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Abstract

Perovskite solar cells (PSCs) are widely recognized as one of the most promising
candidates for next-generation photovoltaics (PV), attributed to their outstanding power
conversion efficiency and easily adjustable bandgap. Nevertheless, their practical
commercialization remains challenging due to inherent material instabilities and rapid
degradation triggered by exposure to moisture, oxygen, ultraviolet light, and thermal stress.
In response, atomic layer deposition (ALD) has gained prominence as an advanced
thin-film deposition technique, offering atomic-level precision and enabling the fabrication
of uniform, conformal, and defect-minimized metal oxide (MO) layers. The ALD MOs
serve versatile roles as charge transport layers, interfacial passivation coatings, and
encapsulation barriers, collectively enhancing device performance, mechanical integrity,
and operational durability. This review highlights the working mechanism of ALD,
structural features of PSCs, and key strategies that leverage ALD-grown MOs to address
efficiency loss and instability issues. Specific focus is given to defect passivation and
protection against environmental factors. Moreover, challenges including precursor
optimization, process compatibility with PSC architectures, and cost considerations are
examined, along with future perspectives for industrial translation. Finally, the integration
of ALD MOs holds strong potential to deliver the stability, efficiency, and scalability
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essential for the industrial application of PSCs in sustainable PV technologies.

INTRODUCTION

Global industrialization powered by fossil fuels has driven significant economic growth, yet the resulting
greenhouse-gas emissions have accelerated climate change. In response, international initiatives such as the
Paris Agreement have emphasized carbon neutrality and stimulated a broad shift toward renewable and
low-carbon energy systems" .. Among various sustainable technologies, solar energy has gained particular
importance due to its abundance and scalability. Photovoltaics (PVs) that convert sunlight directly into
electricity represent a central component of this transition?.

Crystalline silicon (c-Si) solar cells currently dominate the PV market due to their high efficiency and
long-term reliability. Owing to decades of accumulated research and development, Si PV's have achieved
both high power conversion efficiency (PCE) and long-term reliability, with stable efficiencies exceeding 20%
in practice!*”. However, their indirect bandgap, high-temperature wafer processing, and mechanical rigidity
limit further cost reduction and hinder applications in emerging flexible or lightweight devices'®.

A wide range of inorganic and organic materials have been investigated. Thin-film solar cells such as CIGS
(Cu(In,Ga)Se,), CdTe, and CZTS (Cu,ZnSnS,) initially attracted significant attention due to their excellent
light-absorbing properties and relatively simple fabrication processes'”'?!. However, challenges including
reliance on scarce elements, toxicity, and limited long-term stability have hindered their large-scale
commercialization"*. Organic and polymer-based solar cells, on the other hand, offer the advantages of
low-cost and low-temperature solution processing, yet their inherently limited charge-transport properties
and modest optoelectronic performance have prevented them from matching the competitiveness of silicon
photovoltaics* .

Organic-inorganic halide perovskites first reported by Miyasaka’s group in 2009 have emerged as a highly
promising class of next-generation photoabsorber materials, demonstrating remarkable progress over the
past decade**'l. Perovskite solar cells (PSCs) combine several unique advantages not typically offered by
conventional semiconductors, including a strong optical absorption coefficient, long charge diffusion

[22-24

lengths, bandgap tuning via compositional engineering, and intrinsic defect tolerance*. Since the initial
report, in which a PCE of 3.9% was achieved, PSCs have rapidly advanced to exceed 27% within just over a
decade, approaching and even surpassing the performance of c-Si***. The facile bandgap tunability of halide
perovskites further enables integration into tandem architectures with Si solar cells, while low-cost
solution-based processing allows scalable large-area fabrication””*". Owing to these attributes, PSCs are now
recognized in academic research as one of the leading candidates for next-generation photovoltaic

technologies.

However, the most critical obstacle hindering the commercialization of PSCs lies in instability. Composed of
weak ionic bonds, the perovskite crystal lattice is inherently fragile, and readily undergoes degradation when
exposed to moisture, oxygen, ultraviolet (UV) radiation, and thermal stress”®' . In particular, moisture
disrupts the ionic bonding within the lattice, leading to irreversible structural collapse, while oxygen and UV
light trigger photocatalytic oxidation reactions that interfere with charge transport pathways®*”. As a result,
maintaining reliable performance over extended periods remains highly challenging. Besides, solution based
thin-film fabrication techniques such as spin coating are highly sensitive to external parameters including
humidity, temperature, and solvent evaporation rate, making it difficult to achieve uniformity and
reproducibility®*'. Unavoidably, the microscopic pinholes and defects are introduced, thereby performance
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losses become more pronounced as device areas scale up. Although various mitigation strategies such as
interface engineering and additive incorporation have been explored, fundamental limitations still
persist!**,

To overcome the limitations of solution-based processes, vacuum deposition techniques have been explored
as alternative routes for thin-film fabrication"*. High-quality film deposition is facilitated in a vacuum
environment, where the attenuation of impurity concentrations and the exclusion of external contaminants
are achieved. Accordingly, vacuum deposition techniques such as electron-beam evaporation (EBE), thermal
evaporation (TE), and chemical vapor deposition (CVD) have already been applied to PSC fabrication with
notable success'”*!. Nevertheless, challenges remain for film quality and large-scale commercialization due
to the high cost of equipment, complex process control requirements, and the limited availability of suitable
precursors®"*?l. Recently, atomic layer deposition (ALD) has emerged as one of the most promising
approaches for enhancing PSC performance®*. ALD is a vapor-phase thin-film deposition technique based
on self-limiting surface reactions, which allows precise control of thickness at the atomic scale. Furthermore,
it provides excellent uniformity and conformality even on complex or porous surfaces, thereby enabling the
fabrication of pinhole-free films. This capability plays a critical role not only in improving device
performance but also in ensuring long-term operational stability'*>*"\. In particular, metal oxide (MO) layers
deposited via ALD play a pivotal role in addressing the structural and chemical vulnerabilities of PSCs***..
MOs are composed of transition metals bonded with oxygen and can exhibit diverse electronic properties
such as insulating, n-type or p-type semiconducting behavior, depending on their bandgap, oxygen vacancy
concentration, and crystal structure”®. On this basis, high-purity and defect-free MOs prepared by ALD can
be employed within PSCs for a variety of functional roles. Furthermore, MOs possess excellent thermal and
chemical stability, which enables resistance against external factors including moisture, heat, and oxygen'*'.
The robust mechanical properties also ensure reliable performance when integrated with flexible substrates.
Consequently, MOs not only contribute to extending device lifetimes but also demonstrate significant
potential for applications in wearable electronics.

This review focuses on strategies to simultaneously enhance the efficiency and stability of PSCs through the
application of MO layers fabricated via ALD. It begins by introducing the fundamental mechanisms and
process characteristics of ALD, followed by a systematic analysis of the structural features of PSCs and the
intrinsic instabilities of their constituent materials. Subsequently, representative cases of ALD MO thin film
and their corresponding effects are summarized, with particular emphasis on approaches to overcome
environmental stress factors and intrinsic degradation pathways. The review then provides an in-depth
discussion of the synergistic effects enabled by the incorporation of ALD-derived MO layers, along with
process optimization strategies, prospects for large-area fabrication, and pathways toward industrial-scale
implementation. Finally, the remaining challenges that should be addressed for commercialization are
highlighted, including precise control of film properties, process compatibility, cost-effectiveness, and
scalable manufacturing infrastructure. Overcoming the intrinsic instabilities of PSCs and establishing
efficient and sustainable PV systems will require the strategic design and implementation of ALD-based MO
layers. By comprehensively addressing these technical challenges, this review aims to provide a roadmap for
the stable and sustainable advancement of PSCs by ALD MO [Figure 1].

WORKING PRINCIPLES AND KEY FEATURES OF ALD IN PSC

Minimizing efficiency losses and degradation in PSCs requires precise defect management and effective
suppression of degradation pathways. ALD has emerged as a promising technique capable of meeting these
demands and has already been utilized in a variety of photovoltaic technologies, including perovskite, Si,
I1I-V, CdTe, CIGS, organic, and dye-sensitized solar cells (DSSCs)"****. Owing to its suitability for depositing
a wide range of thin films including MOs and nitrides, ALD offers significant advantages for device
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Figure 1. Schematic illustration of ALD MO-based PSC system for improving PCE and stability.

integration'™). It is crucial to recognize that successful application of ALD in PSCs necessitates a thorough
understanding of the process sequence and approaches specifically tailored to the intrinsic characteristics of
PSCs. In this section, we first describe the fundamental mechanisms of ALD and the perovskite photovoltaic
system, and then provide a comprehensive discussion of ALD MO for each device component.

ALD fundamentals and process framework

ALD is a sophisticated thin-film deposition technique that relies on self-limiting reactions between
precursors and substrate surfaces. This system enables the growth of ultrathin and highly uniform films with
atomic-scale thickness control, while also ensuring conformality on substrates with complex surface
geometries'®**. The basic protocol of ALD process consists of four sequential steps that together form one
cycle, illustrated in Figure 2. First, precursors such as an organometallic compound are introduced into the
evacuated reaction chamber and pulsed onto the substrate where they adsorb. The primary adsorption
mechanism in ALD is chemisorption, where chemical bonds form between the precursor and reactive
surface sites, in contrast to the weaker physisorption governed by van der Waals interactions or hydrogen
bonding!*’. Once the surface is saturated with the precursor, the reaction ceases, demonstrating the
self-limiting nature of ALD"*""). The chamber is then purged with an inert gas to remove unreacted
precursors and volatile by-products. In the next, oxidizing agent as a second precursor is pulsed into the
chamber to react with the chemisorbed species. This forms the desired thin film material while
simultaneously regenerating reactive surface sites for the next cycle””. By repeating these steps, the film
thickness can be precisely controlled.
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Figure 2. Schematic illustration of ALD process.

ALD offers a clear advantage in conformality compared with solution-based processes and other vapor
deposition widely used for PSC fabrication. Solution processes are often hindered by surface tension and
viscosity effects, which limit infiltration into nanoscale features and lead to non-uniform film formation”".
Whereas ALD employs gaseous precursors, enabling highly conformal coverage. Nattoo et al. carried out a
comparative study of molybdenum disulfide (MoS,) thin films prepared by low-temperature ALD and radio
frequency (RF) sputtering focusing on their optical, structural, surface, and electronic properties”. Raman
spectroscopy showed that sputtered MoS, has weaker and broader Raman peaks, which indicates a higher
concentration of defects, while the ALD films exhibited sharper features consistent with enhanced
crystallinity. Transmission electron microscopy (TEM) further supported this distinction: the ALD films
maintained a relatively uniform structure consisting of three to four layers, whereas the sputtered films
displayed noticeable nonuniformity with amorphous MoO_ appearing at the substrate interface. Additional
findings such as reduced surface roughness, higher current density, and improved mobility in the ALD
samples confirmed that the ALD process is more suitable for achieving high-quality MoS, thin films. This
capability is particularly advantageous for depositing MOs, which are essential components in PSCs and
other electronic devices due to their unique properties, tunable structures, and versatile functionality””..
Importantly, the bandgap, composition, and nanostructure of ALD MOs can be precisely tailored to meet
diverse device requirements'”**). The chemisorption of MO precursors in ALD typically proceeds via
ligand-exchange reactions with surface groups. For instance, in the deposition of tin oxide (SnO,),
tetrakis(dimethylamino)tin(IV) (TDMASn) as a Sn precursor reacts with surface hydroxyl groups (-OH),
resulting in the adsorption of Sn and the release of volatile dimethylamine!®. Once surface saturation is
achieved, the chamber is purged and H,O is introduced as an oxidizing agent. The H,O reacts with the
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surface-bound ligands, forming Sn-O bonds while simultaneously regenerating -OH, thereby preparing the
substrate for the next cycle™®.

A key limitation of thermal ALD is its requirement for elevated temperatures to activate the self-limiting
reactions, which restricts its application on thermally sensitive substrates'®. Plasma-enhanced ALD
(PEALD) has been developed to address this issue by generating highly reactive radicals that drive surface
reactions at low temperature®*!. This reduces thermal damage, making the process suitable for organic
layers and completed devices, including flexible PVs®***”). However, the lower processing temperatures of
PEALD can compromise precursor reactivity, often leading to the incorporation of carbon and nitrogen
impurities and the formation of amorphous or polycrystalline films with reduced electrical conductivity'®.
Optimizing PEALD parameters including process temperature, plasma conditions, and pulse times can help
mitigate these limitations, as these variables strongly influence film crystallinity, impurity content, density,
and uniformity. For example, Xu et al. systematically compared the film growth behavior, microstructural
characteristics, and electrical properties of SnO, thin films deposited on Si wafers via thermal ALD, PEALD,
and layer-by-layer Ar plasma treatment (PEALD-ALT)™!. All films were deposited at 250 °C using TDMASn
as the Sn precursor, while O,, O, plasma, and an additional Ar plasma step were employed as oxidants
depending on the deposition route. All processes exhibited self-limiting growth behavior; however, due to
the enhanced reaction activity of O, plasma, the growth per cycle (GPC) was highest for PEALD. In contrast,
PEALD-ALT showed a slightly reduced GPC, attributed to partial surface etching during the subsequent Ar
plasma treatment. The thermal ALD film exhibited low crystallinity, whereas the PEALD film favored SnO,
growth along the (220) orientation. In the case of PEALD-ALT SnO,, the dominant (221) orientation was
observed, which was ascribed to enhanced surface atom mobility and subsequent surface reorientation
induced by Ar plasma exposure. The PEALD-ALT SnO, film, with increased oxygen vacancy concentration
and improved crystallinity, achieved the lowest resistivity of 1.80 x 10™ Q-cm, significantly lower than that of
the thermal ALD film (15.3 x 10 Q-cm), indicating improved electrical conductivity. Nevertheless, physical
ion bombardment, grain growth, densification, and local temperature rise during plasma treatment
introduced substantial residual stress, leading to increased surface cracking and roughness. Overall, this
approach enables the growth of highly conductive and crystalline SnO, films without high-temperature
post-annealing, offering a promising route for fabricating transparent conductive oxides and
charge-transport layers suitable for flexible or thermally sensitive optoelectronic devices.

ALD requires a long processing time because precursor pulsing and chamber purging need to be repeated for
every cycle®'. As the desired film thickness increases, the required number of cycles rises proportionally,
making throughput a critical challenge for large-scale production. Spatial ALD (SALD) has been introduced
as a promising solution to the bottleneck. Apart from conventional ALD where precursors and purging gases
are introduced sequentially within a single chamber, spatial ALD separates these steps into distinct areas”>*.
As the substrate continuously moves through separated zones, adsorption and purging occur in parallel,
eliminating downtime between pulses and enabling high-speed deposition. This continuous process
accelerates growth rates and is also compatible with roll-to-roll process, thereby facilitating scalable
deposition on large-area and flexible substrates”. Notably, while SALD ensures reasonable thickness control
and uniformity through self-limiting reactions, it inherently necessitates complex reactor architectures,
stringent gas flow regulation, and meticulous optimization of operational parameters such as substrate

95,96

movement speed and gas flux, thereby elevating the overall process complexity”>*. For instance, Jiang et al.
adopted SALD to circumvent the chamber-size limitations and slow cycling speed of thermal ALD for
large-area SnO, film growth®”. The process was carried out at 100 °C to ensure compatibility with perovskite
layers, oxidants with different reactivities were compared using TDMASn as the tin precursor. The oxidation
state and vacancy concentration were effectively regulated by varying the oxygen sources. The GPC of SnO,

with H,0, was 2.05 A cycle™, and saturation growth was observed when the TDMASn and H,O, flow rates
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Figure 3. (A) Device structures of regular and (B) inverted PSCs. (C) Schematic illustration of halide perovskite structure.

were set to 250 and 50 sccm. Moreover, the substrate transport velocity and the nozzle-substrate spacing
(micro-gap) were optimized as key process parameters. At a substrate velocity of 75 mm/s, the thickness
nonuniformity across a 20 x 20 cm” substrate was minimized to 2.24 %. When the micro-gap was increased
beyond 1.0 mm, the precursors injected from adjacent channels intermingled, leading to enhanced
CVD-type growth and a consequent decrease in film uniformity. The optimization of precursor type,
reactivity, substrate transport, and reaction-zone width in SALD is essential to achieving uniform film
thickness, smooth surface morphology, and desirable electrical properties such as high carrier mobility and
low resistivity.

Despite several challenges, ALD remains one of the most precise and versatile deposition techniques
available. With its ability to finely tune film properties and ensure excellent conformality, ALD
encompassing both conventional and spatial approaches offers significant potential for enhancing the
efficiency and stability of PSCs while simultaneously providing a scalable pathway for industrial applications
and large-area device fabrication.

Configuration of PSCs

Typical PSCs are generally categorized into the two architectures, namely regular (n-i-p) and inverted
(p-i-n), according to the deposition sequence of the charge transport layers (CTLs) on the transparent
conducting oxide (TCO). Both structures are composed of five basic layers, which include the electrodes,
CTLs, and perovskite absorber [Figure 3A and B]. Upon illumination, the perovskite layer generates charge
carriers, which are separated and transported through the respective CTLs to be collected at the electrodes.
Halide perovskites are crystalline materials with the formula ABX,, where the A site is occupied by a
monovalent organic or inorganic cation, the B site by a divalent cation such as Pb** or Sn**, and the X site by
a halide anion"**”! [Figure 3C]. Calculated from the ionic radii of the constituent ions, the Goldschmidt
tolerance factor (t) serves as an indicator of perovskite structural stability. A value near ~1 suggests the
formation of an ideal cubic phase!*. The framework of corner-sharing [BX_] octahedra provides pathways
for charge carriers generated by light absorption"*'!. The valence band (VB) and conduction band (CB) are
derived from orbital interactions between B- and X-site ions, while the A-site cation indirectly influences
band structure by modifying B-X bond lengths and angles""”. As a result, halide perovskites exhibit a direct
bandgap that facilitates efficient charge carrier generation without requiring momentum change, and their
bandgap can be readily tuned by halide substitution"*”. For example, replacing I with Cl increases the
bandgap from ~1.5 to ~2.4 eV due to altered orbital overlap between halide anions and B-site cations"*..
Similarly, replacing Pb** with Sn** enhances s-p antibonding within the octahedra, leading to a bandgap
reduction*. This endows halide perovskites with strong optical absorption, ambipolar charge transport, and
convenient solution processability, making them attractive absorber materials for high-efficiency solar cells.

Despite their outstanding optoelectronic properties, perovskites suffer from intrinsic and environmental
instabilities that limit device operation. The photoactive cubic a-phase of FAPbI, which is suitable for light
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harvesting is thermodynamically unstable at room temperature and tends to convert into the photoinactive
hexagonal §-phase*. In addition, the soft ionic lattice results in low defect formation energies, enabling
facile migration of organic cations and halide anions"*”). This generates a high density of vacancies,
interstitials, and substitutional defects, which act as nonradiative recombination centers and exacerbate ion
migration. Such instabilities are further accelerated under operational conditions by exposure to light,
moisture, and heat!"*®. Light and heat promote volatilization of organic cations and activate ion migration,
while water molecules irreversibly hydrolyze perovskites into precursors such as organic salts and PbI, ",
Grain boundaries and defects in perovskite films provide diffusion pathways for moisture ingress, while
oxygen and illumination lower the activation energy for decomposition and perpetuate degradation

[110,111]

cycles .

Strategies comprising compositional engineering in which A-site cations or halide anions are mixed to
stabilize the lattice together with the introduction of additives during film growth to suppress defect
formation, can mitigate these issues but do not fundamentally resolve the thermodynamic instability of the
material'>'**l. As a result, interface engineering has emerged as an additional strategy to improve both
efficiency and stability, through the introduction of interlayers or surface modifications at the
perovskite/CTL interface'*'"*). MOs are considered highly attractive materials because of their chemical
robustness and long-term durability. They passivate interfacial defects, impede the permeation of moisture
and oxygen, and suppress degradation induced by ion migration between metal electrodes and neighboring
layers!'**'*. Owing to beneficial functionalities, MOs function both as buffer layers and as encapsulation
materials that shield the device from external environments®>'"”. MOs exhibit efficient charge transport
because oxygen vacancies act as electron-donating defects in n-type MOs, while metal-ion deficiencies
generate holes in their p-type counterparts"*. Owing to their inherently high carrier mobility and tunable
semiconducting behavior, MOs can also be readily engineered into diverse nanostructures. MOs are
particularly attractive for low-cost, large-area fabrication, and their thin-film properties such as crystallinity,
particle size, and defect concentration can be finely adjusted through process parameters including annealing
temperature and atmosphere. These characteristics can be further optimized by controlling deposition
temperature and pressure in a range of vapor-phase deposition methods.

In PSCs, CTLs are typically constructed from either organic materials or MOs. Common electron transport
layer (ETL) materials include fullerene (C_)) and derivatives such as phenyl-Ce1-butyric acid methyl ester
(PCBM), as well as n-type MOs such as TiO,, SnO,, and zinc oxide (ZnO)"*"'*!, For hole transport layers
(HTLs), conductive polymers such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), small molecules like 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9'-spirobifluorene
(spiro-OMeTAD), and p-type MOs such as nickel oxide (NiO) are widely employed"?***. Although TiO,
exhibits excellent optical properties and chemical stability, its low conductivity limits its applicability as an
efficient charge-transport layer in PSCs"**.. SnO,, by contrast, provides high electrical conductivity and
strong adhesion to flexible polymer substrates, which helps prevent delamination and cracking and thereby
enhances mechanical reliability"*”. Both MOs exhibit outstanding chemical stability and high electron
mobility, making them suitable as electron-transport and buffer layers in solar cells and ferroelectric devices.
ZnO allows wide tunability of n-type conductivity and resistivity through doping and defect engineering, and
it can be synthesized in various nanostructures!"*®. The strong piezoelectric properties further enable
applications in energy harvesting, sensing, and other electronic devices. The appropriate materials designated
for CTLs need to exhibit appropriate energy-level alignment, high conductivity, and sufficient carrier
mobility, with the specific selection depending on whether the device is fabricated in the regular or inverted
configuration. In regular devices, the ETL is deposited directly on the TCO and can therefore tolerate
high-temperature processing. Typically MOs require temperatures above 150 °C, and NiO can also be
employed under similar high-temperature conditions in HTL of inverted structure!'*”’. MOs are
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advantageous due to their chemical and thermal stability, energy-level compatibility with perovskites, and
ability to be fabricated via simple spin-coating process"*’. However, the requirement for high-temperature
annealing and the limited solvent choices restrict their application as regular HTLs, inverted ETLs, or in
flexible device. Organic CTLs can be deposited at low temperatures, making them more compatible with
perovskite layers and polymeric substrates"*'. For instance, spiro-OMeTAD commonly used as an HTL in
regular structures is formed without any annealing and offers favorable energy-level alignment with
perovskite absorbers!*?!. In inverted structures, HTLs must be stable against both high-temperature
annealing (2 100 °C) and polar solvents such as dimethylformamide (DMF), making PEDOT:PSS, PTAA,
and carbazole-based self-assembled monolayers (SAMs) such as [2-(9H-carbazol-9-yl)ethyl] phosphonic acid

(2PACz) suitable options**.

Nevertheless, organic CTLs face limitations including high cost due to complex synthesis and purification,
the need for additional dopants to improve charge transport, and poor stability under operational
conditions. Spiro-OMeTAD requires Bis(trifluoromethane)sulfonimide lithium and cobalt salts (Li-TFSI,
Co-TESI) to compensate for low hole mobility, yet these metal ions can migrate into perovskite vacancies

[134

and impair stability"**. Fullerene-based ETLs also suffer from limited tunability of energy levels and poor

photostability"*).

With the aim of mitigating the issues, inorganic MOs with superior intrinsic properties can be deposited
directly onto perovskite layers or flexible substrates by ALD. ALD MO layers exhibit low pinhole density,
high compactness, and effective barrier properties against moisture and oxygen, thereby improving both

136

efficiency and stability!**). Moreover, ALD layers can function not only as standalone CTLs but also as
bilayer structures in combination with solution-processed CTLs, as interfacial or buffer layers between the
perovskite and CTLs, or between CTLs and electrodes””'*”. AL O, with insulating nature from wide bandgap
hardly serve as an electron transport material but can act as a hole-blocking and defect-passivating interlayer.
Owing to chemical and thermal stability, it can also be applied as a thin buffer layer or in encapsulation to
enhance device lifetime. Despite their chemical stability, metal top electrodes are prone to degradation
through the formation of metal halides driven by ion migration under illumination"**. The insertion of ALD
MO buffer layers between HTLs and metal electrodes suppresses such reactions and improves thermal
stability"*. Encapsulation processes incorporating MOs also play a crucial role in preventing direct exposure
of perovskites to moisture and oxygen. While organic encapsulants such as ethylene vinyl acetate (EVA),
poly(ethylene terephthalate) (PET), and epoxy resins are mechanically flexible and compatible with
low-temperature processing, they provide insufficient barrier performance compared to inorganic
oxides!"***!l  ALD MOs fabricated at low temperature thus presents an effective solution for encapsulation,
offering superior moisture and oxygen impermeability without compromising device integrity**. Indeed,
the insufficient stability of perovskite absorbers necessitate the incorporation of additional interfacial and
barrier layers within PSC architectures. ALD MOs with defect passivation capability, robust stability, and
barrier properties represent a particularly effective strategy to simultaneously enhance the efficiency,
durability, and scalability of perovskite solar cells.

APPLICATION OF ALD MO IN PSC

The efficiency and stability of PSCs are strongly dependent on the optoelectronic, physical, and chemical
properties of the constituent layers. Over the past several years, approaches informed by fundamental
insights into perovskite degradation mechanisms and charge carrier dynamics have led to significant
improvements in device efficiency"*". Nevertheless, the intrinsic instability of perovskite materials arising
from their weak ionic bonding remains a major challenge, particularly with respect to vulnerability against
external factors such as moisture and oxygen'**. In addition to improving the crystallinity of the perovskite
absorber itself, interfacial modification through the incorporation of interlayers and the introduction of
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encapsulation strategies have been proposed as effective means to enhance device stability*”. Accordingly,
the materials used in layers of PSC should provide excellent chemical and physical stability, control
interfacial defects without hindering light absorption or charge transport, and offer long-term durability.
MOs with high environmental resistance represent highly promising candidates for device fabrication. The
valence band maximum (VBM) of MO is typically derived from O 2p orbitals, while the conduction band
minimum (CBM) arises from the outer orbitals of metal cations"*"". The resulting large energy separation
generally renders them wide-bandgap semiconductors. Since the bonding characteristics, crystal structures,
and oxidation states vary depending on the metal cation, appropriate MOs can be selected for each
functional layer of PSCs. For instance, SnO,, TiO,, and NiO are semiconductors whose energy levels align

146

well with perovskite absorbers, allowing efficient electron or hole extraction and transport"**. In contrast,
Al,O, with a bandgap exceeding 7.0 €V is an insulator unsuitable for CTLs but highly chemically stable, thus
serving effectively as a barrier against unwanted penetration of external species'*”. Solution-based deposition
of MOs, however, often requires high-temperature annealing for crystallization, introducing defects and
impurities'**). The ALD MOs provide uniform and conformal films with atomic-scale thickness control,
offering a promising approach to overcome the limitations. This section will examine the roles of ALD MO

layers in PSCs and the specific characteristics of the associated processes.

ALD MO layer deposition for TCO electrodes

The front contact of PSC should maximize light transmission to the perovskite absorber while
simultaneously ensuring proper energy-level alignment with CTLs. TCOs are employed as their wide
bandgap provides optical transparency without hindering light absorption, while doping with elements such
as Sn or fluorine (F) confers high electrical conductivity"***). TCOs also offer excellent chemical stability
and durability, making them compatible with high-temperature processing. Among single-junction PSCs,
indium tin oxide (ITO) and fluorine-doped tin oxide (FTO) are the most commonly used transparent
electrodes"*"). The transparent films can be prepared through various techniques including spray pyrolysis,
TE, and CVD, with magnetron sputtering-produced ITO-coated glass serving as a representative large-area

152

substrate"*”. Although these processes ensure reasonable reproducibility, uniformity, and deposition speed,
the utilization of ALD confers exceptional control of surface chemical properties. The surface of
conventional ITO typically contains hydroxyl groups bound through both physical adsorption and
chemisorption"*. However, when the OH group forming weak hydrogen bonds is lost during the processes,
the functional group of the SAM-based HTLs fails to anchor to the surface of substrate, resulting in reduced
coverage''**. To address this, Tang et al. introduced ITO films modified by ALD using TDMASn and
trimethylindium precursors to prevent the desorption of OH groups caused by strong polar solvents"*”. The
resulting ALD ITO fabricated by alternating cycles of In,O, and SnO, deposition preserved a high density of
covalently bound hydroxyl groups even after DMF treatment. MeO-2PACz and
(3,6-dimethoxy-9H-carbazol-9-yl)trimethoxyphenylsilane (DC-TMPS) as SAM HTL were subsequently
immobilized on the ALD ITO surface. While MeO-2PACz features a bidentate phosphonic acid anchoring
group, DC-TMPS incorporates a tridentate trimethoxysilane group, which forms stronger bonds with surface
hydroxyls. As a result, both molecules improved the power conversion efficiency (PCE) of PSCs fabricated
on ALD ITO substrates, but DC-TMPS in particular yielded superior enhancements in light and thermal
stability. In contrast to ITO, which relies on the expensive and scarce element indium, aluminum-doped zinc
oxide (AZO) is composed of abundant, nontoxic elements (Zn and Al), making it a low-cost
alternative*'**. de Melo Monteiro Modesto et al. reported ALD-grown AZO films using diethylzinc (DEZ)
and trimethylaluminum (TMA) as Zn and Al precursors"*. The resulting AZO exhibited over 80%
transmittance in the visible region, a bandgap greater than 3.3 eV, and a low resistivity of 1.26 x 10* Q-cm,
indicating its potential as an effective TCO layer for enhancing light absorption and charge transport in
PSCs. Despite these promising results, however, the electrical conductivity and optical transmittance of AZO
remain inferior to those of ITO and FTO, underscoring the need for further optimization.
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ALD MO layer deposition for CTLs

MOs for ETL

The ETL in PSCs is expected to be capable of electron extraction and hole blocking, in addition to offering
high electron mobility, optical transmittance, facile and uniform film formation, and chemical stability. On
account of the demanding requirements, the materials employed as ETLs have been selectively chosen
depending on the device architecture. In regular type PSCs, the ETL is fabricated prior to the perovskite
layer, and therefore high-temperature annealing can be employed. Although this limits the use of flexible
substrates, MO-based ETLs such as SnO, and TiO, fabricated through high-temperature processing fulfill
most of the required conditions. More recently, advances in sol-gel precursor design and quantum dot (QD)
solution processing have facilitated the low-temperature (< 150 °C) formation of MO ETL, yet film
non-uniformity and surface/bulk defects continue to persist"***".

As a process to improve the quality of ETLs, ALD can provide highly pure and conformal thin films without
defects and offers precise control at the atomic scale as well as the ability to modify chemical properties
through doping or precursor adjustment, being applied either alone or in combination with solution
processes. Hsu et al. fabricated tantalum (Ta)-doped TiO, films to improve the conduction-band mismatch
and high resistivity of TiO, ETL"*”. By simultaneously introducing titanium isopropoxide (TTIP) and
tantalum ethoxide (Ta(OEt),) precursors and controlling the Ta concentration by adjusting the bubbler
temperature in the range of 70-90 °C, Ta-doped TiO, films were deposited through PEALD. This process
induced the formation of oxygen vacancies, reduced the bandgap from 3.17 to 3.0 eV, and shifted the
conduction band downward, thereby decreasing the resistivity to the level of 10" Q-cm. XPS results
confirmed the reduction of Ti*" to Ti’* and Ti*, accompanied by oxygen vacancies acting as donor levels,
which increased the free electron concentration [Figure 4A]. Devices based on the improved ETL exhibited a
PCE increase from 13.4% to 18.1%, while the hysteresis index (HI) decreased from 1.06% to 0.21%. When
excessive Ta doping was introduced due to overly high bubbler temperatures, defect formation increased and
efficiency decreased. Chai et al. introduced ALD TiO, to overcome difficulties in completely covering the
rough FTO substrate with solution-processed TiO, ETL"*). The ALD TiO, fully covered the protrusions of
the FTO surface, suppressing leakage current. The solution-processed TiO, deposited on top elevated the
CBM, forming better energy-level alignment with the perovskite layer [Figure 4B]. Steady-state PL (ssPL)
spectra showed that the PL peaks of CsPb,, deposited on TiO, bilayers were blue-shifted, confirming
improved crystallinity [Figure 4C]. As a result, the device incorporating ALD TiO, exhibited enhanced
electron transport, increasing the PCE from 18.80% to 19.60% and maintaining stable output under
operational conditions. Nb-doped TiO, ETLs were fabricated by adjusting the ratio of Ti and Nb sources,
where the incorporation of Nb atoms into the TiO, lattice caused lattice expansion"*’. Through a supercycle
ALD process with TTIP, tris(diethylamido)(tert-butylimido)niobium(V) (TBTDEN), and H,O precursors,
the Nb incorporation was controlled. The sequence of Ti-H,O-Nb-H,O proved to achieve the most stable Nb
doping. The deposited films were controlled to a thickness of 15 nm, and upon annealing at 500 °C, the
anatase crystalline phase was formed, improving the electronic structure and optical properties. With
increasing Nb content in the ALD TiO,, ]
reached 18.3%, surpassing that of pristine TiO, (16.2%) and Nb,O, (16.45%). In stability assessments, the

V.. and FF improved, and under optimized conditions, the PCE

sc?

devices retained ~17.6% efficiency after 61 days of shelf aging and maintained 80% of their initial
performance after 138 h under continuous illumination under ISOS-L1 conditions. In conclusion, the doping
concentration in TiO, ETLs must be precisely controlled, and ALD demonstrates its effectiveness in

achieving such fine-tuned optimization.

SnO, generally exhibits higher electron mobility than TiO, and provides better conduction band alignment
with perovskite absorbers, while also being deposited at lower temperatures!"*>'*”. Due to suppressed charge
recombination losses, highly efficient regular type PSCs frequently employ SnO, as the ETL"*****). SnO, is
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Figure 4. (A) O 1s core-level spectra from XPS analysis of Ta-doped PEALD-grown TiO, thin films at varying bubbler temperaturest’?.,
Copyright 2021, MDPI. (B) Energy band diagram of ALD (A-)/solution(S-)/bilayer TiO, ETL-based devices!"®. Copyright 2023, Elsevier.
(C) ssPL spectra of A-/S-/bilayer TiO, filmt¢3], Copyright 2023, Elsevier.

usually deposited by solution-based methods involving sol-gel, colloidal nanoparticle dispersion, and
chemical bath deposition (CBD), which are cost-effective and compatible with large-area production.
However, these approaches often face challenges with film uniformity and thickness control, and they readily
introduce surface defects such as impurities and oxygen vacancies that act as trap sites, thereby reducing
electron extraction efficiency!"*>'”°!. Incorporation of ALD helps overcome such issues, promoting the
high-quality SnO, even at low temperatures through careful control of process parameters. Above a certain
temperature threshold, ALD SnO, growth deviates from self-limiting behavior and transitions toward
CVD-like deposition""". Although oxygen vacancies can increase carrier density, they simultaneously reduce
mobility due to enhanced scattering'”’?. Therefore, a balance of thermal energy and optimized processing
conditions is required to activate surface reactions for uniform film growth while minimizing defect
formation. Martinez-Puente et al. optimized process conditions for remote and direct plasma ALD (RPALD
and DPALD) of SnO, using TDMASn and oxidants"””). When hydrogen unintentionally substituted for
oxygen vacancies, it acted as a shallow donor and induced surface plasmon resonance (SPR). The hot
electrons generated by SPR were injected into the SnO,/perovskite interface, promoting photocatalysis.
However, doping was minimized under RPALD conditions at 80 °C with O, as the oxidant. While the
growth of the ALD SnO, can be precisely controlled, SnO, often performs better when fabricated as a bilayer
in combination with solution-based methods rather than solely by ALD when applied to the TCO in regular
type PSCs. Gong et al. analyzed the challenges associated with coating ITO using ALD SnO,"".. Interestingly,
the roughness of the ALD SnO, film was found to be higher than that of both bare ITO and
solution-processed SnO,, which resulted in a reduced charge transport efficiency in the device. The observed
roughness increase was attributed to the inherent nature of ALD, as the repeated atomic-scale deposition
process tends to amplify the pre-existing surface irregularities of the ITO. In contrast, spin-coating a solution
allows the film to spread and self-level across the substrate surface. Conversely, the bilayer SnO, film -
tabricated by subsequently depositing a solution-processed layer on top of the ALD layer - exhibited the
lowest roughness. This improvement was attributed to the initial ALD layer enhancing the chemical affinity
between the substrate and the solution, thereby enabling a more uniform coating. The charge extraction
efficiency of the various SnO, coatings was further investigated using time-resolved photoluminescence
(TRPL) spectroscopy on ITO/SnO,/perovskite films. The TRPL results revealed that the ALD-coated film
exhibited a shorter decay time compared with the spin-coated film, indicating more efficient charge transfer
at the interface. Zhang et al. also combined with sol-gel derived SnO, in a bilayer suppressed colloidal
aggregation, reduced surface roughness, and increased the contact angle, improving Pbl, crystallization"””!

[Figure 5A]. Grazing-incidence wide-angle X-ray scattering (GIWAXS) confirmed superior orientation and
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intensity of the bilayer-derived Pbl, films, as indicated by (100) plane azimuthal cuts [Figure 5B and C].
TRPL measurements revealed a notable reduction in decay components. The fast decay lifetime (r,)
corresponding to electron transfer from the perovskite to the interface decreased from 18.53 ns for the sol-gel
SnO, film to 10.10 ns for the bilayer film. Similarly, the slower recombination component (z,), associated
with defect-mediated recombination, declined from 71.32 to 38.12 ns. Consequently, the average carrier
lifetime shortened from 60.20 to 30.61 ns. The accelerated PL decay indicates more efficient electron
extraction into the ETL and reduced defect-assisted recombination. Furthermore, XPS analysis of the O 1s
and Sn 3d core levels confirmed improved interface stability. The XPS spectra showed an increased Sn*'/Sn*'
ratio and a lower density of surface oxygen vacancies, evidencing enhanced film stoichiometry and reduced
interfacial defects. Consequently, the champion device achieved a PCE of 23.86%, representing enhancement
over the 22.09% control. Ge et al. introduced V-shaped nanoplate FTO (NP-FTO) substrates to mitigate
energy losses from oblique light incidence and nonradiative recombination associated with conventional
ITO and FTO". Integrating sphere and angle-resolved reflection (ARR) measurements showed suppressed
reflectance across a wide spectral range (500-800 nm) and angles (-50° to 50°) due to the formation of a
graded refractive index. Enhanced perovskite crystallization and improved carrier lifetimes were also
observed. To cover the rough NP-FTO surface, SnO, was deposited by ALD, followed by spin-coated SnO,
quantum dot films to form a bilayer ETL. Using TDMASn at 95 °C and H,O at 45 °C, a 4 nm SnO, film was
deposited over 24 cycles at 90 °C and then annealed at 150 °C for 30 min, producing a uniform, compact
layer that prevented direct exposure of the substrate to the perovskite solution. This conformal ALD layer,
integrated with the optically favorable NP-FTO substrate, enabled devices to reach a PCE of 26.4%, with
tandem cells achieving a record efficiency of 28.2%. Chen et al. analyzed the influence of ALD SnO, on
sol-gel processing, highlighting the advantages of bilayer structures"””. Contact angle measurements showed
enhanced wettability of sol-gel solutions on ALD SnO,, decreasing from 37° to 21°, which facilitated
smoother film growth [Figure 5D and E]. XPS analysis revealed that ALD SnO, exhibited a lower Sn*/Sn*'
ratio of 1.20 compared to 1.62 in single SnO,, resulting in a lower refractive index (n). The reduced n value
improved light transmittance, while enhanced perovskite crystallinity further minimized recombination
losses, leading to a PCE of 20.55%. In stability tests under 1-sun white LED illumination in N,, bilayer SnO,
retained 91.47% of its initial efficiency after 1,000 h, compared with only 71.95% for the single-layer device.

178

Gesesse et al. fabricated Nb-doped SnO, ETLs to improve conductivity and mobility"”. By adjusting cycle
ratios of SnO, and Nb,O, precursors, ALD was conducted at 100 °C to control doping levels. The optimized

0.07 at.% Nb-doped SnO, exhibited a slightly reduced total resistance (R, = 1,961.64 Q-cm*) compared with

total
pristine SnO, (2,084.88 Q-cm?), enabling more efficient charge transport. However, excessive Nb content
(3.45 at.%) further reduced R, 0of 1,170.65 Q-cm” but also lowered shunt resistance (R ), resulting in higher
leakage currents and a poor fill factor (FF = 32.7%). Careful tuning of ALD parameters allowed optimized
doping, improving PCE from 12.15% to 13.08%. Ko et al. proposed ultraviolet treatment to overcome the
poor electrical properties and wettability of low-temperature ALD SnO, without requiring high-temperature
annealing"”. Under a 400 mW-cm™ UV source, amorphous SnO, transformed into nanocrystalline form as
ozone and hydroxyl radicals generated from decomposed oxygen and water molecules broke unstable bonds.
10 min of UV exposure induced full crystallization, greatly improving conductivity [Figure 5F and G].
Although the process increased substrate temperature to 120 °C, limiting its applicability to flexible
substrates such as ITO/PEN, the use of LED-based UV irradiation maintained the temperature at ~34°C.
PSCs with UV-treated SnO, ETLs achieved a PCE improvement from 20.36% to 22.86%, while flexible
devices reached 21.49%. Lee et al. developed plasma-modified ALD (PMALD) SnO_ETLs by inserting Ar
plasma treatment between two Sn precursor pulses"*. This process precisely tuned the Sn:O ratio down to
1.38, resulting in resistivity more than four times lower and higher carrier concentrations compared to
conventional ALD films. Energy-filtered photoemission electron microscopy (EF-PEEM) revealed that
PMALD SnO, exhibited a more uniform local work function (WF) distribution than nanoparticulate SnO,,

reducing series resistance (R ) and improving FF. Devices employing PMALD SnO, ETLs in 23.2 cm® PSC
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Figure 5. (A) lllustration of regular structure PSCU'7%1, Copyright 2023, Wiley. (B) Azimuthal plots of solutiont*1, Copyright 2023, Wiley.
(C) Azimuthal plots of ALD/solution bilayer SnO,"*.. Copyright 2023, Wiley. (D) 3D atomic force microscopy (AFM) surface topography
images of solutiont””!, Copyright 2025, Wiley. (E) 3D AFM surface topography images of ALD/solution bilayer SnO,!""73, Copyright 2025,
Wiley. (F) Cross-sectional TEM images of control Si/SnO./Au filmt"79), Copyright 2025, Wiley. (G) Cross-sectional TEM images of UV
exposure after 15 min of Si/SnO,/Au filmt7?1. Copyright 2025, Wiley.

modules demonstrated a PCE improvement from 17.9% to 20.1%, while maintaining 92% of initial efficiency
after 2,700 h under 85 °C and 85% relative humidity, and 96% after 1,000 h of MPPT.

ZnO is used less frequently than TiO, and SnO, despite its electron mobility and low-cost nanostructure
synthesis. Its limited utilization arises from abundant Zn-related donor defects and oxygen vacancies that
promote electron recombination and from strong reactivity with perovskite cations""*"'®. Fournier et al.
deposited compact, conformal ZnO by ALD and functionalized the surface with phosphonic acid derivatives,
including 2-aminoethylphosphonic acid (2-AEPA), 4-aminobenzylphosphonic acid, and
4-fluorobenzylphosphonic acid (4-FBzPA) to address chemical instability and thermal degradation"*. The
derivatives bonded to surface -OH groups, modifying the interface [Figure 6A]. AEPA induced uniform
perovskite crystallization but restricted electron extraction due to insulating characteristics, while 4-FBzPA
partially covered ZnO yet effectively suppressed degradation without hindering charge transport. These
results demonstrate that ALD ZnO surfaces are able to be well-functionalized for effective interface
engineering. Su et al. fabricated ZnO-SnO, bilayer ETLs by sequentially depositing ZnO and SnO, with
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Figure 6. (A) Schematic representation of functionalized ALD ZnO surface with phosphonic acid derivativest. Copyright 2021, American
Chemical Society. (B) TRPL spectra of perovskite films deposited on different ETLs!'®%. Copyright 2023, Wiley. (C) Schematic illustration of
ALD processes with different terminate cycles!™”. Copyright 2022, Wiley.

ALD"* Combining the high conductivity of ZnO with the efficient electron extraction and chemical

stability of SnO,, the bilayer exhibited reduced Rs, increased recombination resistance (R, ), and faster

carrier extraction as confirmed in TRPL [Figure 6B]. Wide-bandgap PSCs employing bilayers achieved
V,.=1.233V,] _=20.5mA-cm? FF = 71.6%, and PCE = 18.1% without additional surface passivation.
Kruszynska et al. deposited ALD AZO, optimizing stability through precursor pulsing sequences"*”. Films
fabricated with a final AIO_pulse (AZO-2) exhibited lower resistivity, reduced band offsets, and superior
thermal stability compared to those terminated with ZnO (AZO-1) due to suppression of acid-base reactions
between ZnO and MAPbI, [Figure 6C]. Khan et al. investigated degradation as a function of Al
concentration, finding that 5% Al doping produced perovskite films with the largest grain size and most
uniform morphology"*!. Excessively low or high concentration of Al resulted in PbI, formation and pinhole
defects, confirmed by decreased t, lifetimes in TRPL. Still, residual interfacial reactions and limited stability

necessitate additional engineering.

In inverted PSCs, ETLs are deposited on top of perovskite absorbers, limiting the use of high-temperature
processing. Organic ETLs such as PCBM, polyethylenimine ethoxylated (PEIE) and C_, are stable in polar
solvents and commonly used to avoid perovskite damage but their high cost and poor stability motivate the
introduction of inorganic MOs""**"*). Since SnO, can be formed at low temperatures, Rakheja et al. deposited
ALD SnO, directly onto perovskite layers in inverted PSC"*”. When deposited directly at 90 °C on FAPbI, or
FAPbBr,, ALD SnO, induced S-shaped J-V curves. Inserting PCBM as a buffer layer between SnO, and
perovskite mitigated the low FF. XRD confirmed the formation Pbl, in FAPbI, without major structural
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change, while Pb 4f,, peaks consistent with this decomposition in XPS. In FAPbBr,, peak broadening in Br

/2
3d and Sn 3d spectra, along with FA decomposition signals in N 1s, indicated the formation of Sn-Br bonds
and decomposition pathways. These suggest that ALD SnO, deposition on perovskite surfaces promotes Pbl,
formation in FAPbI, and Sn-Br bonding in FAPbBr,, both of which introduce electron transport barriers.
The decomposition of FA cations into formamidine and triazine species during interaction with TDMASn
precursors underscores the need for optimized low-temperature processes, careful precursor selection, and
additional interface engineering when employing MO ETLs in inverted architectures. The performance of
PSCs employing ALD-derived ETLs is summarized in Table 1.

MOs for HTL

For efficient HTL design in PSCs, materials with highest occupied molecular orbital (HOMO) levels deeper
than the perovskite VBM are particularly promising as they suppress electron leakage, facilitate hole
extraction, and improve stability"*.. Prominent candidates demonstrating these features include NiO, CuO,,
CoO,, among others"*>"**). Notably, NiO has emerged as the most widely utilized inorganic HTL due to its
favorable energy level alignment, superior stability, and compatibility with a broad range of deposition
techniques represented by solution processing, vacuum evaporation, sputtering, and ALD"*"\. Inverted PSCs
employing organic HTLs particularly carbazole-based SAMs have often exhibited higher efficiencies, which
stems from the ability of organic molecules to precisely tune their HOMO levels relative to the perovskite
VBM through molecular design, as well as the relative ease of enhancing hole mobility and conductivity via
doping!**). Nonetheless, inorganic MOs remain attractive for commercialization, given their excellent
thermal and chemical stability and cost-effectiveness. Given the presence of interfacial defects including
oxygen vacancies and dangling bonds, NiO HTLs necessitate surface modification strategies, whereas ALD
effectively mitigates these issues by facilitating the deposition of high-quality films.

Park et al. demonstrated that the instability and high cost of organic HTLs could be circumvented by
employing thermally deposited ALD NiO as an inorganic HTL"*”. Conventional ALD deposition of NiO
suffers from poor reactivity, warranting plasma assistance. The nickel(II)
1-dimethylamino-2-methyl-2-butoxide [Ni(dmamb),] in combination with H,O, or O, as oxidants has
proven effective in producing uniform ALD NiO. XPS revealed that NiO deposited with O, exhibited a
higher Ni-O bond ratio, ascribed to the stronger oxidizing power of O, compared to H,O,, which effectively
suppressed defect formation. As a result, appropriate precursor and oxidant improved the device PCE from
18.5% to 19.7% [Figure 7A]. Phung et al.v introduced ALD NiO films to overcome incomplete coverage of
SAMs on ITO electrodes in inverted PSCs, which can lead to J_and V__ reduction”). The NiO layer was
fabricated with bis(methylcyclopentadienyl)nickel(IT) [Ni(MeCp),] as Ni precursor and O, plasma, followed
by MeO-2PACz deposition without additional annealing. When both NiO and SAM were introduced onto
the ITO substrate, the bilayer exhibited more uniform thickness and higher density than those obtained with
either single layer. The abundant -OH groups present on the NiO surface facilitate the chemisorption and
uniform growth of the SAM, which consequently gives rise to a more uniform current distribution
[Figure 7B and C]. NiO as a standalone HTL exhibited low V__and fill FF due to interfacial defects, resulting
in a PCE of 16.0%. In contrast, devices with SAM-covered NiO HTLs achieved an average efficiency of
19.0%, comparable to that of SAM-only systems but with improved reproducibility. Jia et al. developed NiO

201

HTL using a water-based ALD without post annealing®. ALD NiO typically requires strong oxidants such
as O, or oxygen plasma in combination with high-temperature annealing, which often deteriorates interfacial
stability. Bis(N,N'-di-tert-butylacetamidinato) nickel(II) (Ni(amd),) was employed as the precursor with H,O
oxidant for uniform NiO films enriched with -OH groups. TEM revealed that structure of ALD NiO depends
on the number of ALD cycles. At 50 cycles, the film thickness was limited to ~3 nm, exhibiting diffuse
diffraction patterns indicative of short-range order and amorphous-like characteristics. In contrast, 100

cycles produced a 9-10 nm film with clear diffraction spots corresponding to the cubic phase, where a lattice
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Table 1. Device performance of PSCs based on ALD MO ETLs

_ : PC (A -
Device structure Product Precursors Thickness G ( Temperature (°C) PCE (%) Stability Ref.
(nm) cycle™)
(Regular) FTO/ALD TiO,/Cs,(FAssMA,1,)06Pb(l,43Bro1,)s/spiro-OMeTAD/Au TiO, TTIP, Ta(OEt),/O, plasma 60 0.284 250 18.09 - [162]
. [o)
(Regular) FTO/ALD TiO,/solution TiO,/CsPbl,/spiro-OMeTAD/Ag TiO, TDMATI - - - 19.60 ?M 1_'51(73'hRH'30 % [163]
868
(Regular) FTO/ALD TiO,/mesoporous . AM1.5G, N,
. TiO TTIP, TBTDEN, H,0O 15 - 200 18.3 164
TiO./Cs05(MA16:F Ag 33005/ POl 84,Bro.156)/ PTAA/Au s : T =138h [164]
0,
(Regular) FTO/ALD TiO,/MAPbl,/spiro-OMeTAD/Ag TiO, TDMATI. H,O 15 0.5 - 18.2 ?art';;é;m/o [188]
90
(Regular) ITO/ALD TiO,/MAPbl,/spiro-OMeTAD/WO,/Ag TiO, TTIP, H,0/0, 80 0.9 200 ~10 - [189]
(Regular) FTO/ALD
SNO,/(FAPbL,), ,s(MAPbBF,), ,(CsPbl,)q op/spiro-OMeTAD/Au 5n0, TOMASn, H,0/0,/0, 10 115-1.32 80 B 173l
- o,
(Regular) FTO/ALD SnO,/solution SnO,/FAPbl,/spiro-OMeTAD/Au SnO, TDMASH, H,0 5 ~0.63 10 23.86 .?arlf'1’\‘326§|; 20% [175]
85 — s
. . AM15G, 55 °C, N,
(Regular) NP-FTO/ALD SnO,/solution SnO,/FAPbI,/spiro-OMeTAD/Au SnO, TDMASH, H,0 4 ~1.66 90 259 T.=1200h [176]
95 — Ir
(Regular) ITO/ALD SnO,/solution AM1.5G, N,
SN0,/MAO 1,CS0:F A ssPb(lo 1aBr,0/spiro-OMe TAD/Au N0, TDMASN, H,0 38 152 120 20.22 Tovsy = 1,000 h (77]
(Regular) FTO/ALD Sn0,/Csq 0sMAq16F Ag s33)05sPD(Bro el s32)/ PTAA/Au Sno, TDMASn, TBTDENM, H,0 15 - 100 13.08 - [178]
) AM 1.5G, RH = 5%
(Regular) FTO/ALD SnO,/(MAPbL,),o(FAPBIBr,) o/ spiro-OMeTAD/Au SnO, TDMASNH, H,0 10 0.63 125 22.86 T =1000h [179]
874 — bt
AM 1.5G, 85 °C, RH
(Regular) ITO/ALD SnO./(FAPBL,),o:(MAPbBr.), ./PTAA/Au Sno, TDMASN, H,0/Ar plasma 10 - <200 21.8 =85% [180]
T, =1,000h
=309
(Regular) FTO/ALD SnO,/PCBM/MAPbL./spiro-OMeTAD/Au SnO, TDMASNH, H,0 - - 120 193 .lA.M>1150% EH 30% [190]
80
0.8~-09 @
(Regular) ITO/ALD SnO,/FAMAPb(IBr)./spiro-OMeTAD/Ag SnO, TDMASN, O, 15 100~150 °C 200 15.0 - [191]
1.7 @ 250 °C
0
(Regular) ITO/solution SnO,/ALD SnO,/FAPbl./spiro-OMeTAD/Au Sn0O, TDMASNH, H,0 - - 180 2212 _I?ark_, EZ‘;;O % [174]
100 ©
(Inverted) ITO/Me-4PACz/FAPbl,/ALD SnO,/Ag SnO, TDMASNH, H,0 30-35 1.24 90 - - [187]
(Inverted) Dark, 85°C,RH =
FTO/NiO/2PACz/CsyMA, 0,F A, 5sPb (I 65Bro 0,)5/ ethenyltriethyloxysilane/solution  SnO, TDMASH, H,0 40 1 100 23.0 10% [192]

Sn0,/ALD SnO,/Au

T,,=1,000h
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(Regular) FTO/ALD ZnO/FbzPA/Csy 0e(FAs 5 MAg 1) 5sPb (o 63

Br,.)./spiro-OMeTAD/Au Zn0O DEZ, H,0 10~15 - 150 41 - [183]
(Regular) FTO/ALD ZnO/ALD . . ) )

SNO,/C00eF Ao gMA, oPb (1, Bros)/spiro-OMeTAD/Au Zn0, SnO, DEZ, TDMASH, H,0 Zn0:28 Sn0,:17 120 18.1 [184]
(Regular) FTO/AZO/MAPbl,/spiro-OMeTAD/Au AZO DEZ, TMA, H,0 20 - 200 18.09 - [1571
(Regular) ITO/In,0,/ In,05 Trimethylindium, O, 30 0.88 250 10.97 - [193]

spacing of 0.21 nm was assigned to the (200) plane. Some crystallites extended through the entire film, potentially providing favorable charge transport pathways. This
is consistent with the intrinsic growth mechanism of ALD, wherein ultrathin films remain stabilized in an amorphous state due to dominant surface energy, while
crystallization is promoted once the critical thickness is exceeded. XPS further demonstrated that ALD-grown NiO preserved the concentration of Ni** while reducing
the fraction of Ni*, thereby suppressing undesirable interfacial oxidation reactions. The O 1s spectra revealed an enhanced fraction of -OH groups compared to ITO,
and these groups were retained even after polar solvent rinsing, indicating strong chemical bonding. The abundant -OH functionalities facilitated stable adsorption of
SAM molecules, resulting in improved molecular retention after cleaning. Consequently, the ALD NiO films effectively suppressed the formation of detrimental
oxidized species while promoting robust SAM formation and improved interfacial quality. These collectively enhanced SAM ordering and improved the crystallinity of
the subsequently deposited perovskite layer, leading to suppressed nonradiative recombination at the HTL/perovskite interface. Focusing on the surface hydroxylation
of the NiO layer, He et al. inserted an ALD NiO buffer layer to strengthen the bonding between spin-coated NiO and Me-4PACz*”. The ALD bulffer also enabled the
formation of a denser and more uniform spin-coated NiO layer [Figure 7D]. In addition, the contact angle increased after SAM coating, indicating that Me-4PACz
molecules were more densely packed. Surface potential measurements using a Kelvin probe force microscope (KPFM) revealed that hydroxylation was induced as the
potential increased from -381 to -52 mV. The KPFM results are consistent with Fourier transform infrared spectroscopy (FTIR), which confirmed the formation of
covalently bonded -OH groups indicated by the characteristic peak of the B-Ni(OH), phase. The smooth surface was particularly preferred for the interlayer, as it allows
for more effective defect passivation and improved energy  level alignment. Xu et al incorporated
[[sH-diindolo[3,2-a:3,2'-c]carbazole-5,10,15-triyl]tris(propane-3,1-diyl) Jtris(phosphonic acid) (3PATAT) onto ALD NiO layers*”. 3PATAT introduced Ni-P bonds
with the surface because of anchoring groups, suppressing undesirable reactions between Ni’* species and iodide ions that would otherwise lead to Pbl, formation
[Figure 7E-G]. Furthermore, the phosphonic acid moieties strongly bonded to the ALD NiO surface while simultaneously exposing multiple hydrophilic groups, which
enhanced surface wettability and facilitated improved perovskite film growth. The inverted PSC that concurrently incorporated an ALD HTL and a molecular bridging
layer to achieve both thermal and moisture stability and improved perovskite film quality retained 92% of its efficiency after 1,000 h in ambient air and 80% after 500 h
at 85 °C under unencapsulated conditions. In addition to the intrinsic electrical conductivity and stability of the material, NiO is advantageous for SAM deposition and
interfacial engineering. Similarly, copper oxide (CuO,) can be conformally deposited via low-temperature ALD, affording compatibility with perovskite and polymer
substrates, and can be easily converted into Cul with enhanced optical transparency and charge transport”****\. However, parasitic absorption due to the narrow
bandgap of CuO, remains critical drawback that limit the utilization**. The device performance of HTLs fabricated by ALD is listed in Table 2.
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Figure 7. (A) Performance of ALD NiO based PSCs with H,O,(h-)and O,(0-) oxidant!®®\. Copyright 2024, Wiley. (B) Current maps from
conductive AFM line profiles of SAM and (C) ALD NiO/SAM filmt°°, Copyright 2021, American Chemical Society. (D) Illustration of the

HTL/perovskite interface and the PSC structuref?°?. Copyright 2025, Wiley. (E) SEM images of perovskite films deposited on NiO (F)
NiO/MeO-4PACz (G) NiO/3PATAT!93, Copyright 2025, American Chemical Society.

ALD MO layer deposition for interface engineering

PSCs face significant interfacial challenges as CTLs improve charge extraction and enhance performance, but
interface defects at the CTL/perovskite boundary cause recombination losses"”"". Moreover, CTLs such as
spiro-OMeTAD with dopants for improving charge mobilities often exhibit hygroscopicity, accelerating
device degradation?. To improve both efficiency and stability, interface engineering materials are called for
to simultaneously ensure effective charge transport and energy level alignment while maintaining
environmental stability®*). Organic molecules or polymers with functional groups that mediate hydrogen
bonds, ionic interactions, or Lewis acid-base coordination can stabilize undercoordinated Pb** and halide
vacancies at the perovskite surface, reducing interfacial defect density, mitigating V_losses, and providing an
effective passivation strategy”'**'*l. Alkylammonium halides such as phenethylammonium iodide (PEAI) and
octylammonium bromide (OABr) are also widely applied. Despite their insulating nature which restricts
charge transport, the organic spaces form two-dimensional (2D) perovskite more stable against moisture and
oxygen than 3D phases”'?. Nonetheless, organic molecules with optimal functionalities require rigorous
density functional theory (DFT) calculations and molecular dynamics (MD) simulations for rational design.
Alternatively, MOs offer a comparatively established and reliable route, with their synthesis being precisely
controllable by ALD™7. ALD MOs with superior thermal, photochemical, and environmental stability
compared to organic counterparts serve as defect-passivating interlayers and protective barriers against ion
migration between electrodes and perovskites, improving long-term durability. Chavan et al. modified the
mesoporous TiO, (ms-TiO,) interface with an ultrathin ALD Nb,O, layer to mitigate charge
recombination”"*!. Ultraviolet photoelectron spectroscopy (UPS) and UV-vis spectra show that the CB of



Page 20 of 36 Park et al. Microstructures 2026, 6, 2026040

Table 2. Device performance of PSCs based on ALD MO HTLs

Thickness GPC (A

Device structure Product Precursors ) Temperature (°C) PCE (%) Stability Ref.
(nm) cycle™)
(Inverted) FTO/ALD . .
NiO/Cs05(FAGsMAG 05)0950PDl6.65Br0.05)3/Coo/ BCP/Ag NiO Nitdmamb),, O, / 03 200 197 ) [199]
(Inverted) ) ) AM 1.5G, 85°C, N,
ITO/NIO/MeO-2PACZ/C84 0 Aoy MA,Pb Iy Bro )/ Cor/BCP/Ag. MO NI(MeCP); O; plasma 8 03 120 190 T,=300h 1200]
(Inverted) ITO/NiO/[4-(7H AM 1.5G, N
dibenzo[c,g]carbazol-7-y)butyllphosphonic Acid (4PADCB) NiO Ni(amd),, H,O 33 ~-0.66 160 233 T - 1 0'05 h [201]
SAM/CSg,F A 5P, osBro .o/ PCBM/BCP/Ag saa = b
(Inverted) ITO/ALD NiO/solution AM15G. 55°C. N
NiO/Me-4PACz/Cs,4sMA,FA,s:Pbl,/phenethylammonium NiO Bis(cyclopentadienynickel(Il) (Ni(Cp),), O,  2-3 - 250 25.25 T :l60(') h "7 [202]
(PEA)Br/PCBM/BCP/Ag &
(Inverted) FTO/ALD NiO/3PATAT/(FAPbI,), s(CsPbl,)ygs MO Nmemb. O ) ) 00 e Darle 1 03]
(MAPbBY,)0s/C.o/BCP/Ag i 20; _ 30%
T,,=1000h

(Inverted) FTO/NiO/Cs,,sMA,4:Pbl,/PCBM/BCP/AZO/Ag/Al,0, NiO Ni(dmamb),, O, 20-30 ~0.25 180~230 18.8 - [207]
(Inverted) ITO/ALD . .
NIO/2PACZ/CS4 0sF Ao ssMAG 1 Pb(lo 1sBro 1)/ Coo/ ALD SnO,/ITO/Ag IO Niamd),, H,0 8 05 120 166 - [208]
FTO/ALD .
NIO/(CSPbI)o0s((FAPDI)oss(MAPBI)o 00)oss/ oo/ BCP/ Ag NiO : 10 : 200 227 : (2091

. . . 0.8-sun white LED,
ITO/ALD NiO/Cs;,sFAy5Pb(lo5sBrg15)s/Ceo/ ALD SNO,/Ag NiO Ni(dmamb),, Cu(dmamb),, O, 8 - 120 22.47 RH = 40% [210]

T..=1,000 h

ms-TiO, lies at -3.70 eV, slightly above that of the perovskite, thus imposing a ~10 meV barrier to electron transport [Figure 8A]. A 2.1 nm Nb,O, interlayer lowered
the CB to -3.85 eV, resulting in more favorable electron transfer. The Nb,O, also improved perovskite crystallinity, increased grain size, and smoothed the surface, as
confirmed by PL, TRPL, and electrochemical impedance spectroscopy (EIS), which showed reduced nonradiative recombination, accelerated charge extraction, lower
series resistance, and higher recombination resistance. Marked improvements were observed, with PCE increasing from 19.1% to 21.0%, hysteresis nearly eliminated,
and long-term stability under storage, heat, and UV irradiation significantly enhanced, owing to suppression of oxygen vacancy-mediated O, formation at the TiO,
interface. Fabricated as an ultrathin ALD layer, Al,O, reduces nonradiative recombination, blocks moisture and oxygen ingress owing to wide bandgap, optical
transparency, and exceptional chemical stability. Zhao et al. investigated the surface chemical evolution of MAPbI, during Al,O, ALD using in situ XPS**”). Upon TMA
exposure, the N 1s peak shifted from 402.4 to 401.0 eV, evidencing deprotonation of CH,NH.* to CH,NH,, which subsequently coordinated with undercoordinated
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Pb*, effectively passivating iodine vacancies. Concurrently, CH,I generated from the TMA-MATI reaction
desorbed from the surface, suppressing iodine-related trap formation and reducing the I/Pb ratio from 4.0 to
3.6. Above 125 °C, Pb-I bond cleavage led to the formation of Pb” and Pbl,. Conversely, deposition at 75 °C
enabled selective Al,O, growth on defect sites, reducing nonradiative recombination as t,,, increased from
20.88 to 73.39 ns in TRPL results. Consequently, surface restoration and defect passivation improved the
PCE from 19.2% to 20.4%, maintaining over 95% of the initial efficiency after 150 days in an N,-filled glove
box. Yang et al. introduced sub-nanometer AL,O, and SiO, layers at the NiO HTL/perovskite interface in
inverted PSCs"*”. The insulating oxides generated negative and positive fixed charges (Q,) at AL,O, and SiO,,
adjusting carrier density distributions near the interface. Notably, the negative Q, of Al,O, attracted holes and
repelled electrons, reducing recombination via an internal electric field-induced band bending. Devices
incorporating a < 0.5 nm Al,O, layer achieved efficiency improvements from 19.8% to 22.5%, while
encapsulated cells retained nearly their initial performance after 2,000 h of maximum power point tracking
(MPPT) at 85 °C in ambient air. In regular PSCs, ALD AL O, deposited using TMA precursors at 60 °C
suppressed moisture ingress and inhibited defect formation"”?". DFT simulations indicated that adsorbed
H,O on layered halide perovskites react preferentially with TMA rather than A-site guanidinium(GA")
cations, enabling deposition of ~3 nm Al O, films without lattice damage. The hydrophobic Al O, surface
yielded devices that retained 93% of their initial efficiency after 170 h in 50% relative humidity. Choi et al.
introduced 5-ammonium valeric acid iodide (5-AVAI) prior to ALD deposition to address film
inhomogeneity arising from low-temperature oxide growth”. The carboxyl groups of 5-AVAI reacted with
TMA methyl groups to form Al-O bonds, facilitating uniform nucleation [Figure 8B]. Subsequent alternating
TMA/H,O pulses produced 1.1 nm Al O, films over 10 cycles. KPFM and PL mapping revealed superior film
uniformity, while TRPL showed a dramatic increase in carrier lifetime from 16.9 ns in single Al,O, to
122.7 ns in 5-AVAI/ALO,. ALD MO barrier against Ag/halide migration and moisture achieved both
single-junction and tandem devices to maintain > 90% of their initial PCE after 500 h of MPPT. Ghosh et al.
deposited Al,O, directly onto completed devices to address interfacial defects introduced during
spiro-OMeTAD coating in regular PSCs!***). PL of perovskite/spiro-OMeTAD films showed strong
quenching relative to bare perovskite, with low-temperature PL at 100 K revealing a shoulder near 785 nm
corresponding to defect states [Figure 8C]. During ALD, TMA precursors diffused through the HTL,
reacting locally with the perovskite to form Pbl, and passivate grain boundary defects, while H,O oxidants
remained near the surface. Devices with ALD AL O, retained > 95% of their initial efficiency after ~3,200 h of
storage, compared with ~60% for untreated controls, and displayed superior stability under high-humidity
MPPT and vacuum tests. As interfacial buffers, SnO, has also been adopted due to its chemical robustness,

suitable band alignment, and electron transport characteristics. EVA-modified PCBM provides ester groups

224]

that bonded with TDMASn precursors, supplying additional nucleation sites for uniform SnO, deposition!
[Figure 8D]. The dense, defect-free 10 nm SnO, films with aligned energy levels improved FF to 79.93% and
V., to 1.14 V. Similarly, Zhang et al. demonstrated that ultrathin (2.5 nm) ALD SnO, deposited at 100 °C
effectively passivated defects at the C, /Ag interface, overcoming incomplete BCP coverage and
environmental instability”””.. The SnO, buffer layers exhibited ~99% optical transmittance, rendering them
highly suitable for tandem PSCs [Figure 8E]. In addition to Nb,O., Al,O,, and SnO,, a wide range of oxides
such as MgO, In,0,, and GeO, have been introduced for interfacial passivation and buffer layer formation

owing to their favorable optoelectronic properties and stability!'*>****") Effective deployment of these
materials requires precise, defect-free deposition, for which ALD serves as a central enabling technology. A
summary of studies employing oxide interlayers in PSCs is presented in Table 3.

CONCLUSION

This review provides an overview of recent progress in ALD MO thin films and offers insights into their
application in PSCs. ALD is particularly well-suited to the intrinsic requirements of PSCs, where both high
efficiency and long-term stability are demanded. The progress of ALD allows the precise deposition of
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Figure 8. (A) Energy level alignment of regular type PSCs!?®1. Copyright 2021, Wiley. (B) Schematic of ALD Al,O, deposition on perovskite
with 5-AVAI?221 Copyright 2025, Elsevier. (C) ssPL spectra of perovskite film and half-cells with ALD Al,O, coating®??3. Copyright 2023,
American Chemical Society. (D) Schematic illustrating passivation of perovskite/PCBM:EVA film with ALD Sn0O,??4. Copyright 2023,
Wiley. (E) Transmittance spectra of ALD SnO, films with different thicknesst??*.. Copyright 2025, Elsevier.

various MOs, including SnO, and TiO, as ETLs, NiO as a HTL, and Al,O, as an ion diffusion barrier, thereby

providing a versatile platform for interface and structural engineering.

Through advances in process design and optimization, ALD MO layers have contributed to remarkable
improvements in device performance. Building on the developments, the following subsections highlight the
remaining challenges and propose future directions.

Thermal stress-induced degradation

Given that PSCs are constructed from thermally sensitive hybrid materials, the high temperatures typically
required in conventional ALD represent a significant limitation. Perovskite absorbers readily decompose or
suffer structural degradation above 100 °C, leading to device failure”*’. Thermal stress decomposes the A-site
organic cations, and the resulting species subsequently sublime, leaving an excess Pbl,. The degradation
becomes increasingly severe as the processing time is prolonged. In addition, elevated temperatures can
thermally degrade metal precursors, compromising the self-limiting nature of ALD and leading to loss of
growth-rate control, non-uniform film formation, and enhanced surface defect generation". Therefore, it is
essential to develop appropriate precursors, oxidants, and processing conditions that can produce dense and
conductive metal-oxide layers at low temperatures or within short deposition times. The development of
precursors and oxidants that can form dense, conductive oxides at reduced temperatures is essential.
However, low-temperature deposition often produces amorphous films with poor crystallinity, resulting in
inferior charge transport, increased trap density, and elevated interfacial recombination”*"***!. Although
PEALD with tailored low-temperature precursor chemistry and post-deposition treatments such as
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Table 3. Device performance of PSCs based on ALD MO interlayers

. i PC (A o
Device structure Product  Precursors Thickness G ( T: mperature PCE (%) Stability Ref.
(nm) cycle™) (°C)
— 0,
(Regular) FTO/TiO,/ALD Nb,0./Cs,,FA,,Pbl,/spiro-OMeTAD/Au Nb,O, Nb(OEt),, H,0 0.7 1.4 300 19.42 ?M_1'75§(') EH 40% [218]
76 =
AM1.5G, 85°C,RH =
(Inverted) FTO/NiO/AlLO,/CsgsFA,,sMA,,,Pbl;/C,.,/BCP/Cu AlLO, TMA, H,0 0.2-0.5 - 25 225 50% [220]
Too = 2000 h
= 0/ .50,
(Regular) ITO/Sn0,/GA(MA).Pb.|../spiro-OMeTAD/Ag ALLO, TMA, H,0 3 1.0 60 210 ?ar'f' EQBO‘LO/" 0% oo
93 —
(Inverted) ITO/NiO/Me-4PACz/Cs,,FAgsPb(ly 43Bro 5,/ 5-AVAI/ALD AM1.5G, N,
ALO,/C./ALD SOy Ag ALO, TMA, H,0 11 11 100 19.5 T.=615h [222]
(Regular) AM 1.5G, RH = 60%
FTO/Sn0,/(FA, s MAq 1 )os:Co0cPbl, Bro/spiro-OMeTAD/Au/ALD ALO,  ":O: TMA, H,0 - - 70 209 T,,=300h [223]
(Inverted) o — Qo
ITO/NIO/PTAA/ALOL/CSy05(F A, 5MAG 60 65Pb (06,10 05/ PCBM:EVA/ALD SO, TDMASH, H,0 10 -0.5 120 22.06 ?a”_(':go E RH =85% [224]
SnO./Ag 85 =
(Inverted) ITO/MeO-2PACz/CsgosFAggsMAG PB4 Brg.); Dark, RH = 30%~40%
/C../BCP/ALD SO/ Ag Sno, TDMASH, H,0 25 - 100 17.90 T, -552h [225]
Regular) FTO/ALD luti FAPDI iro-OMeTAD/ALD i
(Aegu ar) FTO/ Sn0,/solution SnO,/FAPbl./spiro-OMe / Tio, TDMATI, H,0 4.5 0.08-010 60 5230 AM 1_.56, 0.85V bias [228]
TiO,/Au Tees =120 h
(Inverted) FTO/NiO/MAPbl./Al,O,/PCBM/Ag AlLO, TMA, H,0 0.1 ~0.1 75 20.4 ?M 1_5366(,)\‘5 h [219]
953 ~ 2
) . AM 1.5G, 85°C,RH =
(Regular) FTO/c-TiO,/ms-TiO,/FAPbl,/OAI/ALD ! !
. AlLO, TMA, H,0 0.39 ~-0.10 100 23.75 85% [229]
Al,O,/spiro-OMeTAD/Au Too =1,872
. AM1.5G, 65 °C,RH =
:lmg,rt:d) FTO/NiO/MeO-4PACzZ/(FA, 5 MAq11)055CS0 0sPbly/C oo/ ALD ALO, TMA, H,0 ) _ 0 . 0% 200 2307
:0/Au Too =150 h
(Inverted) ITO/PTAA/Csy 05 FAs20MAq 1:Pbl, Bty ./ PCBM/AZO/ALD AM 1.5G, RH = 30%-~40%
$n0,/Ag SnO, TDMASNH, H,0 - - 100 21.50 T, =1,000h [231]
(Inverted) ITO/MeO-4PACz/FA,;MA, 1xCS00:Pb(lo 5B 1)/ Coo/ ALD AM1.5G, 65 °C, N,
$n0,/Ag SnO, TDMASNH, H,0 15 1.2 90 222 T, =575h [232]
(Inverted) FTO/ALD AM1.5G
NiO/3PATAT/Cs,05(FAq0sMAq06)050PD(l06Bro0s)s/ Coo/ ALD SnO./Ag S0, TDMASR, H,0 o715 176 80-110 219 Te5=2,000h 12331
(Inverted) ITO/Me-4PACz/Csy ,F Ag 5sPb (o soBro 205/ ALO,/Coo/ ALD 510, TOMASR, H,0 20 - . 1996 _ 2341

SnO./Ag
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Real sunlight, -1-36 °C, RH
SnoO, TDMASH, H,0 - - 70 16.1 =40%-~80% [235]
T4 =500 h

(Inverted) FTO/Poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine]
(polyTPD)/MAPbI,/PCBM/ALD SnO,/PEDOT:PSS/Carbon

AM1.5G, RH = 40%

(Regular) FTO/TiO,/ALD HfAIO/MAPbl/spiro-OMeTAD/Au HfAIO TDMAHf, TMA, H,O 3 1.0 250 9.85 T oo h [236]
80 —
(Regular) ITO/SnO,/(FAPbL), 5. (MAPBBE.), ./PTAA/ALD SIAL,0,/ALD GALO. sio, Tetraethylorthosilicate  SIALO,:5.2 SiALO052 o6 Dark, RH = 85% 2971
$i0,/Au 022 (TEOS), TMAM, H,0 Si0,7.3 $i0,:0.24 : T, =40h
— o,
(Regular) MgO MgCp,, H,0 10.21 2 80 2274 DAk RH=85% [238]

ITO/SN0,/Cs, s(FAPbL), o:(MAPbBE,), 1o/ spiro-OMeTAD/MgO/Au Ty =162h

passivation annealing has been investigated to address these issues, shortcomings remain due to plasma-induced substrate damage, film nonuniformity, complex
parameter control, and limited large-area uniformity****. Addressing this challenge to ensure process stability and cost-effectiveness remains critical goals.

Process and precursors compatibility

As interlayers between ETLs or HTLs and perovskite absorbers, ALD MOs facilitate selective charge transport and suppress interfacial recombination. However, strong
precursor-perovskite interactions often introduce serious chemical degradation, particularly affecting the organic constituents within hybrid perovskites. Although
ALD-derived SnO, has been widely used as a moisture-blocking protective layer for the top transparent electrodes of tandem and semitransparent PSCs, it was found to
induce even faster humidity-driven degradation than bathocuproine (BCP)**°". During the TDMASn pulse step of the ALD process, the precursor triggers
deprotonation of the perovskite A-site organic cations, which accelerates structural collapse under high-temperature and high-humidity conditions. ALO,, owing to its
strong acidic nature, suppresses these degradation pathways and improves long-term stability, yet the TMA precursor can also react with the organic cations and cause
lattice disruption and defect formation**”. Although selecting more suitable precursors and oxidants can mitigate some of these issues, the intrinsic reactivity and
thermal stability limitations of ALD restrict the process window to narrow temperature and environmental conditions required for self-limiting growth*>***) When
interfacial stability is insufficient, device degradation accelerates during long-term operation, with moisture and oxygen further promoting undesirable degradation
pathways at the MO/perovskite interface. Consequently, precise optimization of oxide thickness, composition, deposition sequence, and interfacial treatments becomes
indispensable. Although ultrathin organic buffer layers inserted prior to ALD can mitigate interfacial reactivity, chemical and structural engineering at the
oxide/perovskite boundary still requires substantial refinement*”’. A major challenge in the ALD process for PSC also lies in choosing precursors and oxide materials
compatible with the chemical sensitivity of perovskites. Key precursor parameters including volatility, reactivity, stability, and byproduct generation directly determine
film quality and process viability™. Certain metal precursors exhibit strong reactivity with perovskites, inducing interfacial degradation or unintentional doping***.
For instance, TiCl, provides high volatility and rapid deposition kinetics but generates chlorine residues that compromise device performance®®. Metal-organic Ti
precursors yield films of higher purity, a characteristic offset by their low volatility, which often requires elevated deposition temperatures”. The structural and
chemical properties of the deposited MO is determined by precursor selection, and this directly affects the electronic and optical characteristics®*'!. Accordingly, the
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composition engineering of MO layers determines a decisive influence on optical transparency, electron
affinity, and band alignment. Insufficient energy-level alignment of the deposited materials leads to charge
transport barriers and consequently lowers efficiency?. Consequently, establishing an optimal combination
of precursor chemistry and oxide material is essential to balance film purity, electronic and optical
functionality, and interfacial stability.

Toward commercialization

Despite the precision and controllability of ALD, the slow cycle-by-cycle growth kinetics imposes severe
limitations on scalability. For PSC modules, MO films must be deposited uniformly over substrates
extending to several tens of square centimeters, but the inherently low growth rate of ALD significantly limits
manufacturing throughput®*. Moreover, when micrometer-scale MO layers are required in PV modules, the
process becomes impractically time-consuming as ALD struggles to achieve even film thicknesses beyond a
few tens of nanometers within reasonable durations”**. High equipment costs and long cycle durations
further escalate production expenses. PEALD enables the deposition of MO films at low temperatures with
high uniformity and smooth surfaces, making it suitable for application in PSCs. However, an excessively
long precursor pulse time can induce unintended CVD reactions during the process, thereby compromising
film uniformity and process controllability. Insufficient plasma exposure time, which must be carefully
optimized for process throughput and efficiency, can also lead to reduced GPC, nonuniform film thickness,
and degraded film quality™®'. Highly reactive radicals cause substrate defects, complicating process control
and limiting the reproducibility of low damage conditions at large scale'***’. While SALD, roll-to-roll
integration, and hybrid deposition schemes have been proposed to accelerate processes, persistent trade-offs
among uniformity, throughput, and cost remain unresolved”””***/. In the SALD process, all precursors are
introduced simultaneously into spatially separated reaction zones that are divided by physical or gaseous
barriers. However, undesired gas mixing between these zones may still occur. Increasing the process
temperature to accelerate reaction kinetics can lead to precursor decomposition and particle sintering, while
lowering the temperature often results in incomplete adsorption and condensation of precursors**. These
trade-offs hinder the formation of uniform and conformal films. Therefore, although the implementation of
SALD enables higher throughput and continuous operation for industrial-scale production, it inherently
faces structural bottlenecks that limit film uniformity and process scalability. Achieving scalable,
high-productivity ALD processes thus continues to be a major hurdle for industrial deployment.

Summary and outlook

ALD MOs represent a promising route to advancing material quality and interfacial control in PSCs.
Although ALD does not yet fully surpass the simplicity and throughput of solution processing, it stands out
as the most effective strategy for introducing protective buffer and encapsulation layers that enhance
stability. Future progress will require the development of low-temperature precursors and processes,
improved interfacial stabilization strategies, and scalable large-area manufacturing technologies. With these
advancements, ALD is poised to play a decisive role in achieving both high efficiency and durability in PSCs.
Ultimately, bridging the gap between academic research and industrial application through close
collaboration will be pivotal in accelerating the path to commercialization of ALD. Such integrative progress
is expected to drive the practical deployment of next-generation photovoltaics and contribute significantly to
sustainable energy transition.
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