPbX3 +
1

2
O2 → CsX+ X2 + PbO (7)

CsPbX3 +
3

4
O2 → 1

2
Cs2O+

3

2
X2 + PbO (8)

CsPbBr3(h+) + TiO2(e−) + O2 → CsPbBr3(h+)
+TiO2 + O−

2 (9)

Despite these drawbacks, oxygen can also play a beneficial
role in PSC fabrication. Brenes et al. reported that air expo-
sure during one-step deposition can reduce trap density [45].
This effect is attributed to superoxide formation at iodide va-
cancies, which passivates shallow surface states and suppresses

ion migration. In two-step processes, Ren et al. found that oxy-
gen can interact at perovskite-interface regions to passivate de-
fects [46], while Cheng et al. demonstrated carrying out the
two-step method in an atmosphere with elevated oxygen levels
and high RH = 70% with improved moisture resistance [47].
Thus, an appropriate oxygen concentration can enhance the
crystallinity and stability of perovskite. Oxygen also influences
device properties during annealing. It was observed that oxy-
gen treatment during this stage reduces trap density, prolongs
carrier lifetime, suppresses non-radiative recombination, and
improves device performance compared with inert-gas anneal-
ing [46].
Taken together, moisture and oxygen exhibit pronounced

stage-dependent dual roles (shown in Figure 2) during the ambi-
ent fabrication of perovskite solar cells. While excessive or un-
controlled exposure accelerates chemical degradation through
hydration- and oxidation-driven pathways, precisely regulated
introduction at specific processing stages can promote crystal-
lization, defect passivation, and interfacial stabilization. Con-
sequently, rational control over exposure timing, concentration,
and processing sequence is essential to harnessing their benefi-
cial effects while suppressing degradation. This understand-
ing provides a coherent framework for designing robust air-
processing strategies.

3. RECENT PROGRESS IN AIR-PROCESSED PSCS
Recent advances in air-processed PSCs can be divided into pre-
cursor chemistry, film crystallization control, and device op-
timization (shown in Figure 3 and Table 1). Perovskite pre-
cursors in air are prone to iodide oxidation (I− → I2/I−3 ) and
deprotonation of organic cations, leading to halide/Pb vacan-
cies, energetic disorder, and shallow non-radiative traps. These
reactions precondition films toward poor crystallinity and low
device performance. Countermeasures typically involve re-
dox control and ionic-pair stabilization. Benzylhydrazine hy-
drochloride reconverts I2 to I− [48], while DMAFo stabilizes
iodide and organic cations through coordination and hydro-
gen bonding, improving crystallinity and reducing defects [49].
Tian et al. incorporated bio-derived chitin polymers in the
two-step process [50]. Chitin forms coordination and hydro-
gen bonds with PbI2 and organic salts, stabilizing inks against
degradation, accelerating solid-liquid conversion, and yielding
oriented, defect-suppressed films. Our group introduced reduc-
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FIGURE 3. Optimization strategies for air-processed PSCs. The figure groups methods by scale: precursor stabilization (yellow), film crystallization
(blue), and device optimization (green). Precursor stabilizer: a protective effect of DMAFo in the precursor under air conditions [49] and reduc-
tive MHy+ molecular, which can suppress iodide oxidation and halide segregation [51]. Reproduced with permission from Refs. [49] and [51],
Copyright 2024 Springer Nature and 2025 Springer Nature. Film crystallization optimization includes solvent and additive engineering. Solvent
engineering: Cosolvency effect for the solubility of FAPbI3 in 2ME/GBL mixtures as a function of 2ME fraction at 90◦C [53]. Reproduced with
permission from Ref. [53], Copyright 2025 American Chemical Society. Additive engineering: Molecular structure of the TTM-7BCz additive [59]
and electrostatic surface potential map of HargCl additive [60]. Reproduced with permission fromRefs. [59] and [60], Copyright 2024 The American
Association for the Advancement of Science and 2025 Wiley-VCH GmbH. Device optimization encompasses passivation of the perovskite layer,
enhancement of the charge transport layer (CTL), and interface engineering for both the buried and top surfaces. Passivation: ZnI2 in acetonitrile
(ACN) post-treatment on perovskite films [62]. Reproduced with permission from [62], Copyright 2025 Wiley-VCH GmbH. CTL improvement
contains doping SnO2 ETL via DAC-AA [66] and novel HTL poly-DCPA [67]. Reproduced with permission from Refs. [66, 67], Copyright 2025
Wiley-VCH GmbH and 2024 Royal Society of Chemistry. Interface engineering: EGT at the SnO2/perovskite interface [68] and 3,5-DFBH at the
perovskite/HTL interface [70]. Reproduced with permission from [68, 70]. Copyright 2024 Wiley-VCH GmbH and 2024 Elsevier.

tive methylhydrazinium (MHy+), which coordinates with Pb,
suppresses iodide oxidation and halide segregation, and raises
themigration barrier [51]. This yielded awide-bandgap (WBG)
PSC with 23.30% PCE and a record-low 0.37V voltage loss;
mini-modules achieved 19.80% efficiency in ambient air, re-
taining 94% after 700 h at 55 ± 5◦C.
Film crystallization dynamics also play critical roles in

air-processed PSCs. Process parameters strongly influence
perovskite crystallization under ambient conditions. Using
an automated deposition platform (SPINBOT), Zhang et al.
identified organic halide dripping speed as a critical variable,
about 50µL/s, that minimized PbI2 residues and yielded
dense, large-grained films [52]. Devices fabricated using this
protocol exceeded 23.00% PCE and retained more than 93%
efficiency after 1200 hours of photo-thermal stress, highlight-

ing the automation for reproducible, additive-free fabrication.
Solvent engineering further optimizes the crystallization
process. A cosolvency effect for FAPbI3 in γ-butyrolactone
(GBL)/2-methoxyethanol (2ME) mixtures enhanced solubil-
ity. Mixing GBL with 2ME disrupts the hydrogen bonding
of 2ME, allowing its hydroxyl/ether groups to solvate the
precursor more effectively. The resulting shift in solubility
lowers instantaneous supersaturation during high-temperature
crystallization, suppresses δ-phase formation, and reduces
nucleation density, enabling space-confined growth of un-
doped α-FAPbI3 thin single crystals in air [53]. Another
strategy replaced isopropanol with less volatile isobutanol,
slowed evaporation, suppressed the δ-phase, and broadened
the RH window from 20% to 80%, enabling devices up to
25.10% PCE with > 1000 h stability [54]. Water and alcohol
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TABLE 1. Representative air-processed PSCs demonstrations. Optimization level, device architecture, coating method, fabrication condition (typical
RH), reported PCE, and reference are listed.

Optimization
level

Device
architecture

Coating
method

Fabrication
condition

PCE
(%)

Ref.

Precursor
p-i-n;

DMAFo-stabilized
precursor

Spin coating
Ambient air
35–50 RH%

24.72% Nature Energy 2024 [49]

Precursor
p-i-n;

Reductive MHy+

cation for WBG PSCs
Blade coating Ambient air 23.30% Nature Sustainability 2025 [51]

Film
p-i-n;

GBL/2-ME
cosolvency

Spin coating Ambient air 21.56% JACS 2025 [53]

Film
n-i-p;

Additives improve
crystallization

Spin coating
Ambient air
20–60 RH%

24.50% Science 2024 [59]

Film
p-i-n;

Additives
improve the film

Spin coating Ambient air 25.05% Adv. Energy Mater. 2025 [60]

Device
p-i-n;

Passivation (ZnI2
post-treatment)

Spin coating
Ambient air
60± 10 RH%

25.20% Angew. Chem. Int. Ed. 2025 [62]

Device
p-i-n;

Dual-site
passivation (APCl)

Spin coating Ambient air 26.32% Energy Environ. Sci. 2025 [63]

Device
n-i-p;

SnO2 doping
with DAC-AA

Spin coating Ambient air 23.87% Adv. Mater. 2025 [66]

Device
p-i-n;

Poly-DCPA
hole transporter

Blade coating Ambient air 24.90% Energy Environ. Sci. 2025 [67]

Device
n-i-p;

Buried-interface
engineering (EGT)

Spin coating Ambient air 25.13% Adv. Mater. 2024 [68]

Device
n-i-p;

Top-interface engineering
(3,5-DFBH)

Spin coating Ambient air 24.57% Chem. Eng. J. 2024 [70]

Device
n-i-p;

Monolithic perovskite-organic
hybrid tandem solar cells

Spin coating Ambient air 23.07% Energy Environ. Sci. 2024 [72]

Device
p-i-n;

Perovskite-organic
tandem solar cells

Blade coating Ambient air 24.40% Adv. Energy Mater. 2025 [73]

based solvents are gaining attention as green alternatives
for ambient-air perovskite processing [55, 56]. Compared
to traditional toxic solvents, water and short-chain alcohols
reduce health and environmental risks while offering new
ways to control crystallization. A previous study reported
that water-based systems, such as Pb(NO3)2/H2O, can pro-

duce high-quality films when combined with additives or
light modulation, achieving PCEs of 23.74% under ambient
conditions [57]. These strategies help regulate nucleation,
improve film coverage, and expand the workable humidity
range. Using green solvents also supports scalable coating
methods, such as blade and slot-die printing, making them
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promising for industrial production. Additives can tune crys-
tallization and enhance phase stability. 2-thiazole formamidine
hydrochloride molecules slowed crystallization and improved
morphology [58]. Hydrophobic radical TTM-7BCz stabilized
PbI2-DMSO complexes, enabling oriented FAPbI3 films at
20–60% RH with 24.50% PCE [59]. A similar approach was
reported by Wu et al. [60], who introduced L-homoarginine
hydrochloride (HargCl) into the PbI2 precursor to suppress
the formation of hygroscopic PbI2· xDMSO complexes.
HargCl not only displaced residual DMSO through stronger
coordination with PbI2 but also passivated vacancy defects
and imparted hydrophobic protection to the perovskite film.
This multifunctionality enabled the fabrication of fully air-
processed inverted PSCs with a champion PCE of 25.05% and
outstanding stability, retaining 96% of their initial efficiency
after 500 hours of storage in 20–40%RH.
Beyond crystallization to the device level, films processed in

air often retain excess defects and surface instabilities. Strate-
gies target specific vacancies or coordination sites. In inorganic
perovskites, Liu et al. exploited ambient moisture to hydrolyze
sulfonic acid precursors, which passivated Pb2+ defects and
improved hydrophobicity. CsPbI3 modules reached 18.22%
(certified) with strong environmental stability [61]. Surface
cation exchange was demonstrated by Xu et al., who treated
films with ZnI2, partially replacing Pb2+ to form a compact
PbI2 shell [62]. This passivated defects, optimized band align-
ment, and enabled an efficiency of 25.20% under humid air.
Dual-site binding was achieved by Lu et al., who introduced
heterocycle-functionalized amidinium (APCl) to target both
FA+ and I− vacancies, reducing recombination and stabiliz-
ing interfaces. This strategy yielded 26.83% (certified 26.32%)
with excellent durability [63]. Scalable approaches have also
been reported. Incorporation of fluorinated quaternary ammo-
nium iodide (FSAI) into precursors stabilized the α-FAPbI3
phase and passivated defects, producing uniform blade-coated
films with 24.37% efficiency and 22.00% for modules [64].
Sodium benzene phosphinate (SBP) suppressed iodide oxida-
tion and ion migration during blade-coating at ∼60% RH, en-
abling 22.10% efficiency and> 2000 h air stability [65]. These
examples show howmolecular passivation also extends to scal-
able coating methods under humid air.
Interface engineering is also critical for high-performance

ambient-processed devices. Optimizations can be implemented
in charge transport layers. Ning et al. engineered SnO2 electron
transport layers (ETLs) via doping with DAC-AA molecules,
which coordinate with SnO2 to reduce surface defects and
promote preferential (101) and (200) facet orientations bet-
ter matched to the perovskite (100) plane [66]. This facet
control improves charge transfer and suppresses micro-strain,
leading to flexible PSCs with efficiencies of 23.87% and re-
markable mechanical durability. For hole transport layers
(HTLs), Zhao et al. developed the polymer poly-DCPA to im-
prove adhesion between the HTL and the transparent con-
ductive oxide (TCO) in scalable devices [67]. The biphos-
phonic acid groups in poly-DCPA formed robust anchoring
interactions with the TCO surface, simultaneously interact-
ing with the perovskite layer to significantly enhance inter-
facial stability and film quality. Compared to conventional

SAM hole transport layers, poly-DCPA exhibited over four
times stronger adhesion, improved conductivity due to its ex-
tended conjugated backbone, and broadened the processing
window for ambient blade coating. Buried interface engineer-
ing has also been extensively explored. Yang et al. intro-
duced ergothioneine (EGT) at the SnO2/perovskite interface,
where EGT chelates uncoordinated Sn4+/Pb2+, anchors io-
dide ions to suppress their oxidation, reduces interfacial re-
combination and ion migration, lowers oxygen vacancies in
SnO2, and promotes oriented crystallization with stress re-
lief. This multifunctional approach enabled devices with a
record 25.13% efficiency and excellent long-term thermal sta-
bility [68]. Zhu et al. proposed an interfacial engineering strat-
egy by introducing tetramethylammonium chloride (TMACL)
as a “molecular glue” to strengthen the SnO2/perovskite in-
terface [69]. TMACL not only stabilized SnO2 colloidal so-
lutions for uniform blade-coating but also effectively reduced
interfacial trap densities and guided ordered perovskite crys-
tal growth. This approach enabled fully air-processed blade-
coated PSCs to achieve a champion PCE of 26.11% for small
cells and 22.76% for a 57.2 cm2 module, alongside excellent
operational stability exceeding 1500 hours under ISOS-O test-
ing. At the top interface, fluorination-based engineering has
also shown great promise. A fluorination-based interface engi-
neering method introduces fluoro-substituted benzamidine hy-
drochlorides, notably 3,5-difluoro-benzamidine hydrochloride
(3,5-DFBH), to effectively passivate cation and halide vacan-
cies via ionic, hydrogen-bonding, and coordination interac-
tions [70]. This treatment also relieves tensile stress at the
perovskite/HTL interface, optimizes energy level alignment,
and enhances surface hydrophobicity, thereby suppressing both
radiative and trap-assisted non-radiative recombination. As
a result, devices reach a 24.57% efficiency with outstanding
stability under humidity and thermal stress [70]. A dynamic
surface reconstruction method was introduced by immersing
CsPbI2Br films in low-polarity organic esters at elevated tem-
perature [71]. The weak solubility of these esters enabled par-
tial dissolution of the superficial lattice, followed by in situ re-
crystallization into a Br-rich capping layer. This process ef-
fectively removed defect-rich nano-impurities, released tensile
strain, and strengthened the fragile surface. Devices fabri-
cated using this method achieved 15.37% efficiency in fully
air-processed carbon-based n-i-p cells, while maintaining ex-
cellent tolerance to moisture and oxygen [71].
Recent progress has demonstrated that the fully ambient

fabrication of high-efficiency tandem devices is achievable.
Metal-ion-doped all-inorganic WBG front cells processed via
dynamic hot-air and paired with passivated ZnO and a ternary
organic solar cell rear yielded a small-area 2-terminal tandem of
23.07% (21.82% at 1 cm2)with minimal Voc loss and sustained
stability [72]. Blade-coated ultrawide-bandgap perovskites
processed in air were stabilized by a Pb(SCN)2 pseudohalide
modulator that increases heterogeneous nucleation, extends the
crystallization window, and forms a bottom-enriched passi-
vating gradient; integrating this UWBG front with a ternary
organic solar cell rear produced an air-processed tandem at
24.40% (certified 23.10%) and long lifetimes for the UWBG
subcell [73].
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4. DISCUSSION AND PERSPECTIVES

The progress of air-processed PSCs highlights both remarkable
achievements and persistent challenges. On the one hand, a se-
ries of material innovations has significantly narrowed the per-
formance gap between air-fabricated and glovebox-processed
devices. Recent demonstrations of PCEs exceeding 26% [63]
for devices fabricated under ambient conditions underscore the
feasibility of scalable, low-cost processing. On the other hand,
the intrinsic sensitivity of perovskites to moisture, oxygen, and
thermal stress continues to pose serious barriers to long-term
device stability and large-scale reproducibility. Among these
challenges, ambient moisture proves to be particularly criti-
cal. Controlled humidity can aid crystallization, reduce inter-
facial defects, and stabilize certain perovskite phases, but un-
controlled exposure accelerates degradation. Moisture interacts
with organic cations to form hydrated intermediates that dis-
rupt structure and charge transport [74]. Oxygen exacerbates
degradation through redox reactions, especially with moisture
present, while light accelerates ion migration and generates re-
active superoxide [75, 76]. Temperature fluctuations further ac-
celerate these pathways [77]. These sensitivities highlight the
need for precise environmental control and robust defect passi-
vation strategies to ensure device durability [19].
Device architecture also plays a central role. Compared to

n-i-p devices, studies on air-processed inverted PSCs remain
limited and often focus on precursor tuning [48, 49]. Despite
advances in thin-film deposition, interfacial issues contribute
to the persistent performance gap. For example, moisture and
oxygen can adsorb on perovskite surfaces during the inter-
val before ETL evaporation, disturbing subsequent deposition
and energy-level alignment [78]. While hydrophobic, electron-
conducting capping layers may help, suitable materials remain
scarce. Similarly, although SAMs have emerged as promising
HTL for p-i-n devices, their amphiphilic nature often leads to
aggregation and incomplete coverage on rough ITO substrates
under ambient conditions, generating buried-interface defects
and instability [79]. Future work should therefore emphasize
rational architecture selection and tailored engineering for spe-
cific device types and processing environments.
Among perovskite systems, FAPbI3-based and mixed-cation

compositions (e.g., FA/Cs/MA) show the best balance between
efficiency and tolerance to ambient moisture and oxygen [80].
Their relatively stable α-phase and compatibility with addi-
tive, solvent, and surface treatments make them well-suited
for air processing [81]. In contrast, inorganic CsPbX3 per-
ovskites offer superior thermal and moisture stability but are
more prone to oxidation and require stricter crystallization con-
trol and post-treatment to achieve high-quality films in air [82].
Wide-bandgap perovskites represent another critical frontier for
tandem applications. Although optimized solvent systems have
stabilized WBG films under air, mixed-halide compositions
still suffer from segregation and phase collapse [83]. Promising
directions include pseudo-halide incorporation, A-site mixing
strategies, and interface designs that resist oxidation and hy-
dration [84, 85]. These strategies, proven effective in narrow-
bandgap perovskites, must be adapted for WBG systems to en-
sure stability under ambient processing.

Scaling from small-area cells to modules introduces addi-
tional challenges [86, 87]. Quantitatively, champion small-area
cells reach 27% PCE while modules typically report lower ef-
ficiencies (commonly 20–24%). Key contributors to this gap
include local humidity gradients during large-area coating, in-
creased probability of pinholes and shunts across larger areas,
and mechanical or thermal stresses introduced during scrib-
ing and module integration. Hybrid methods such as sequen-
tial PbI2 evaporation followed by salt-solution conversion of-
fer improved uniformity under ambient conditions [83]. Other
methods include meter-scale process control, robust intercon-
nect strategies, and module-level passivation. However, the
scalability of these approaches must be validated in terms of
cost, throughput, and device reliability [12, 83].
Looking ahead, several directions are particularly promising

for advancing the field. On the materials side, the design of per-
ovskite compositions and charge transport layers with intrinsic
tolerance to oxygen and moisture, alongside environmentally
benign or lead-free alternatives, will be critical for sustainable
commercialization. At the device level, multifunctional inter-
face engineering and defect passivation are expected to remain
central strategies for suppressing recombination and extend-
ing operational durability. Stability under industrially relevant
processing conditions, including high-throughput, high-speed
deposition and post-deposition thermal or mechanical stress,
must be systematically evaluated to ensure consistent device
performance beyond the laboratory scale. Process optimiza-
tion will also benefit from the deployment of automated and
high-throughput fabrication platforms, which can systemati-
cally identify optimal processing windows and enhance repro-
ducibility across different scales. Parallel efforts in scalable
deposition techniques such as blade coating, slot-die coating,
and roll-to-roll printing will be essential to bridge the gap be-
tween laboratory devices and industrial modules, particularly
for flexible and tandem architectures. Furthermore, environ-
mental considerations such as using green solvents, precursor
recycling, and effective strategies to mitigate lead leakage must
be integrated into future device design.
Ambient processing reduces reliance on controlled-

atmosphere gloveboxes but raises occupational and environ-
mental safety concerns that must be addressed for large-scale
production. Solvent vapor can pose inhalation and flamma-
bility hazards; even low-toxicity solvents require engineering
controls such as local exhaust ventilation, vapor recovery
systems, and enclosed coating modules to limit exposure.
Wet processing and waste streams may release lead-bearing
particulates or soluble Pb species. Mitigation strategies
include inline wet-waste treatment with Pb sequestration,
lead-immobilizing additives or sacrificial binder layers, and
immediate encapsulation after deposition to prevent airborne
dispersion. Process design should integrate solvent selec-
tion (favoring low-vapor-pressure, low-toxicity candidates),
engineering controls, and materials strategies to manage
both occupational safety and environmental Pb risks. These
measures are essential for the safe and scalable deployment of
ambient perovskite technologies.
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Finally, data-driven approaches hold strong potential. Ma-
chine learning can accelerate material discovery, predict de-
fect pathways, and guide interface design. Coupled with in situ
monitoring and automated experimentation, AI-assisted control
could dynamically regulate humidity, temperature, and crystal-
lization kinetics, ensuring reproducible film quality even in air.
Reducing reliance on trial-and-error methods may rapidly op-
timize scalable deposition protocols. While significant hurdles
remain, the trajectory of air-processed PSCs clearly points to-
ward a future where high-performance, stable, and eco-friendly
perovskite photovoltaics can be manufactured on a large scale.
Bridging the gap between laboratory innovation and industrial
application will require collaborative efforts across materials
science, chemistry, engineering, and data science. Still, the
prospects for commercialization and energy impact are highly
promising.
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