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SUMMARY

Wide-band-gap perovskite solar cells (WBG PSCs) hold significant optoelectronic potential, with applica-
tions spanning building-integrated photovoltaics, large-area modules, and tandem solar cells. Vapor-phase
deposition, leveraging its unique solvent-free processing, provides an ideal platform to address critical WBG
perovskite challenges, including halide segregation, phase instability, and defect control. This review criti-
cally assesses the vapor-phase technology landscape for WBG perovskites. It first dissects fundamental
physicochemical challenges in vacuum environments: mixed-halide lattice thermodynamic metastability,
precursor sublimation kinetic mismatch, and complex organic cation volatility. It then systematically evalu-
ates advanced deposition methodologies, ranging from sequential evaporation to hybrid vapor-solution
routes, alongside optimization strategies spanning nucleation thermodynamics, bulk defect management,
and interface energy alignment. It further examines the translation of material innovations into functional de-
vices, highlighting vapor deposition’s advantages in semitransparent cells, scalable modules, and high-effi-
ciency perovskite/silicon tandem cells, before outlining key challenges and future directions to guide both

fundamental research and industrial-scale development.

INTRODUCTION

The urgent global demand for a low-cost, high-efficiency energy
transitionis the primary driver of research into perovskite solar cells
(PSCs), which have now reached a power conversion efficiency
(PCE) of 27% toward commercialization.'~ In this context, devel-
oping highly efficient and stable wide-band-gap (WBG) perovskite
thin films (Eg > 1.65 eV) is a central challenge for next-generation
tandem solar cells (TSCs). By integrating WBG top cells with crys-
talline silicon or narrow-band-gap (NBG) perovskites, TSCs can
surpass the Shockley-Queisser limit of single-junction devices,
as evidenced by the current record PCE approaching 35%. "4
However, realizing high-performance WBG perovskites, partic-
ularly bromine-rich compositions, faces intrinsic material hurdles
that are often poorly addressed by mainstream solution process-
ing.®'° The most prominent issues include light-induced halide
segregation'''%; high crystallization barriers, especially for all-
inorganic systems such as CsPbBr;'°'%; and the complexity of
maintaining compositional homogeneity in multi-cation frame-
works.'®?" These factors collectively lead to non-radiative
recombination, phase instability, and uneven vertical distribution
of components. While solution methods such as spin coating suf-
fer from rapid, solvent-dependent crystallization and poor
conformal coverage on textured substrates,”° vapor-phase

)

deposition has emerged as a robust alternative. As a solvent-
free dry process, vapor deposition enables precise control over
precursor transport and surface reaction physics, offering supe-
rior large-area uniformity, accurate stoichiometry control, and
excellent conformality on complex morphologies.?®2°

This review systematically examines the evolution of vapor-
phase deposition for high-performance WBG perovskite photo-
voltaics (Figure 1). We first delineate the unique thermodynamic
and kinetic challenges of solvent-free crystallization, followed by
a comprehensive classification of vapor-based methodologies,
ranging from traditional co-evaporation to emerging combinato-
rial and epitaxial techniques. We then categorize optimization
strategies for defect mitigation and interface modulation and
highlight the decisive advantages of these techniques in semi-
transparent cells and monolithic tandem devices. Finally, we
provide a strategic outlook on overcoming the throughput-qual-
ity trade-offs to facilitate the gigawatt-scale implementation of
perovskite-based tandem technologies.

THE INTRINSIC CHALLENGES OF VAPOR-DEPOSITED
WBG PEROVSKITES

Metal halide perovskites, defined by the ABXj; stoichiometry,
feature a corner-sharing [BXg] octahedral framework where
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Figure 1. Summary of achieved power con-
version efficiencies

(A) Wide-band-gap perovskite solar cells based
on vapor process.

(B) Tandem solar cells based on vapor process.
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exceptional optoelectronic properties emerge from a dynami-
cally disordered soft lattice. While structural stability is classi-
cally approximated using geometric descriptors such as the
Goldschmidt tolerance factor t and octahedral factor u
(Figure 2A),°° the complexity of WBG compositions necessitates
more refined predictors. Bartel et al. proposed a new tolerance
factor 7, where 7 < 4.18 serves as the threshold for stable perov-
skite formation.®" Critically, the incorporation of high bromine
content and mixed cations (e.g., Cs* and FA*) in WBG systems
introduces significant local lattice strain and steric frustration,
pushing these materials to their thermodynamic stability limit.
Unlike stable binary semiconductors, WBG perovskites exist in
a delicate energetic equilibrium in which entropy-driven mixing
competes with enthalpy-driven segregation, making their final
phase purity highly dependent on the initial nucleation and the
underlying substrate template.

Such structural fragility extends to the electronic structure
where the band gap arises from the antibonding overlap between
Pb 6s and halide np orbitals (Figure 2B).> Although this configu-
ration ensures a direct band gap and high absorption coefficient
(Figure 2C),°' the weak ionic-covalent nature of the Pb-X bond
renders the lattice highly susceptible to thermal vibrations. Conse-
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plications due to negligible hysteresis

and scalability.>* The recent adoption

of self-assembled monolayers (SAMs)
such as Me-4PACz has further solidified this dominance, as
these monolayers minimize interfacial non-radiative recombina-
tion and provide a more compatible chemical surface for the
high-energy growth of WBG crystals.

Within this framework of material and interfacial sensitivity, va-
por deposition introduces unique challenges. The absence of co-
ordination buffering by solvent molecules allows highly reactive
vapor-phase precursors to adsorb directly onto the substrate
and trigger rapid solid-state reactions. This necessitates that the
interface layer assume a dual function: providing selective carrier
extraction through energy alignment and serving as a nucleation
template via chemical surface energy modification. Such tem-
plate-guided growth is required to circumvent the uncontrolled
and disordered crystallization characteristic of solvent-free envi-
ronments. Consequently, the stability and quality of the resulting
WBG films are intrinsically tied to how vapor-phase dynamics
are managed at the interface, a theme that underpins the optimi-
zation strategies discussed in the following sections.

Intrinsic thermodynamic fragilities of WBG perovskites
WBG perovskites exhibit intrinsic thermodynamic fragilities
that stem from a multi-level hierarchy of instability. We
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(A) Schematic diagram of the perovskite lattice. Reproduced with permission.*® Copyright 2018, American Chemical Society.

(B) Schematic diagram of the formation of the perovskite energy band. Reproduced with permission.®> Copyright 2025, Springer Nature.

(C) Energy band structure of perovskite. Reproduced with permission.®’ Copyright 2014, AIP Publishing.

(D) Schematic diagram of the cubic phase, tetragonal phase, orthorhombic phase, and non-perovskite phase of perovskite. Reproduced with permission.**
Copyright 2022, Wiley-VCH.

(E) Phase-transformation process of perovskite. Reproduced with permission.?® Copyright 2025, Springer Nature.

(F) Normal (n-i-p)-type and inverted (p-i-n)-type perovskite solar cell devices. Reproduced with permission.>* Copyright 2025, Springer Nature.

propose a three-level correlation: lattice strain serves as
the thermodynamic root, defect migration acts as the
kinetic conduit, and phase segregation is the observable
manifestation.

Lattice strain is the most critical factor in thermodynamics.
Mixed-halide alloys possess a positive enthalpy of mixing due
to the size mismatch between iodide and bromide ions.*®
Without this strain-induced energetic penalty, the system
would remain a stable solid solution regardless of ion mobility.
Defect migration represents the rate-limiting step. Even in un-
stable regimes, segregation cannot occur if ion transport is
kinetically frozen.*® Phase segregation is merely the cumula-
tive result when the previous two safeguards fail. Table 1
compares the variation trends in thermodynamic and kinetic
parameters under different strain conditions.

The Hoke effect and thermodynamic driving forces
The primary challenge lies in photoinduced phase segregation,
commonly termed the Hoke effect. First reported by Hoke
et al., this reversible phenomenon involves the demixing of
mixed-halide perovskites into low-band-gap iodide-rich traps
and bromide-rich domains under illumination, revealing a ther-
modynamically driven metastable behavior. Stability in these al-
loys depends on the competition between the stabilizing entropy
of mixing and the destabilizing internal lattice energy.®’
Currently, hypotheses explaining the microscopic origin of
photoinduced phase segregation fall into three primary
dimensions.

The polaron-induced strain model emphasizes the role of elec-
tron-phonon coupling. Bischak et al. proposed that photocar-
riers funnel into iodide-rich domains. Due to the soft nature of
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Table 1. The influence of lattice strain properties on key parameters of wide-band-gap perovskite stability

Compressive strain

Logical implications/impact

medium: limited by solution
step uniformity; batch

determines the thermodynamic stability
limit
determines the rate of phase segregation

determines the density of ion migration
channels

annealing process.

Parameter Tensile strain

Enthalpy of mixing (AH ) increases decreases
Migration activation energy (Ej) decreases increases
Defect formation energy decreases

Phase segregation tendency enhanced inhibited

determines the long-term stability of the
final device

the perovskite lattice, these accumulated carriers induce polar-
onic distortions, forming large polarons. The resulting local strain
field creates an elastic potential gradient, driving larger iodide
ions toward the strain center (Figure 3A).*® This hypothesis is
supported by Zhao et al., who identified a strain-composition
threshold. They demonstrated that segregation in films with
less than 50% Br is strain activated and sensitive to external
pressure, whereas higher Br contents trigger a spinodal decom-
position regime (Figure 3B).%° Limmer and Ginsberg pointed out
that a key challenge for this model is whether the strain energy
induced by polarons is sufficient to overcome the high activation
barrier for ion diffusion.*°

In contrast to dynamic mechanisms, Brivio et al. consider
phase segregation an intrinsic thermodynamic behavior. Calcu-
lations show that mixed-halide systems sit within a miscibility
gap at room temperature, favoring spinodal decomposition.*®
Under this framework, illumination acts by providing energy to
help ions overcome diffusion barriers or reshaping the free en-
ergy landscape via photocarrier occupancy.* The miscibility
gap hypothesis struggles to fully explain why the process is
reversible in the dark; if the system is thermodynamically biased
toward segregation, it should theoretically remain segregated af-
ter removing illumination.

Another emerging view is the electrochemical and defect-medi-
ated model. This model examines photoinduced phase segrega-
tion from an electrochemical perspective. Belisle et al. suggested
that photo-generated holes are trapped at defects and oxidize | to
neutral 1°, breaking local electroneutrality and significantly
reducing migration resistance.*® Furthermore, the counterflow of
halide vacancies and ions driven by surface electric fields is
considered key to compositional segregation.’® The current
debate focuses on whether this is an intrinsic physical process
or an early manifestation of chemical degradation. These models
together form a comprehensive understanding of the Hoke effect
from electronic, structural, and electrochemical perspectives.
The debate essentially centers on whether the light factor acts to
alter the energy landscape or lower migration barriers.
Defect-mediated ion migration channels
Thermodynamics provides the drive, but defect-mediated
migration determines the kinetics. Eames et al. combined den-
sity functional theory calculations and experiments to identify io-
dide vacancies as the primary vehicle for halide transport, given
their exceptionally low activation energy of approximately 0.58
eV (Figures 3C and 3D).*' Kinetic tracking studies by Yoon
et al. further confirmed that segregated domain formation rates
correlate strictly with halide defect concentrations, as films
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with fewer defects exhibit significantly retarded segregation ki-
netics.*” Furthermore, Sabino et al. proposed a light-induced
Frenkel defect pair theory offering a quantum mechanical expla-
nation. They posit that hole localization weakens Pb-X bonds
and expels halide atoms into interstitial sites to form vacancy-
interstitial pairs, thereby unlocking rapid migration channels
(Figure 3E).*? This is experimentally corroborated by Ren et al.,
who showed that mobile iodine and vacancies act as both
recombination centers and triggers for self-accelerating degra-
dation. Capturing these mobile species via interfacial materials
proved effective in suppressing this process.*®

Consequently, intrinsic instability can be mitigated by kineti-
cally freezing ion migration channels. Whether utilizing the steric
hindrance effect of thiocyanate filling vacancies as reported by
Zhang et al.*® or increasing the segregation activation energy
via chloride doping as observed by Cho et al.,”® the underlying
logic is universally based on defect engineering.

Correlation between structural distortion and Voc loss
Beyond phase segregation, WBG perovskites suffer from sub-
stantial open-circuit voltage (Voc) deficits. Phase segregation
leads to severe Vg loss through a triple-coupling mechanism.
First, the carrier-anchoring effect plays a decisive role: once io-
dide-rich clusters form, their lower band gap creates energetic
pits within the film, causing photocarriers to rapidly funnel into
these micro-domains. This localized charge accumulation re-
stricts the overall quasi-Fermi level splitting of the device to the
range of the low-band-gap phase, thereby fundamentally
pinning the upper limit of Voc.

Simultaneously, strain-induced non-radiative recombination
further exacerbates energy loss. The lattice mismatch between
iodide-rich domains and the parent matrix generates massive
local strain, which not only lowers defect formation energies
but also induces a high density of deep-level traps, significantly
accelerating non-radiative recombination rates.”'** Further-
more, this spatial compositional heterogeneity leads to band
bending and transport barriers, distorting the built-in electric
field and creating local extraction barriers that result in severe
interfacial charge accumulation.®%>*

Such multidimensional degradation is often rooted in local
octahedral tilting and energetic disorder induced by I/Br alloying.
Yin et al. demonstrated that while A-site doping-induced tilting
can stabilize the structure, it alters electron-phonon coupling
and impacts carrier lifetimes.>® To address this challenge, Zhang
et al. emphasized that homogenizing halide distribution and
inducing vertical orientation via ligand engineering, specifically
using MeOPEA at the buried interface, is critical for minimizing
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Figure 3. Intrinsic thermodynamic fragilities of wide-band-gap perovskites
(A) Photoinduced polaron trapping and associated energy scales associated with phase separation. Reproduced with permission.*® Copyright 2017, American

Chemical Society.
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(B) The evolution of photoluminescence (PL) spectra for 65% Br single crystal under illumination without (left) and with (right) external uniaxial pressure. Re-
produced with permission.®® Copyright 2020, Springer Nature.
(C and D) Schematic diagrams indicating the influence of vacancy drift on the band energies of a p-i-n device at short circuit. EC is the conduction band energy, Ey
is the valence band energy, and V,,; is the built-in potential. lodide ion vacancies are represented by the squares with “plus” symbols. Reproduced with

permission.*’ Copyright 2015, Springer Nature.

(E) Mechanism for phase segregation. Reproduced with permission.*? Copyright 2023, Wiley-VCH.

(F and G) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 3D render overlay images of |-Br distribution. Reproduced with permission.*® Copyright

2024, American Chemical Society.
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Table 2. The core differences in precursor mixing kinetics between solution and vacuum methods

Property Solution method

Vacuum method

Kinetic impact

Transport mechanism diffusion and convection

Modulation medium solvent complexes

Homogenization time pre-crystallization equilibrium

ballistic transport
none
none; instant freezing

interaction-free in vacuum
lack of energy buffers in vacuum
propensity for non-equilibrium gradients

deep-level ’(raps.43 Their work indicates that 3-MeOPEA* ligands
assist in forming homogeneous Br-I mixed-halide WBG perov-
skites (Figures 3F and 3G).

However, a critical disparity exists regarding implementation.
Most successful stabilization strategies, such as bulky organic
ligands or Lewis base additives, are readily compatible with so-
lution processing but pose significant challenges in the high-vac-
uum environment of vapor deposition. Introducing these stabi-
lizers at the atomic scale without disrupting the crystallization
kinetics of vapor growth remains a formidable technical hurdle.

The halide segregation dilemma in vacuum
While the intrinsic thermodynamic instability of WBG perovskites
establishes the baseline for phase segregation, as discussed in
intrinsic thermodynamic fragilities of WBG perovskites, the spe-
cific kinetic environment of vapor deposition amplifies this
vulnerability through a distinct mechanism involving vertical
compositional heterogeneity. Unlike solution processing, where
precursor distribution can be homogenized via chemical manip-
ulation, vacuum deposition introduces a fundamental kinetic
mismatch that facilitates the Hoke effect.
Absence of solvent modulation
In solution-based protocols, solvent molecules act as critical
chemical buffers, forming intermediate complexes such as
Pbl,-xDMSO that lower nucleation barriers and enable ionic
reorganization prior to crystallization.”®>” This solvent cage ef-
fect establishes a homogeneous chemical potential field pro-
moting uniform iodide and bromide distribution. Conversely,
vacuum deposition operates in a regime governed by ballistic
transport where precursor molecules travel linearly from source
to substrate with negligible collisions. Consequently, | and Br
precursors lack opportunities for pre-mixing or chemical interac-
tion before reaching the substrate surface.*®

Upon impact, adatoms follow a hit-and-stick mechanism.
the absence of solvent assistance, surface diffusion lengths of
organic cations such as formamidinium iodide (FAI) and heavy
metal halides remain relatively short. Rapid burial by subsequent
flux arrivals freezes local stoichiometry in a non-equilibrium
state. Therefore, temporal fluctuations in evaporation flux or
spatial inhomogeneity in adsorption are permanently recorded
in the vertical structure, rendering the film susceptible to compo-
sitional gradients absent in optimized solution-processed films.

Table 2 summarizes the core differences in precursor mixing
kinetics between solution and vacuum methods.
Thermodynamic and kinetic disparities of precursors
The formation of these gradients stems from inherent physical
property disparities between iodide and bromide precursors,
which are amplified in the vacuum environment. lizuka et al. es-
tablished that PbBr, exhibits a distinct vapor pressure curve and
high thermal stability, whereas Pbl, is prone to thermal decom-

59 In
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position into metallic Pb and I, during sublimation.®®~%? This dif-
ference in sublimation enthalpy implies that Pbl, and PbBr,
respond asynchronously to source temperature fluctuations. In
the co-evaporation processes, even minor thermal instabilities
lead to mismatched flux oscillations, causing the Br/I ratio reach-
ing the substrate to drift over time.

Furthermore, deposition kinetics are complicated by the stick-
ing coefficient (S), which Gil-Escrig et al. highlighted is strongly
dependent on substrate temperature.®® Due to differing binding
energies, Br species and | species possess distinct residence
times on heated substrates, leading to selective re-evaporation.
Rodkey et al. noted that in techniques such as close-space sub-
limation (CSS), this effect results in severe fractionation where
deposited film composition deviates significantly from the
source material, establishing vertical non-uniformity.®*

This disparity in sticking kinetics can be described by the Ar-
rhenius equation. The expression is

S = Soexp( — Eact / ksT). (Equation 1)

Here, E..; is the adsorption activation energy. For organic
components such as FAI, the E.; is low. Therefore, the sticking
coefficient drops rapidly with increasing temperature. For inor-
ganic components such as Pbl,, the sticking coefficient is
relatively stable. This mismatch leads to severe organic cation
deficiency or Br/l ratio imbalances during high-temperature
deposition.

Phase separation induced by vertical composition
gradients

This process-induced vertical compositional heterogeneity pre-
cipitates photoinduced phase segregation. Fundamentally, a
graded halide stoichiometry creates a graded band-gap profile.
This generates a built-in energy funnel that directs photo-gener-
ated carriers toward local potential minima, typically iodide-rich
strata.®® Localized carrier accumulation occurs even under uni-
form illumination. According to polaron theory supported by
Barker et al., high local carrier density induces severe lattice
distortion via polaron formation, which destabilizes the lattice.®®
Consequently, the activation energy for halide demixing de-
creases exponentially in these iodide-rich regions.

Concurrently, continuous variation in lattice constants along
the vertical axis generates coherent strain. Unlike porous solu-
tion-processed counterparts, vacuum-deposited films are char-
acteristically dense and lack stress-relaxation channels such as
pores or grain boundaries. This unrelaxed coherent strain cre-
ates an additional thermodynamic driving force where halide
ions migrate to relieve elastic potential energy, thereby acceler-
ating segregation.®” Empirical evidence underscores this insta-
bility mechanism. Nasi et al. demonstrated that incongruent
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Table 3. The transport behaviors of different precursors in the horizontal direction

Precursor type Evaporation mode

Horizontal distribution

Impact on uniformity

Inorganic halides quasi-collimated beam

Organic halides diffusive cloud

highly dependent on geometric line of sight
pronounced non-directional character

pronounced lateral shadowing effects
sensor crosstalk and lateral spillover

evaporation rates in single-source deposition yield vertical-
phase impurities such as CsPb,Brs.°® Furthermore, Ghosh
et al. revealed via depth-profiling hard X-ray photoelectron spec-
troscopy (HAXPES) that such vertical heterogeneity fosters
deep-level metallic lead defects that act as precursors for device
failure.®®

Phase separation induced by horizontal composition
gradients

Horizontal heterogeneity is prominent in multi-source co-evapo-
ration systems. This phenomenon is especially prominent in
multi-source co-evaporation systems. Horizontal compositional
deviations primarily originate from the geometric layout of evap-
oration sources. The flux density generated by each source on
the substrate plane follows the cosine distribution law. lodide
and bromide sources are located at different spatial coordinates.
The superposition ratio of their flux at the substrate edges differs
significantly from the central position.”” This geometric
mismatch establishes an inherent lateral stoichiometry gradient.
For WBG perovskites, this mismatch directly leads to macro-
scopic band-gap non-uniformity.

A key kinetic factor is the difference in transport modes of pre-
cursor molecules. Inorganic precursors such as Pbl, and PbBr,
typically exhibit quasi-collimated directional beams. In contrast,
organic precursors such as FAI or methylammonium iodide (MAI)
form a diffusive cloud-like distribution when heated.”" This cloud
distribution leads to crosstalk between sensors. This interfer-
ence makes it difficult for quartz crystal microbalances (QCMs)
to precisely monitor local I/Br ratios.”® This asymmetry in lateral
diffusion implies that the substrate edges may remain in a Br-rich
or |-rich state even if stoichiometry is achieved at the center. This
initial horizontal deviation provides starting sites for subsequent
photoinduced segregation.

Table 3 compares the transport behaviors of different precur-
sors in the horizontal direction.

Substrate-induced lateral compositional deviation and
chemical affinity disparities

Substrate surface chemical properties play a leading role in hor-
izontal kinetics. Surface energy of different charge transport
layers exhibits lateral fluctuations. These fluctuations alter the
initial adhesion distribution of precursor atoms. Research by Ab-
zieher et al. revealed vast differences in the sticking coefficients
of FAI on various underlying layers.”® For example, FAl adsorp-
tion is significantly higher on MeO-2PACz surfaces than on
PTAA surfaces. MeO-2PACz surfaces are rich in phosphonic
acid groups. If the underlying layer has horizontal unevenness
or chemical degradation, this affinity disparity translates directly
into lateral compositional heterogeneity.”*">

This horizontal chemical mismatch establishes lateral chemi-
cal potential barriers. These barriers promote the lateral diffusion
of ions. The adatom diffusion distance on the substrate is limited
by interface interactions during the early stages of co-evapora-
tion. A specific halide component will preferentially nucleate in

a micro-region if its binding energy is stronger there. This pro-
cess leads to a relative enrichment of the other component in
the surrounding areas.”* This horizontal micro-scale segregation
disrupts lattice continuity. It generates high-density defects at
grain boundaries. These defects serve as fast channels for halide
ion migration. They greatly accelerate the occurrence of the
Hoke effect.”"">7®

Impact of substrate temperature field non-uniformity on
horizontal kinetics

Horizontal gradients in substrate temperature are non-negligible
factors in vacuum deposition. Temperature differences of
several degrees often exist between the center and edges of
the substrate during heating. Minor temperature gradients
generate significant compositional fluctuations because the
sticking coefficient of organic precursors such as FAl is
extremely sensitive to temperature.®® Temperature differences
between the center and edges alter local adhesion kinetics.
Hotter regions tend to form iodide-deficient phases.”* This
lateral thermal non-uniformity induces a non-uniform stress
distribution.

Vacuum-deposited films generate thermal stress during cool-
ing. Horizontal temperature gradients lead to mismatches in
thermal expansion coefficients. This mismatch generates shear
stress inside the film. This shear stress lowers the activation en-
ergy for ion exchange.”” It prompts iodide ions to aggregate in
low-stress regions. This migration triggers larger-scale horizon-
tal phase segregation. Furthermore, the presence of tempera-
ture gradients leads to lateral variations in grain size. This
disparity further exacerbates the transport asymmetry of
photo-generated carriers in the horizontal direction.

Coupling mechanism of lateral carrier migration and
phase segregation

Horizontal heterogeneity manifests its impact on photoinduced
phase segregation through lateral carrier dynamics. Lateral
compositional fluctuations lead to local band-gap ripples. These
ripples form lateral potential wells within the film plane.”® Under
illumination, photo-generated carriers diffuse vertically and
aggregate toward lateral potential minima.”" This lateral charge
accumulation effect is similar to the vertical energy funnel. It gen-
erates extremely high charge density within horizontal micro-re-
gions. The model by Barker et al. indicates that carrier-induced
lattice polarization greatly weakens local Pb-X bonds.®® This
weakening provides the driving force for the lateral rearrange-
ment of halide ions.

Experimentally, conductive atomic force microscopy (AFM)
and cathodoluminescence (CL) mapping have confirmed the ex-
istence of this lateral heterogeneity.”""”® Grains with different ori-
entations exhibit different surface potentials in WBG perov-
skites.”" This difference drives lateral ion drift across grain
boundaries. This lateral migration is often irreversible. It leads
to the continuous growth of iodide-rich phases in specific hori-
zontal micro-regions.”>’® The evolution cycle of this lateral
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Table 4. The synergistic contributions of vertical and horizontal kinetics to phase segregation

Dimension Kinetic driving force Segregation manifestation Impact on device

Vertical depth-dependent chemical potential layered phase segregation’® FF drop and built-in field distortion®*"®
gradient’®

Horizontal lateral potential ripples and strain spot-like local segregation’® significant Vo loss and stability failure”"""®
gradients”"""”

instability is longer than the vertical one.”® Therefore, suppress-
ing horizontal heterogeneity is a core goal for optimizing vacuum
deposition processes.

Table 4 summarizes the synergistic contributions of vertical
and horizontal kinetics to phase segregation.

Notably, these compositional gradients result primarily from
non-ideal kinetic control. Gil-Escrig et al. demonstrated that pre-
cise regulation of the partial pressures of Pbl, and PbBr,,
achieved by independently controlling four evaporation sources,
effectively counterbalances thermodynamic disparities to yield
homogeneous films.”® This confirms that kinetic-induced phase
instability can be suppressed through refined process engineer-
ing without compromising the inherent advantages of vacuum
deposition.

The challenge of organic precursor volatility
While inorganic halide segregation stems from subtle kinetic dis-
parities, challenges posed by organic precursors such as MAI
and FAIl are fundamentally more severe. Unlike inorganic salts
such as Pbl, and Csl, which exhibit sublimation behavior gov-
erned by classical kinetics, organic ammonium halides in vac-
uum undergo complex decomposition, non-linear vapor-pres-
sure evolution, and surface-sensitive adsorption. These
anomalies constitute the physical origin of the poor reproduc-
ibility frequently observed in vapor-deposited perovskites.
Table 5 summarizes the thermal decomposition products, mech-
anisms, and impacts of organic precursors (FAI/MAI) under vac-
uum conditions.
Thermal decomposition of FAI
As research pivots toward the thermally robust FAPbI; system,
the unique degradation chemistry of FAI warrants scrutiny.”®
Juarez-Perez et al. utilized coupled thermogravimetry-mass
spectrometry to reveal that FAI does not simply sublime as mo-
lecular clusters (Figure 4A). Instead, it preferentially undergoes a
deammoniation-polymerization reaction at temperatures as low
as 95°C, yielding sym-triazine as the dominant thermodynamic
product.®°

This mechanism involves the condensation of three formami-
dine molecules, releasing ammonia. Since sym-triazine is a vol-
atile, stable aromatic heterocycle unable to incorporate into the
perovskite lattice, its formation represents a net loss of effective
FA cations, leading to lead-rich non-stoichiometry. Furthermore,
Thampy et al. confirmed that this decomposition pathway is cat-
alytic on metal oxide surfaces such as NiO, and TiO,, implying
that transport layer selection can inadvertently trigger precursor
degradation during initial deposition stages.®®

However, this degradation is not thermodynamically irrevers-
ible. Sahli et al. introduced the concept of degradation inversion,
demonstrating that introducing an atmosphere rich in degrada-
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tion products such as ammonia shifts chemical equilibrium
back toward FAI formation. They showed that ammonia-assisted
vapor transport actively cleaves the triazine ring to regenerate FA
cations.®® Most recently, Kuba et al. advanced this paradigm by
establishing a dynamic equilibrium where the volatile decompo-
sition products sym-triazine, ammonia, and HI serve as feed-
stock. They successfully synthesized phase-pure FAPbI; via
this route, conclusively proving that thermal degradation of FAI
is a reversible chemical feature (Figures 4B and 4C).®" This ther-
modynamic insight provides a rationale for common empirical
observations where systems operating at rough vacuum or
with carrier gas assistance yield superior FAIl film quality
compared to high-vacuum counterparts. In these environments,
elevated background pressure and reactive atmospheres
actively promote the reverse reaction, thereby suppressing net
decomposition.

Dissociative sublimation of MAI

MAI presents distinct kinetic complexities. Baekbo et al. estab-
lished that MAI sublimes via proton transfer dissociation into
neutral methylamine and hydrogen iodide gases (Figure 4D).%?
These low-molecular-weight gases possess high diffusion coef-
ficients, creating a non-directional vapor cloud rather than a
focused molecular beam, resulting in poor material utilization
and severe chamber contamination.

Borchert et al. uncovered a counterintuitive phenomenon
where high-purity MAl is often harder to control than industrial-
grade material. Impurities such as hypophosphorous acid
induce a sintering effect in MAI powder, preventing spitting
and promoting stable evaporation flux. Pure MAI lacks this sin-
tering aid and behaves erratically with rapid dissociation, leading
to unstable rates.®” Rop et al. further elucidated that these impu-
rities alter sublimation kinetics, transitioning the process from
rapid dissociation to more controlled sublimation-like behavior,
thereby enhancing process reproducibility (Figures 4E and 4F).%°
Geometric effects of crucible shape and particle size
Beyond chemical factors, evaporation source geometry governs
flux uniformity. Diercks et al. quantified the coupling between
crucible geometry and particle size. Conical crucibles designed
to maximize load induce a beam-focusing effect where vapor
flux concentrates into a narrow forward lobe, leading to severe
non-uniformity across large substrates.®*

Furthermore, granular convection drives size segregation
within precursor powder during heating. Since fine particles
pack densely and increase tortuosity for escaping vapor, flux
angular distribution drifts as the powder bed rearranges.
Diercks et al. demonstrated that cylindrical crucibles and
controlled particle-size distributions, such as pressed pellets,
are essential for mitigating geometric artifacts and achieving
Lambertian-like emission profiles suitable for large-area
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Table 5. Thermal decomposition products and characteristics of organic precursors (FAI/MAI) in vacuum

Precursor  Product Formula Formation mechanism Impact on film growth Reference
FAIl formamidine CH(NH)NH,  proton transfer dissociation: the active ingredients that form Juarez-Perez et al.®’
HC(NH.), + I~ FAPbI; and Thampy et al.®®
=HC(NH)NH 1+ HIt
sym-triazine CsHsN3 condensation: 3CH(NH,),* unable to embed into the Stoumpos et al.,”®
— C3H3N3 + 3NH3z+ 3H* perovskite lattice, resulting in Juarez-Perez et al.,*°
severe loss of FA cations inthe  and Kroll et al.®®
film and residual Pbl,
hydrogen HCN fragmentation: CH(NH)NH thoroughly destroying the Juarez-Perez et al.®’
cyanide — HCN + NH3 framework, causing irreversible and Thampy et al.®”
loss of components; the high
toxicity poses a challenge to
safety
ammonia NH3 byproduct introducing excessive NH3 Sahli et al.®® and
atmosphere to suppress Kuba et al.?’
decomposition equilibrium and
even cracking the triazine ring to
regenerate FA cation
MAI methylamine CHsNH disproportionation: forming a “gas cloud” instead of ~ Baekbo et al.*

CH3NHsl — CHsNHo1+ HIt

hydrogen iodide  HI disproportionation

MAI clusters (CH3NH3l),

impurity-induced sublimation:
assisted by phosphorus-containing
impurities, liquid-phase sintering

is used to suppress decomposition

and Ro8 et al.®®

a molecular beam leads to low
material utilization efficiency; the
extremely low adhesion
coefficient on the QCM gold
electrode leads to the failure of
rate monitoring

Baekbo et al.?”

and Kim et al.®®

need to react with methylamine
again on the substrate surface to
generate MAI

Borchert et al.®’
and Rob et al.®®

significantly improve the stability
of QCM monitoring and the
controllability of sedimentation
rate, reducing splashing

and achieve quasi-molecular

beam sublimation

deposition (Figures 4G-41).%* This distribution pattern allows va-
por to cover larger solid angles, facilitating uniform film deposi-
tion through substrate rotation and multi-source superposition.
Metrological limitations of QCM monitoring

Standard rate monitoring via QCM encounters significant limita-
tions regarding sticking coefficient mismatch when applied to
organic precursors. Although the Sauerbrey equation assumes
a unity sticking coefficient in which every molecule striking the
sensor adheres, the reality for organic ammonium halides is
complex.®® Kim et al. and Kroll et al. revealed that on standard
inert gold electrodes, species such as MAI and FAI exhibit
near-zero sticking coefficients, an issue that is exacerbated
when sensor temperatures rise due to source radiation.®®:%°
This thermal effect triggers rapid re-evaporation from the sensor
surface, causing flux readings to be drastically underestimated
despite high vapor densities. The result is a destabilized feed-
back loop manifesting as erratic rate oscillations and poor
batch-to-batch reproducibility.

Crucially, this thermal artifact extends beyond re-evaporation to
active material degradation. Given the low thermal conductivity of
organic layers, incidental thermal radiation from the evaporation
source accumulates on the sensor, triggering the in situ decompo-

sition of thermally labile precursors such as FAl into volatile sym-
triazine. This mass loss results in the QCM registering negative
rates or severe drift.®° Bhowmik et al. demonstrated that this radi-
ative heating constitutes a systemic hazard where thermal radia-
tion generated during overlayer evaporation is sufficient to induce
degradation in the underlying perovskite film itself, such as surface
iodide loss, confirming that source radiation poses a dual threat to
metrological accuracy and device integrity. %

This metrological error is compounded by surface-chemical
disparities between the sensor and substrate. Adsorption of
organic precursors is governed by a dipole-induced mechanism,
meaning MAI adsorbs far more efficiently on reactive lead halide
surfaces than on clean metal electrodes.’® Consequently, a
clean QCM sensor fails to capture the accelerated growth rate
occurring on the device substrate where perovskite formation
is active. Operators relying on skewed QCM readings inevitably
overdose the organic component, driving film composition away
from the desired stoichiometry. This confirms that traditional
physical metering is ill-equipped to monitor what is essentially
a reactive chemical process.

To circumvent these metrological limitations, recent strategies
shifted toward indirect referencing and high-pressure
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Figure 4. The challenge of organic precursor volatility

(A) Tandem thermogravimetry-differential thermal analysis/mass spectrometry (TG-DTA/MS) coupled experiments for the FAPbBr; hybrid halide perovskites.
The top images show the archetypal two-step-type mass-loss thermogravimetry (TG) pattern (green line) for hybrid perovskites. The bottom images show the MS
traces simultaneously recorded (1-100 amu) during the experiment. The gray dashed line indicates the initial temperature (time) of the first detection of released
gases during the high-temperature thermal degradation. Reproduced with permission.®° Copyright 2019, The Royal Society of Chemistry.

(B) Schematic depiction of the reaction scheme. When using FAI as a precursor, the partial pressure is low, and the FAI decomposes to components such as
s-triazine, ammonia, and hydrogen iodide (HI), hindering the reaction. When using s-triazine, ammonia, and Hl, the components can be completely evaporated
above the boiling point at room temperature, and the components react to form FAI, resulting in film conversion.

©) "H NMR of six perovskite films dissolved in DMSO-dg showing FA incorporation with undetectable levels of s-triazine and ammonia.

(B and C) Reproduced with permission.®’ Copyright 2025, American Chemical Society.

(D) The observed rates of the MAI sticking experiments using the forward-facing QCM, where TMAI is the MAI source temperature, TQCM is the QCM tem-
perature, and Pbackground is the background pressure. Extended tube means that the distance from the source to the sensor was 19.5 cm. The black curve
shows the rate measured when the QCM crystal is water cooled and blank. The red curve shows the rate when the QCM crystal is water cooled and has 20 nm of
PbCl, deposited on it. Finally, the blue curve shows the rate when the QCM crystal is heated to 75°C and has 20 nm of PbCl,, while the green curve shows the rate
when a blank crystal heated to 65°C is used. In all cases, the signal was chopped using 10-min intervals. Reproduced with permission.® Copyright 2018, The
Royal Society of Chemistry.

(legend continued on next page)
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confinement. Zanoni et al. proposed a relative mass approach in
which organic flux is inferred by monitoring total perovskite mass
formed on a secondary sensor pre-coated with Pbl,, thereby
matching sensor chemistry to the substrate.®’ Alternatively,
Rodkey et al. demonstrated that transitioning to CSS effectively
bypasses long-distance flux monitoring needs. In CSS, high
local vapor pressure establishes a self-regulating dynamic equi-
librium between source and substrate, rendering the process
robust against fluctuations that plague high-vacuum physical va-
por deposition.®* These advances suggest that future industrial
tools must integrate surface-sensitive or pressure-based
metrology to achieve the precision required for perovskite
manufacturing.

The volatility of organic precursors is thus a multifaceted chal-
lenge spanning thermal decomposition chemistry, non-ideal gas
dynamics, and metrology limitations. Mastering these variables
requires a departure from simple thermal evaporation toward
reactive vapor transport, such as ammonia-assisted, and
advanced source designs, such as cylindrical, pelletized
sources.

The solid-state growth constraints in solvent-free
environments

While the challenge of organic precursor volatility highlights the
chemical volatility of precursors, fundamental physical hurdles
emerge upon their arrival at the substrate. In solution processing,
the wet environment allows for solvent-assisted reorganization,
which heals defects via dissolution-recrystallization. Conversely,
vacuum deposition operates as a dry physics process. This
absence of a fluid medium exposes crystallization physics to
thermodynamic and geometric constraints and chemical
adsorption kinetics.

Physical principles and growth kinetics

High-quality fabrication of WBG perovskite films via thermal
evaporation requires moving beyond empirical trial and error to
a rigorous understanding of the underlying physics. Unlike solu-
tion processing, which is governed by fluid dynamics and solvent
evaporation, vacuum deposition is a kinetic process dictated by
phase transitions, ballistic transport, and surface adatom
dynamics.

The physical abstraction of thermal evaporation comprises
four distinct kinetic stages: precursor vaporization, vacuum
transport, condensation, and film growth (Figures 5A and 5B).
The process of vaporization initiates at the source, where ther-
mal energy overcomes the cohesive energy of the solid precur-
sor. For multi-component perovskites, the challenge lies in the
exponential dependence of vapor pressure on temperature. Mi-
nor thermal fluctuations can lead to significant deviations in the
flux ratio between Csl and Pbl,, necessitating precise tempera-
ture control rather than simple current regulation.
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In a high-vacuum environment (<102 Pa), the mean free
path of vapor molecules exceeds the source-to-substrate dis-
tance, ensuring a collision-free ballistic transport regime. This
linearity preserves the kinetic energy of the molecules but im-
poses strict geometric requirements to prevent shadowing ef-
fects, particularly on textured substrates used in TSCs. Upon
reaching the substrate, deposition efficiency is governed by
the sticking coefficient (S). For inorganic halides such as Pbl,,
S is typically unity. However, for volatile organic precursors, S
is non-unity and highly sensitive to substrate temperature
(Tsub) @and surface coverage, creating a dynamic equilibrium be-
tween adsorption and re-evaporation that dictates the final
stoichiometry.

Achieving large-area uniformity relies on understanding the
spatial emission characteristics of the evaporation source. While
an idealized point source emits isotropically (1/r> decay), prac-
tical sources (e.g., crucibles) function as small surface sources
where flux emission follows Knudsen’s cosine law (Figure 4C).

Jinc() = %'cos ¢ cos 0 (Equation 2)

This physical model reveals that the flux density is proportional
to the cosine of the emission angle (cos¢) and the incidence
angle (cosé), and m is the total mass evaporated per unit time
from the source (unit: kg-s~"). Consequently, the deposition
rate forms a lobe-shaped distribution, peaking at normal inci-
dence and dropping significantly at the periphery. This intrinsic
non-uniformity constitutes the theoretical basis necessitating
planetary substrate rotation and optimized source-to-substrate
distances (r) in perovskite co-evaporation systems.

The microstructural evolution of the film is determined by the
thermodynamic competition between adatom-substrate inter-
action and adatom-adatom interaction. Thin-film growth gener-
ally follows three modes (Figure 5B). When s + y; > s, island
growth (Volmer-Weber) occurs. When y¢ + ; < ys, layer-by-layer
growth (Frank-van der Merwe) occurs. For perovskites depos-
ited on heterogeneous transport layers (e.g., organic polymers
or metal oxides), Volmer-Weber island growth is typically the
dominant mechanism due to a high surface energy mismatch.
This explains the common experimental observation of pin-
holes and shunting pathways in ultra-thin evaporated perov-
skite layers. To promote continuous film formation, kinetic con-
trol strategies, such as increasing the deposition rate to boost
nucleation density or optimizing T, to enhance adatom sur-
face diffusion, must be employed to facilitate the coalescence
of islands into a compact, pinhole-free film. Evaporation
methods can be primarily categorized as follows: sequential
evaporation (Figure 5D), co-evaporation (Figure 5E), solution-
assisted evaporation (Figure 5F), and other evaporation
processes.

(E and F) Schematic illustration of sublimation and decomposition processes occurring when MAI is heated in vacuum. For high-purity MAI: (E) the main path
(indicated by thick arrows) is the decomposition into methylamine and hydrogen iodide. For low purity, (F) is the main path for the sublimation and desublimation.

Reproduced with permission.®* Copyright 2022, Wiley-VCH.

(G and H) Schematic of the FAI vapor flux and deposition on the substrate from a conical and cylindrical crucible, respectively.
(I) Heatmaps of calculated thickness distribution (normalized) over a rotating substrate holder at different lateral positions to source (0, 50, 100, 150, 200, and

250 mm).
(G-1) Reproduced with permission.®* Copyright 2025, Wiley-VCH.
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Figure 5. Schematic diagram of the evaporation principle
(A) The physical process of thermal evaporation thin-film deposition.
(B) Three different thin-film growth modes.

(C) The physical abstraction of the evaporation source model.

(D) Sequential evaporation.

(E) Co-evaporation.

(F) Solution assisted evaporation.

The contradiction between the thin-film growth mode
and compactness

A central conflict in vapor deposition exists between the thermody-
namic drive for island formation and the kinetic necessity for contin-
uous coverage. According to the Bauer criterion, growth modes are
dictated by the balance of surface energies. For perovskites depos-
iting on common transport layers, the sum of film and interface en-
ergy typically exceeds substrate surface energy, thermodynami-
cally mandating a Volmer-Weber island growth mode.®* Parrott
et al. provided conclusive evidence for this mechanism in co-evap-
orated MAPblI3, revealing that films initiate as isolated 8-nm-high
crystallites. These islands must grow and coalesce to cover the
substrate. However, due to limited mass transport, deep voids be-
tween islands often persist as pinholes in ultra-thin layers.?

This islanding is exacerbated by hit-and-stick kinetics. At low
substrate temperatures required to protect organic interlayers,
adatoms lack sufficient thermal energy to diffuse across the sur-
face and fill voids between nuclei. Recent work by Wang et al.
confirmed the severity of this issue by demonstrating that a
continuous film could be achieved only by artificially altering sur-
face energy via a pre-deposited Snl, layer to force a transition to
Frank-van der Merwe layer-by-layer growth.?* This underscores
that without intervention, the intrinsic tendency of vacuum depo-
sition yields rough, defect-rich interfaces.

Residual thermal stress and lattice strain
In exploring the mechanical integrity of vapor-deposited WBG
perovskite thin films, it is essential to precisely define the influ-
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ence of thermal history on the lattice state. Current typical vapor
processes generally involve precursor deposition on room tem-
perature substrates, followed by controlled thermal annealing to
achieve crystallization. Research by Gil-Escrig et al. indicates
that vacuum co-evaporation exhibits extreme sensitivity to the
kinetic equilibrium of organic cations.®® To ensure the stoichiom-
etry of the film, maintaining a low substrate temperature is crit-
ical. Rop et al. further confirm that tuning the substrate tempera-
ture between —25°C and 60°C can optimize nucleation kinetics,
whereas excessively high substrate temperatures lead to the
thermal desorption of organic components, thereby inducing
non-stoichiometric defects such as lead iodide.”* Findings
from Gil-Escrig et al. also demonstrate that by leveraging the sol-
vent-free nature of vapor methods, phase-pure cubic perov-
skites can be obtained without the need for extreme high-tem-
perature environments. %

Although vapor deposition and solution-based methods differ
in their initial film formation mechanisms, they exhibit highly
convergent mechanical responses during thermal annealing
and subsequent cooling to room temperature. The root of this
phenomenon lies in the significant mismatch of the coefficient
of thermal expansion (CTE) between the perovskite and the rigid
substrate. Zhao et al. provides a deep analysis of this physical
logic, noting that because the CTE of soft perovskite materials
is much larger than that of glass or conductive glass substrates,
the cooling process inevitably generates intense in-plane tensile
stress within the perovskite lattice.”® The Volmer-Weber growth
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model established by Coppeta et al. reveals the intrinsic evolu-
tionary path of stress transitioning from compression to ten-
sion.” This thermal-history-driven residual stress is universal
across different deposition methods, thereby diminishing the
purported unique advantages of vapor deposition in reducing
mechanical strain.

For WBG perovskites, this residual lattice strain not only com-
promises mechanical durability but also acts as a chemical cata-
lyst for inducing halide phase segregation. In bromide-rich sys-
tems, tensile strain lowers the energy barrier for ion migration,
making halide vacancies more mobile under illumination. Quan-
titative research by Kong et al. suggests that the strain field
directly alters the physical properties of the material by distorting
the octahedral structure.®” Observations from Wang et al. show
that this strain is more concentrated on the film surface.”® The
tensile state accelerates the formation of iodide-rich domains,
leading to a significant deterioration in the photostability of
WBG perovskites. Rijal et al. posit that if this residual strain
deposited by thermal history is not mitigated at its source, the
long-term operational stability of the device will be difficult to
guarantee through external encapsulation alone.®®

To overcome this challenge, strain engineering has become a
research hotspot in the field of WBG perovskites. Yang et al.
demonstrate the significant effect of utilizing surface molecular
modulation techniques to release residual tensile strain, where
the introduction of long-chain organic salts successfully estab-
lishes a compressive strain field, effectively suppressing phase
segregation and enhancing efficiency.'’° Kapil et al. explore
the role of compositional tuning in stress relief, while research
by Yuan et al. further proves that devices fabricated via all-vac-
uum methods can achieve fundamental improvements in
intrinsic thermal stability under high-temperature environments
if strain evolution is effectively managed during initial film forma-
tion.”>'9" These advancements suggest that future research
should focus on precise thermal history management to enhance
the intrinsic chemical potential stability of WBG perovskites by
regulating microscopic stress fields.

Even if a continuous film forms, it is mechanically compro-
mised by the thermal history of the vacuum process. Vacuum
deposition typically requires elevated substrate temperatures
of 100°C-200°C to promote crystallinity. Upon cooling to room
temperature, the significant mismatch in the CTE between soft
perovskites and rigid substrates creates substantial tensile
stress. Coppeta et al. modeled this stress evolution during the
coalescence of Volmer-Weber islands, identifying a transition
from compressive to tensile stress capable of inducing
cracking.”?

Pandey et al. highlighted that this residual lattice strain consti-
tutes a chemical issue rather than merely a mechanical one. Ten-
sile strain lowers the activation energy for ion migration, effec-
tively catalyzing phase segregation, as discussed in the halide
segregation dilemma in vacuum. Thus, the thermal processing
inherent to vacuum deposition inadvertently predisposes the lat-
tice to subsequent degradation.'??

Geometric shadowing on textured substrates

For tandem applications, a geometric limitation emerges. While
vapor deposition is recognized for its ability to coat textured sub-
strates, the reality is constrained by line-of-sight transport. As
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analyzed by Abzieher et al., vapor flux travels linearly. On
micron-scale pyramidal textures of silicon bottom cells, this
leads to geometric shadowing, where windward facets receive
heavy deposition while leeward facets remain starved. This
microscopic thickness inhomogeneity results in local shunting
paths and varying current densities.'%®

To counter shadowing, multi-axis substrate rotation is em-
ployed. However, this creates a trade-off where rotation drasti-
cally reduces effective deposition rates and material utilization
efficiency. Abzieher et al. argue that this geometric constraint
challenges the high-throughput potential of vacuum technology,
forcing a compromise between conformal coverage and
manufacturing speed.'%®
Chemical adsorption kinetics on textured substrates
In exploring the film formation mechanisms of vapor-deposited
PSCs, while geometric constraints at the physical dimensions
dominate at the macroscopic level, chemical adsorption effects
on the substrate surface exert a far more profound influence on
film quality during atomic-scale nucleation and growth pro-
cesses. Traditional geometric shadowing models, primarily
based on line-of-sight transport theory, explain the uneven flux
distribution on the sidewalls of micrometer-scale pyramids
caused by the rectilinear propagation of precursor vapor
molecules. '

However, when the research focus shifts to the deposition of
WBG perovskites on industrial-standard textured silicon sub-
strates, this singular physical model fails to account for the signif-
icant chemical composition drifts observed during deposition.
Precursor molecules do not immediately become fixed upon
contacting the substrate; instead, they undergo a complex pro-
cess of adsorption, desorption, and surface diffusion, all of which
are highly dependent on the chemical characteristics of the spe-
cies and the thermodynamic state of the substrate surface.

Chemical adsorption in the vapor deposition environment is
essentially determined by the overlapping of electronic orbitals
or electrostatic interactions between precursor molecules and
substrate surface atoms. For multi-component systems involved
in WBG perovskites, such as FAI, Csl, and Pbl,, the adsorption
energies of different species on silicon substrates or HTL sur-
faces vary by orders of magnitude.'®® This discrepancy leads
to the phenomenon of non-equilibrium adsorption; even in re-
gions that geometrically receive precursor flux, a significant
reduction in effective deposition rates occurs if the chemical
adsorption energy is insufficient to balance the thermal motion
of the molecules.'® Table 6 summarizes the adsorption kinetic
parameters of key precursors during the co-evaporation
process.

At the moment precursor molecules arrive at the substrate sur-
face, their conversion efficiency is primarily limited by the stick-
ing coefficient. The sticking coefficient, defined as the ratio of
adsorbed atoms to the total number of incident atoms, directly
dictates the final stoichiometry of the thin film during the co-
evaporation process.'® For organic cation precursors, the low
sticking coefficient stems from their complex molecular struc-
tures and weak surface interaction forces. Given the high vapor
pressure of these molecules in a vacuum, their residence time on
the substrate surface is extremely short, often leading to desorp-
tion before nucleation occurs.
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Table 6. Adsorption kinetic parameters of perovskite precursors during vapor deposition

Precursor species Adsorption type

Sticking coefficient (S) range

Adsorption kinetic characteristics

Pbl, strong chemisorption

PbBr, strong chemisorption

PbCl, chemisorption

Csl moderate-to-strong chemisorption
CsBr moderate-to-strong chemisorption
CsCl mixed physisorption/chemisorption
FAI weak chemisorption

MAI

physisorption/weak chemisorption

MACI transient physisorption <0.01

0.85-1.00

0.80-0.95

0.75-0.90

0.60-0.85

0.55-0.80

0.50-0.75

0.05-0.25

0.01-0.15

high adsorption stability; acts as a structural
scaffold; S is nearly independent of
moderate substrate temperature
fluctuations

similar to Pbl,; exhibits competitive
occupancy with other halides during co-
evaporation

high thermal stability; often used as a seed
layer to enhance the adsorption probability
of subsequent organic components

strong electrostatic coupling with polar
substrates (e.g., NiO,); significantly more
stable than organic salts

reliable Cs* source for wide-band-gap
perovskites; S decreases slightly as
substrate temperature (Ts,s) increases

frequently used for seed-layer engineering;
modifies surface wetting to regulate the
nucleation of FAI

highly volatile; relies on hydrogen bonding;
extremely sensitive to Tg,p; S drops sharply
above 60°C

high saturation vapor pressure; low
residence time on surface; requires
significant over-stoichiometric flux
sacrificial additive; assists in grain growth
but almost completely desorbs from the
final film due to high volatility

In contrast, inorganic precursors, which possess stronger
chemical affinity, undergo a film formation process that more
closely resembles classical condensation growth modes.'“°
On textured substrates, this chemical heterogeneity of sticking
coefficients triggers a complex vapor-partitioning effect. When
different precursors are deposited simultaneously, inorganic
components with high sticking coefficients tend to adsorb
completely upon the first collision, whereas organic components
with low sticking coefficients undergo multiple scatterings be-
tween the pyramidal slopes. This coupling of physical motion
and chemical capture leads to a compositional imbalance, with
a propensity for excessive lead iodide phases on the sidewalls
and organic enrichment in the pyramid valleys.'®* This composi-
tional partitioning represents a primary source of non-radiative
recombination and spatial band-gap heterogeneity in WBG de-
vices, manifesting as a Voc deficit.'”

The micrometer-scale pyramids of textured silicon substrates
are predominantly composed of (111) crystal facets, implying
that the growth of perovskite thin films proceeds on an aniso-
tropic surface with well-defined chemical characteristics.'*®
The chemical adsorption energies of different precursor mole-
cules vary significantly between the (111) and (100) facets, an ef-
fect that influences not only the compositional distribution but
also determines the preferred orientation of the thin film.'%°
Studies indicate that the (111) facet of the perovskite lattice fea-
tures denser atomic packing and lower surface energy, providing
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enhanced resistance to phase transitions induced by environ-
mental stressors.'®’ During vapor deposition, introducing func-
tional molecules such as 4-fluorobenzylamine hydroiodide (4-
FBA) allows for preferential adsorption on specific surfaces of
the perovskite nuclei, thereby altering growth rate ratios and
enabling preferred orientation control.’'® Table 7 compares the
adsorption characteristics across different interface regions
and their impact on growth.

To address mismatched chemical adsorption, researchers
have developed interface-engineering techniques to reshape ki-
netic processes on textured substrates. Introducing specific
seed layers, such as pre-depositing ultra-thin Csl or CsCI on
the HTL, provides a high density of active sites, enhancing the
chemical adsorption strength of subsequent precursor va-
pors.' 2% The work by Li et al. established a stable adsorption
platform by introducing 3,3,3-trifluoropropyl-trimethoxysilane,
effectively increasing the sticking coefficient of organic cations
on the pyramidal sidewalls.'* This strategy balances film forma-
tion rates across different facets through chemical means,
yielding perovskite films with uniform composition and high
phase purity. Furthermore, competitive adsorption among multi-
ple components necessitates precise adjustment of evaporation
flux ratios and substrate temperature to maintain dynamic equi-
librium. This equilibrium requires not only physical flux matching
but also chemical matching of adsorption rates to overcome the
phase segregation issues common in WBG systems.''*"°
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Table 7. Facet-dependent adsorption characteristics on textured substrates

Facet features Surface energy  Primary adsorption preference Impact on film growth Reference
Si(111) pyramid higher preferential inorganic adsorption: strong induces vertical grain growth; Sukow et al.'%®
sidewalls adsorbates (e.g., Pbl,) are captured upon prone to local organic deficiency

first impact due to high capture rate on sidewalls
Si(100) pyramid lower organic enrichment via secondary prone to interface voids or local phase Wang et al.’""
valleys scattering: weak adsorbates (e.g., FAI/MAI)  segregation (organic-rich); increases

accumulate in valleys after reflecting off carrier recombination risks

sidewalls
Perovskite (111)  lowest stable halogen-terminated adsorption: enhances thermal stability and charge ~ Gao et al.’®®

facet
continuous and uniform coverage

thermodynamically stable; facilitates

carrier transport efficiency; suppresses
ion migration

Polymorph competition in solvent-free environments
Finally, the absence of solvent intermediates complicates photo-
active phase stabilization. In solution processing, intermediate
complexes lower the energy barrier for forming the black
a-phase. In vacuum, precursors must react directly in the solid
state. Susic et al. demonstrated this difficulty in CsPbls, where
the thermodynamically stable yellow §-phase dominates at
room temperature. Without chemical additives to modify forma-
tion energy, obtaining pure black-phase CsPbl; via vacuum
deposition proves exceptionally difficult.''®

To overcome this, Gil-Escrig et al. and Susic et al. showed that
compositional engineering is strictly required to kinetically trap
the black phase. However, this reintroduces multi-source control
complexity discussed in the halide segregation dilemma in
vacuum, creating a recursive challenge where solving phase pu-
rity exacerbates compositional heterogeneity.”®"'®

The intrinsic challenges outlined in the intrinsic challenges of
vapor-deposited WBG perovskites, spanning thermodynamic
instability, kinetic volatility, and microstructural constraints, indi-
cate that vacuum deposition of WBG perovskites is a complex
technology. Addressing these fundamental limitations requires
developing specialized process methodologies, which are re-
viewed in the subsequent section.

VAPOR-PHASE METHODOLOGIES FOR WBG
PEROVSKITE THIN FILMS AND APPLICABILITY
ASSESSMENT

Thermal evaporation

Sequential evaporation

While Volmer-Weber kinetics predispose vacuum-deposited
films to pinhole formation, sequential evaporation offers a kinetic
pathway to counteract this tendency. By fundamentally decou-
pling precursor mass transport from the phase-transformation
reaction, this method introduces a volume expansion mecha-
nism absent in co-evaporation.

The fundamental rationale involves depositing a templating
inorganic framework, typically layered Pbl,, followed by the
intercalation of organic or alkali cations such as FAI and CsBr.
Crucially, the transformation from hexagonal Pbl, to cubic
perovskite accompanies an approximate 2-fold unit cell volume
expansion.1 " This expansion exerts an intrinsic squeezing effect
where growing perovskite crystallites fill the free volume and
close voids left by initial island growth. This mechanism trans-

forms a porous inorganic template into a compact, pinhole-
free absorber, significantly enhancing shunt resistance.''”'®

However, this volume expansion presents inherent trade-offs
regarding process scalability. Rapid surface expansion creates
a dense perovskite crust acting as a blocking layer that retards
organic vapor infiltration into the buried Pbl, interface."'® Conse-
quently, reaction kinetics shift from fast pore diffusion to sluggish
solid-state lattice diffusion. As observed by Kim et al. and Du
et al., this phenomenon often leaves unreacted Pbl, residues
at grain boundaries near the substrate, forming insulating bar-
riers that impede charge extraction.”'®'?° This surface crystalli-
zation renders sequential evaporation problematic for fabri-
cating thick absorbers exceeding 500 nm.

More critically, volume expansion confined by rigid substrates
induces significant internal stress.'?" Bush et al. utilized in situ
wafer curvature measurements to reveal that the conversion pro-
cess generates substantial biaxial in-plane compressive
stress.'?? While moderate stress densifies the film, excessive
accumulation exceeds critical buckling loads, triggering strain-
release mechanisms such as surface wrinkling or delamination.
Wu et al. and Nath et al. further noted that this residual stress
constitutes a stability hazard, as it lowers the activation energy
for ion migration and accelerates fatigue degradation under
operational conditions.'?'?*

Consequently, diffusion constraints directly impair micro-
structural integrity. Figure 6A depicts a schematic diagram of
the traditional sequential evaporation preparation process.
Xiang et al. provided evidence that conventional one-step an-
nealing of sequentially deposited CsBr/PbBr, stacks resulted
in films containing visible voids and small micron-sized grains.
This porosity arises because the rigid perovskite lattice forms
at the interface before bulk precursors fully merge.'*® To over-
come this, Xiang et al. introduced a two-step annealing strategy
utilizing pre-melting PbBr, to facilitate liquid-phase assisted
diffusion, which successfully densified the film and increased
grain size (Figure 6B).'?® Similarly, Hua et al. employed pres-
sure-assisted annealing to mechanically drive interdiffusion
while suppressing volatile component loss.'?°

While annealing optimization alleviates symptoms, layer-by-
layer architectures address the root cause by shortening the
diffusion path. Lin et al. pioneered a thousand-layer alternating
deposition for CsPbl,Br by slicing precursors into atomic-scale
sub-layers. This created a pseudo-mixed state, minimizing the
reaction distance (Figure 6C) and enabling the rapid formation
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(A) Schematic diagram of the conventional sequential evaporation preparation process.
(B) Surface scanning electron microscopy (SEM) images of (i) one-step sintering (OSS), (i) two-step sintering (TSS) at 200°C, (jii) TSS at 250°C, and (iv) TSS at
300°C of CsPbBr; films. Reproduced with permission.'?> Copyright 2019, Elsevier.

(C) Schematic of the Cs-based perovskite alternative deposition process.

(D) 2D grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns of a 4-pair as-deposited film, with films annealed at 260°C for 1 min; and a 660-pair as-

deposited film, with films annealed at 260°C for 1 min.
(C and D) Reproduced with permission.'” Copyright 2019, Wiley-VCH.

(E) The conventional and phase-transition-induced (PTI) methods for the CsPbBrj thin film.
(F) The formation from the derivative phase (CsPb,Brs/Cs4PbBrg) to the CsPbBrs inorganic perovskite phase.

(E and F) Reproduced with permission.'?® Copyright 2019, Elsevier.

of isotropic, defect-poor crystals without requiring deep diffu-
sion (Figure 6D)."?” Hutter et al. validated this approach in
CsPbl; and achieved microsecond-scale lifetimes.'?®

Beyond physical stacking, manipulating chemical reaction
pathways offers control. Tong et al. proposed an excess deposi-
tion strategy involving excess PbBr, to form a Cs-deficient deriv-
ative phase, CsPb,Brs (Figure 6E). Upon annealing, this core-
shell intermediate undergoes controlled recrystallization,
releasing excess PbBr, and converting into the pure perovskite
phase. This phase-transition-mediated growth retards crystalli-
zation rates, significantly reducing trap density (Figure 6F).'?®
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Sequential evaporation fundamentally trades process
complexity for stoichiometric precision. While it resolves pinhole
issues via volume expansion, its scalability to thick films is
restricted by intrinsic self-limiting diffusion and induced stress.
This limitation naturally motivates the industry toward a faster
alternative: co-evaporation.

Co-evaporation

While sequential evaporation circumvents hit-and-stick issues
via diffusion-mediated expansion, its reliance on solid-state
transport inherently creates a vertical diffusion gradient, limiting
applicability to complex, thick, or multi-cation absorbers. To
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(A) Schematics of the type of thermal vacuum deposition methods investigated in the preparation of CsPbl,Br thin films.
(B) The corresponding Tauc plots (with the estimated band-gap energy) spectra for CsPbl,Br thin films deposited on glass with several different vacuum

deposition techniques. The thickness for all films is 250 nm.

(A and B) Reproduced with permission.'®? Copyright 2020, American Chemical Society.
(C) Schematic diagram of the three-source co-evaporation preparation process.
(D) Evolution of the PL spectra under continuous illumination for as-deposited MAPb(Brg »lo.g)s and MAPb(Brg slo 5)3 and for MAPD(Brg sl 5)3 films after annealing.
All spectra were collected with a 10-s delay under continuous excitation with a continuous wave (CW) laser at 515 nm with an irradiance of 300 mW/cm?.

C and D) Reproduced with permission.'*® Copyright 2017, American Chemical Society.

E) Schematic of Csl,Br-induced self-guided crystal growth (SCG) of perovskite during the deposition process.

G) Pole figures of perovskite thin films from the (100) facet with SCG.

(
(
(F) Pole figures of perovskite thin films from the (100) facet without SCG.
(
(E-G) Reproduced with permission.'** Copyright 2025, Springer Nature.

achieve the compositionally homogeneous bulk phases required
for high-efficiency WBG devices, the field requires a transition to
co-evaporation, a methodology that allows simultaneous arrival
and crystallization of all constituents, thereby eliminating post-
deposition diffusion bottlenecks.

Co-evaporation proves particularly advantageous for all-inor-
ganic WBG perovskites such as CsPbl,Br and CsPbBrs, where
the high thermal stability of precursors aligns with vacuum sub-
limation requirements. In a simplified dual-source configuration,
Cs halides and Pb halides are sublimated simultaneously. Ma

et al. and Chen et al. established the feasibility of this route,
revealing that precise flux control enables the fabrication of
pinhole-free films with efficiencies >119%.'30:"%"

However, managing the I/Br ratio introduces complexity. As
illustrated in Figure 7A, a streamlined strategy involves using a
mixed-halide source, typically Pb(l1_xBry)», alongside CsBr.
This reduces the degrees of freedom from three to two, effec-
tively stabilizing reaction kinetics.'®? The resulting films exhibit
uniform halide distribution and a sharp optical absorption edge
at 1.90 eV (Figure 7B), confirming that source simplification
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offers a viable pathway to suppress phase segregation in WBG
perovskites.

To rival solution-processed cells, vacuum deposition must
accommodate complex compositions. Longo et al. systematically
mapped the deposition parameter space for MAPb(Bryl4_4)3 using
a triple-source setup (Figure 7C). Their work elucidated a critical
thermodynamic constraint: while co-evaporation enables precise
band-gap tuning across the visible spectrum, intrinsic immisci-
bility of high-Br phases renders them thermodynamically
unstable. Without rigorous post-annealing to relax lattice strain,
these films undergo rapid photoinduced phase segregation
(Figure 7D), indicating that kinetic assembly alone is insufficient
to counteract thermodynamic driving forces.'**

Pushing complexity further, Gil-Escrig et al. validated the effi-
cacy of four-source co-evaporation for triple-cation systems.
They demonstrated a distinct advantage of the vacuum environ-
ment: the ability to kinetically lock the photoactive black phase of
FAl-rich perovskites. Unlike solution processing, where solvent
interactions favor formation of the non-perovskite §-phase, the
solvent-free vacuum environment facilitates direct crystallization
of the metastable a-phase at moderate temperatures, achieving
efficiencies of 16%—-19% with superior thermal stability.'>*

Despite the capability to fabricate complex lattices, co-evap-
oration amplifies kinetic instabilities identified in the halide
segregation dilemma in vacuum and the challenge of organic
precursor volatility. In multi-source regimes, these microscopic
physical limitations manifest as macroscopic process control
challenges.

While thermodynamic and kinetic disparities of precursors
highlighted the flux drift caused by the I/Br vapor-pressure
mismatch, co-evaporation of hybrid perovskites faces a far
more extreme thermal disparity. The sublimation temperatures
of organic (FAI ~ 150°C) and inorganic (Csl > 450°C) precursors
exhibit a substantial offset of several hundred degrees. This
exacerbates the stoichiometry drift: slight thermal crosstalk or
surface-area evolution in the sources leads to non-linear flux de-
viations. As noted by Igual-Munoz et al., this imbalance forces
the system into thermodynamic dead ends, precipitating distinct
secondary phases: organic deficiency leads to the formation of
laminar Pbl,, while inorganic excess or organic overshoot pro-
motes the crystallization of the zero-dimensional CssPbXg
phase. These impurities act as non-radiative recombination cen-
ters, fundamentally compromising phase purity.'*

The sticking coefficient mismatch detailed in metrological
limitations of QCM monitoring creates specific operational haz-
ards. Since cooled QCM sensors cannot mimic hot substrate
surfaces where organic re-evaporation is active, operators rely
on empirical excess ratios without real-time feedback. This not
only wastes material but also contaminates vacuum chambers,
rendering reproducible rate control difficult.’*®

Recognizing these instabilities, recent breakthroughs shifted
focus toward intermediate-phase engineering. Dong et al.
demonstrated that co-evaporation kinetics can be modulated.
By precisely manipulating early-stage Cs, FA, and Pb fluxes,
they induced the formation of a specific Csl,Br intermediate
phase. This intermediate acts as a crystallographic seed guiding
oriented growth of subsequent perovskite grains (Figure 7E). A
comparison of pole figures in Figure 7F shows that this self-
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guided crystal growth strategy changes crystal orientation from
random to highly aligned. This growth mode achieved a record
efficiency of 21.4% for 1.7 eV WBG cells, challenging the domi-
nance of solution processing.'**

Co-evaporation offers unique capabilities to construct com-
plex, multi-component lattices via simultaneous crystallization.
However, process precision is compromised by inherent
volatility mismatches and sticking coefficient disparities. The
applicability of these traditional evaporation methods to WBG
perovskites is analyzed in the subsequent section.
Applicability analysis of thermal evaporation for WBG
perovskite
Determining the optimal methodology between sequential
evaporation and co-evaporation for specific WBG compositions
depends on the interplay between precursor physicochemical
properties, such as solubility and volatility, and target film crys-
tallization habits, including nucleation density and strain state.

The primary challenge for hybrid FA-rich WBG perovskites lies
in achieving dense coverage on charge transport layers. While
co-evaporation theoretically allows for simultaneous film forma-
tion, it is inherently sensitive to substrate surface energy. Rop
et al. revealed that on hydrophobic HTLs such as PTAA or
PACz, co-evaporated molecules exhibit severe dewetting
behavior due to low nucleation density. This leads to Volmer-
Weber island growth, resulting in discontinuous films with
shunting paths. To enforce compactness, lowering substrate
temperature increases supersaturation.”* However, elevated
temperatures are required to promote grain growth as adatoms
obtain sufficient thermal energy to diffuse across the surface and
fill voids between nuclei. Consequently, achieving high-quality
films requires establishing a precise thermal equilibrium to bal-
ance these opposing kinetic factors.

Conversely, sequential evaporation offers a robust solution via
intrinsic volume expansion. Even if the initial inorganic template
is porous, subsequent organic intercalation triggers a unit-cell
expansion that physically fills voids. Li et al. demonstrated that
a Cl-alloy-mediated sequential process achieves pinhole-free
films with efficiencies exceeding 24%, proving that diffusion-
driven expansion is structurally more forgiving than stochastic
nucleation of co-evaporation.'®’

As WBG formulations evolve toward complex double-cation
and double-halide systems, such as Cs,FA;_,Pb(l,Br;_,)s, the
applicability of co-evaporation warrants re-evaluation. Mah-
moud et al. offered a critical assessment arguing that co-evapo-
ration might not be optimal for industrial scaling of mixed-cation
perovskites. They noted that disparate volatilities of FA, Cs, |,
and Br precursors lead to uncontrollable interference and rate
drifts during extended deposition. Furthermore, film composition
becomes critically dependent on substrate type, making pro-
cess transferability a formidable challenge.”” Feeney et al.
further highlighted that maintaining stoichiometry often limits
deposition rates in FA-based systems to less than 5 Ass,
creating a throughput bottleneck contradicting gigawatt-scale
manufacturing requirements. '*®

For all-inorganic WBG candidates such as CsPbBr; and
CsPbl,Br, sequential evaporation dominates fabrication strate-
gies. Gordillo et al. compared various routes and concluded
that sequential deposition of CsBr and PbBr; yields the highest
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reproducibility. Separating high-melting-point CsBr from lead
halide allows for independent, precise control of the inorganic
framework thickness, bypassing the stoichiometry drift inherent
to co-evaporation. '*°

In conclusion, sequential evaporation represents the dominant
strategy for all-inorganic WBG perovskites, offering superior
stoichiometry control and dense morphology via template
expansion. For complex hybrid quaternary or quinary systems,
the diffusion kinetics of sequential evaporation are too intricate
to ensure a uniform distribution of FA, Cs, |, and Br throughout
the film thickness. While co-evaporation holds the theoretical
efficiency ceiling by achieving uniform mixing in a single step,
it remains hindered by low deposition rates and crosstalk
instabilities. Unless the self-guided growth paradigms discussed
in applicability analysis of thermal evaporation for WBG
perovskite are fully realized, sequential evaporation remains
the more scalable and pragmatic choice for industry.

Solution-assisted evaporation

Process of solution deposition followed by evaporation
deposition

While pure thermal evaporation ensures solvent-free purity, it
encounters limitations regarding slow deposition rates of high-
melting-point inorganic precursors. Conversely, solution pro-
cessing faces solubility limits for cesium salts. The hybrid strat-
egy of solution deposition followed by evaporation emerges as
a pragmatic compromise combining the rapid throughput of
spin coating with the kinetic precision of vapor reaction.

The fundamental rationale involves decoupling film formation
into two steps: using solution processing to construct the metal
halide skeleton, such as PbBr,, followed by vapor deposition to
infuse organic or alkali cations, such as Cs and FA. This
approach proves particularly advantageous for all-inorganic
WBG perovskites such as CsPbBrj, where the poor solubility
of CsBr restricts one-step solution methods.

Li et al. demonstrated the precision of this method in CsPbBr;
fabrication (Figure 8A). By evaporating CsBr onto a spin-coated
PbBr, layer, they established that phase composition is strictly
governed by vapor dosage. Insufficient CsBr leads to the lead-
rich phase CsPb,Brs, while excessive CsBr produces the ce-
sium-rich phase Cs4PbBrg (Figure 8B). Precise control of evapo-
ration thickness successfully locked the pure perovskite phase,
effectively eliminating impurities.'*°

However, final film quality remains fundamentally anchored to
the initial template. Liu et al. identified that conventional spin
coating of PbBr, often yields porous structures that propagate
defects into the final perovskite lattice. Addressing this, they
introduced an anti-solvent engineering step during PbBr, depo-
sition (Figure 8C). This induced rapid supersaturation, creating a
dense and uniform PbBr, framework. Subsequent reaction with
evaporated Csl vapor produced CsPblBr, films exhibiting supe-
rior coverage and minimized recombination losses.'*" This un-
derscores that while the vapor step drives phase conversion in
hybrid methods, it cannot repair morphological defects inheriting
from poor solution templates.

While this hybrid method resolves solubility issues for Cs-based
perovskites, it encounters a critical geometric limitation for TSCs.
Reliance on spin coating renders this method incompatible with
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rough surfaces. In silicon TSCs, bottom cells often feature
micron-sized pyramids for light trapping. Solution coating tends
to fill valleys and expose peaks, causing electrical short circuits.
To preserve the chemical advantages of solution processing while
overcoming the geometric limitations of spin coating, reversing the
deposition sequence provides a compelling alternative solution.
Process of evaporation deposition followed by solution
deposition

The fundamental rationale of this method is to utilize thermal
evaporation to construct a rigid, conformal inorganic framework,
such as CsBr/Pbl,, followed by infiltration of an organic salt so-
lution to drive conversion. This sequence leverages directional
line-of-sight evaporation transport to ensure uniform coverage
on rough textures, while the subsequent solution step facilitates
rapid mass transport via liquid-phase diffusion channels.

The microstructure of the evaporated framework dictates
subsequent reaction thermodynamics. Zhou et al. conducted a ki-
netic analysis on Pbl,/CsBr template formation, identifying a crit-
ical competition between nucleation and vertical growth.
Extremely low evaporation rates yield dense, compact films,
impeding organic salt infiltration. Conversely, excessively high
rates induce kinetic roughening, resulting in unstable dendritic
structures.

An optimized medium rate imparts the requisite porosity to the
framework functioning as a nanoporous host, enabling complete
reaction stoichiometry. This optimized porosity yields perovskite
films with expansive grains and uniform halogen distribution
(Figure 8D). Deviations from this rate window lead to residual
precursors and structural defects manifesting as severe non-
radiative recombination and diminished photoluminescence
(PL) (Figure 8E)."*? Furthermore, Zhang et al. utilized response
surface methodology to elucidate that elevated substrate tem-
peratures during evaporation tailor pore size distribution,
enhancing the organic solution diffusion coefficient deep into
the framework.'**

A persistent bottleneck in WBG films involves iodine and
bromine segregation due to asynchronous crystallization. The
evaporation-first method offers a solution via inorganic pre-al-
loying. By co-evaporating Pbl, and CsBr or using single-source
CsPbl,Br powder as demonstrated by Guesnay et al.,'*° the I/Br
ratio is locked within the rigid inorganic lattice prior to triggering
the organic reaction. This establishes a homogeneous composi-
tional baseline activated rather than constructed by the subse-
quent solution step.?®'“® Shi et al. advanced this concept by
co-evaporating a PbIBr eutectic precursor with CsCl. This strat-
egy alters nucleation energy distribution, narrowing the disparity
in crystallization rates between iodide and bromide components
(Figure 8F). Consequently, it minimizes the driving force for ver-
tical phase separation during annealing (Figure 8G), addressing
the halide gradient problem at its source.

To further facilitate infiltration kinetics, Dewi et al. proposed
introducing organic components early by co-evaporating MAI
with Pbl,. This creates a hybrid framework with reduced struc-
tural rigidity compared to pure metal halides. Pre-existing
organic cations expand the lattice spacing, reducing steric hin-
drance for subsequent MABr solution infiltration. This ensures
uniform and complete phase transformation, eliminating the
common issue of unreacted inorganic cores.'*’
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Figure 8. Solution-assisted evaporation

(A) Schematic illustration of the solution-assisted evaporation method (SAE) to fabricate a CsPbBrj thin film.

(B) 3D crystal models of CsPb,Brs, CsPbBrs, and Cs,PbBrg structures.

(A and B) Reproduced with permission.’*® Copyright 2019, American Chemical Society.

(C) Schematic illustration of the solution-assisted deposition process of the CsPblBr, films in which the PbBr, layer is firstly spin coated via an anti-solvent
technique and the Csl film is subsequently vacuum evaporated onto the PbBr; layer. Reproduced with permission.’*' Copyright 2019, Elsevier.

(D) A schematic diagram of the substrate characteristics transformation during the co-evaporation process of Pblo/CsBr templates at high and low co-evap-
oration rates.

(E) Steady-state PL spectra of the pFBPA-alone perovskite films at co-evaporation rates of 1/0.15, 4/0.6, and 6/0.9 As
(D and E) Reproduced with permission.'*? Copyright 2025, American Chemical Society.

(F) Schematic diagram of evaporation-solution sequentially deposited wide-band-gap perovskite of pre-homogenizing (pre-H) method.
(G) Schematic diagram of the control and pre-H perovskite film crystallization processes.

(F and G) Reproduced with permission.’“® Copyright 2025, The Royal Society of Chemistry.

~1, respectively.
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A distinct advantage of this method lies in its compatibility with
textured silicon. Evaporation ensures conformal deposition of
the inorganic template over micron-sized pyramids, circumvent-
ing shunting caused by solution leveling. Crucially, as highlighted
by Er-raji et al., the porous framework acts as a capillary host, re-
taining the organic solution on pyramid facets against gravity,
thereby ensuring uniform reaction across the entire texture.®'*®

However, reintroducing a liquid step imposes a thickness
constraint. For thick absorbers required for current matching, infil-
tration of the organic solution into the bottom of the framework be-
comes diffusion limited. This frequently results in a vertical reac-
tion gradient leaving unreacted inorganic residues at the buried
interface acting as extraction barriers, a limitation that pure solu-
tion or pure vapor methods do not necessarily encounter.’*°

While the evaporation-first protocol addresses geometric
challenges of textured substrates, the current implementation
relies heavily on spin coating. This technique, characterized by
high material wastage and batch-processing limits, represents
a significant bottleneck for industrial upscaling. To bridge the
translational gap, the liquid infiltration step must evolve from
centrifugal spreading to scalable, meniscus-guided, or droplet-
based fluid dynamics. This necessitates extending the hybrid
logic to scalable solution methodologies such as blade coating,
slot-die coating, and inkjet printing to realize the true
manufacturing potential of the evaporation-solution route.
Further extensions of evaporation followed by solution
deposition
In blade and slot-die coating, film formation is governed by the
interaction between external shear forces and internal capillary
pressure within the porous framework. For textured silicon
TSCs, achieving conformal coverage without centrifugal force
presents a challenge. Er-raji et al. elucidated that the evaporated
porous inorganic framework functions as a super-wick. High
capillary pressure generated by nanopores spontaneously
draws blade-coated organic ink into pyramid valleys, effectively
overcoming gravity-induced leveling phenomena typical of solu-
tion processing.'°

However, the slower solvent evaporation rates in blade
coating (seconds compared to milliseconds in spin coating)
can induce Ostwald ripening, leading to disconnected grains.
To mitigate this, Luo et al. developed a framework heat treatment
strategy coupled with ternary co-evaporation of Pbl,, PbCl,, and
CsBr. This produces a quasi-2D layered CsPb,Xs intermediate
structure (Figure 9A). Crucially, this stratiform structure expands
interlayer spacing and promotes organic salt infiltration. This
structural engineering significantly enhanced PL intensity and
suppressed non-radiative recombination (Figure 9B), enabling
high-efficiency large-area modules.'®’

Spray coating is often compromised by the coffee-ring effect
caused by capillary flow during drying. Chen et al. demonstrated
that evaporated frameworks fundamentally alter drying
behavior. The porous inorganic matrix rapidly absorbs impinging
micro-droplets and immobilizes the solute. This prevents the
fluid flow responsible for segregation and increases the average
grain size from 488 to 712 nm.">® Further optimization by Zhang
et al. utilizing a BAI surfactant (Figure 9C) enhanced wettability,
ensuring that droplets spread conformally rather than dewetting,
leading to superior charge transport (Figure 9D)."%?
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In slot-die coating, air entrapment within pyramid valleys con-
stitutes a critical defect mechanism. Li et al. addressed this by
introducing 2,5-NaDPA into the organic ink. This additive adjusts
the nucleation free energy barrier and retards the crystallization
rate. This delay provides a critical time window for liquid to
displace trapped air bubbles and fully infiltrate the porous Pbl,
framework before solidification begins (Figure 9E). The result is
a void-free interface essential for module reliability.'*®

Inkjet printing introduces digital lithography capabilities.
Pesch et al. demonstrated a hybrid inkjet approach where pico-
liter droplets of organic cations are deposited onto a uniform
inorganic template (Figure 9F). Remarkably, the porous frame-
work limits lateral ink spreading and acts as a physical barrier,
confining the reaction to the printed voxel. This capability en-
ables high-resolution patterning of monolithic interconnections
without destructive laser ablation while preserving the underlying
layer integrity.'®*

Applicability analysis of solution-assisted evaporation
for WBG perovskite

Hybrid methods address WBG perovskite degradation issues,
including phase segregation strain and defects, through a com-
plex interplay of thermodynamics and kinetics. The evaporation-
first route relies on constructing a rigid inorganic framework such
as nanorod-like Pbl,. Xu et al. demonstrated that this framework
serves a dual purpose by acting as a capillary host that utilizes
capillary pressure to absorb the organic solution into deep tex-
tures, ensuring conformal coverage superior to solution-only
methods."®” From a thermodynamic perspective, Huang et al.
highlighted that this framework enables the pre-locking of the
I/Br ratio within the rigid lattice before the organic reaction oc-
curs. This pre-defined homogeneity establishes a robust halide
backbone that raises the activation energy for the photoinduced
Hoke effect and prevents the segregation observed in co-crys-
tallized films."*®

Conversely, the solution-first route relies on a chemical sinter-
ing mechanism. Zhou et al. and Sutter-Fella et al. elucidated that
organic vapor permeates the initial disordered inorganic film and
triggers a dissolution-recrystallization reaction. This reaction is
driven by a significant volume expansion that consumes small
grains and fills voids to achieve high density without high-tem-
perature annealing.'®®"®° Kim et al. further revealed that this
expansion is mechanical rather than merely morphological, as
itinduces a beneficial compressive stress field. Unlike the tensile
strain typical of solution-processed films that drives cracking,
this chemically induced compression enhances mechanical
toughness under thermal cycling.'®"

However, this hybrid advantage presents a trade-off. While
evaporation ensures a clean starting point, reintroducing sol-
vents such as DMF or DMSO in the liquid infiltration step poses
a risk of solvent trapping. Residual solvents can coordinate with
Pb?* to form intermediate phases that degrade into defects un-
der heat. Consequently, while hybrid methods offer superior
morphology and strain management, they necessitate rigorous
post-annealing protocols to match the defect purity of fully va-
por-deposited films.'®?

For all-inorganic WBG perovskites, the evaporation-first
method struggles to infiltrate cesium into the framework using
standard solvents due to the limited solubility of cesium salts.
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(A) Schematic of the hybrid two-step deposition method.
(B) Steady-state PL (inset illustrates the laser incident direction).
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(A and B) Reproduced with permission.’®’ Copyright 2023, American Chemical Society.

(C) Schematic illustration of the evaporation-spray process for the fabrication of perovskite films.

(D) Time-resolved photoluminescence (TRPL) curves of the control, BAI, BABr, and BACI thin-film samples deposited on FTO glass.

(C and D) Reproduced with permission.’>? Copyright 2025, The Royal Society of Chemistry.

(E) Schematic illustration of perovskite (PVK) film fabrication with and without DMSO vapor treatment. At the bottom right, a photograph of a5 cm x 5 cm PVK film
fabricated by the hybrid evaporation/slot-die method is presented. Reproduced with permission.’>® Copyright 2023, Elsevier.

(F) Fabrication process of perovskite/silicon tandem solar cells (PSTs) using a hybrid two-step deposition method that combines evaporation and inkjet printing.

Reproduced with permission.’>* Copyright 2025, Wiley-VCH.

The solution-first method avoids this limitation by introducing ce-
sium via vapor or aqueous spray steps, thereby bypassing the
solubility bottleneck inherent to one-step methods. This enables
the formation of thick and phase-pure inorganic films that are
difficult to achieve otherwise.'°

For complex compositions such as FA/Cs or I/Br mixtures on
textured silicon, the evaporation-first protocol combined with
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blade or slot-die coating is superior. As analyzed in further
extensions of evaporation followed by solution deposition, the
evaporated framework provides geometric conformity, while
the scalable liquid step delivers organic cations deep into the
valleys. Er-raji et al. highlighted that humidity control during
this infiltration is critical to synchronizing reaction kinetics and
preventing the formation of unreacted zones at the interface. '
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Figure 10. Continuous flash sublimation evaporation, chemical vapor deposition, and close-space sublimation routes for perovskite thin-
film fabrication

(A) Schematic of the continuous flash sublimation evaporation system. Reproduced with permission.'®® Copyright 2024, The Royal Society of Chemistry.

(B) Hybrid chemical-vapor-deposition-based perovskite synthesis. Reproduced with permission.'®” Copyright 2014, The Royal Society of Chemistry.

(C) Schematics of the perovskite film fabrication using MAI and PbX, sources deposited onto a c-TiO,-coated FTO glass substrate, which was performed in a
CVD furnace. Reproduced with permission.’®® Copyright 2015, Springer Nature.

(D) Microstructure of Pbl,/CsBr before and after HCVD. Cross-section SEM image of (I) Pbl,/CsBr and (Il) Csg.1FAq oPbl, oBrg 1 perovskite films. Surface SEM
image of (Ill) Pbl,/CsBr and (IV) Csg 1FAq gPbl, oBro 1 perovskite films. Reproduced with permission.'®® Copyright 2019, The Royal Society of Chemistry.

(legend continued on next page)
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When module interconnection is required, inkjet printing on
an evaporated framework offers pixel-level precision. Pesch
et al. showed that the porous framework limits lateral ink
spreading, enabling the definition of active areas without laser
scribing damage, a capability unique to this hybrid pairing.'®®
Furthermore, Fan et al. proposed a reverse hybrid logic
involving solution deposition of the bulk followed by vacuum
evaporation of a 2D capping layer. This strategy specifically ad-
dresses surface pinholes left by solution processing by utilizing
the conformality of evaporation to heal defects and form a
robust 2D/3D junction, achieving certified efficiencies
exceeding 22%."%

The selection of an optimal solution-assisted evaporation
strategy is strictly dictated by the interplay between composi-
tional solubility and substrate topography. For all-inorganic
WBG perovskites, the solution-first or aqueous-spray routes
are indispensable for overcoming the intrinsic solubility limits of
cesium salts. However, for hybrid TSCs on textured silicon, the
evaporation-first protocol coupled with scalable blade or slot-
die coating stands as the optimal industrial solution, as it effec-
tively resolves the geometric conflict of conformal coverage
without the material waste associated with spin coating.

Flash deposition and continuous manufacturing
Continuous flash sublimation

Continuous flash sublimation (CFS) addresses the fractionation
problem inherent in conventional co-evaporation: components
with different vapor pressures evaporate at disparate rates. It cir-
cumvents this issue by feeding small quantities of pre-mixed
powder onto a heater set at a very high temperature. The powder
sublimates instantly upon contact, ensuring that the vapor
composition mirrors the source composition.

Longo et al. provided early proof of this concept by demon-
strating that flash evaporation could deposit stoichiometric
hybrid films without complex rate monitoring.'®® Abzieher et al.
advanced this technique into a scalable industrial process by
developing a continuous feed system capable of high-flux depo-
sition (Figure 10A). This system is particularly critical for inor-
ganic WBG absorbers such as CsPbl,Br. CFS enables the depo-
sition of these complex stoichiometries without the fractionation
associated with slow evaporation. Abzieher et al. achieved effi-
ciencies of approximately 15% with band gaps ranging from
1.8 to 1.94 eV. Crucially, the process alleviates rate bottlenecks
in conventional vacuum methods and brings vacuum deposition
speeds closer to production-line requirements.'®®
Applicability analysis of flash deposition for WBG
perovskite
CFS resolves the conflict between rapid coverage and high crys-
tallinity by compressing the crystallization timeline. It employs
specific physical driving forces to bypass the porous Volmer-
Weber growth mode and mitigates phase segregation via kinetic
locking. By completing crystallization in seconds, iodine and
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bromine ions are frozen into the lattice before thermodynamic
segregation can occur.

In CFS, films are deposited at high temperatures. Upon cool-
ing, the thermal expansion mismatch with the substrate may
induce tensile strain and potentially accelerate degradation.
This suggests that CFS requires careful substrate temperature
management or post-annealing strain-relaxation strategies. '’

While this method eliminates solvent-related defects entirely,
it introduces the risk of thermal defects such as halide vacancies
if impinging molecules carry excessive kinetic energy. Therefore,
CFS films often require a specific healing step in a mild vapor at-
mosphere to recover stoichiometry.'®®

For mixed-cation WBG films containing volatile organics, fast
CFS risks thermal degradation of organic salts due to the high
source temperatures required for sublimation.'”?

However, for CsPbX3 systems, CFS is the definitive solution.
Inorganic precursors possess thermal stability that allows for
high-temperature flash sublimation without decomposition.
Rapid thermal processing is essential for crystallizing the meta-
stable black phase of inorganic perovskites, which often de-
grades under slow processing.'”®

CFS stands as the benchmark for inorganic systems by offer-
ing solvent-free purity and precise stoichiometry. It validates that
the key to circumventing thermodynamic miscibility gaps in
WBG perovskites lies in the kinetic compression of the crystalli-
zation timeline rather than chemical equilibrium alone.

Multi-field-driven vapor deposition

Flash deposition utilizes temporal control to freeze non-equilib-
rium phases, whereas multi-field-driven deposition exploits
spatial fields, including gas flow dynamics and thermal gradi-
ents, to regulate crystal growth. By transitioning from the high-
vacuum regime of thermal evaporation to viscous or transition
flow regimes, techniques such as chemical vapor deposition
(CVD) and CSS introduce mass transport regulation as a control
dimension. This enables conformal coating of complex topogra-
phies and efficient precursor utilization, which addresses the
material waste and coverage limitations inherent to line-of-sight
physical vapor deposition.

CcCVvD

CVD relies on chemical reactions at the gas-solid interface rather
than simple condensation. The earliest literature report on CVD-
fabricated PSCs can be traced back to 2014, when Leyden et al.
first proposed a two-step gas-solid reaction paradigm based on
hybrid CVD (HCVD) (Figure 10B): an inorganic precursor (such as
Pbl,/CsBr) is first deposited, followed by gas-solid conversion
using organic or inorganic ammonium halide vapors (FAI/MAI/
MABY), yielding high-coverage films and demonstrating the first
CVD-processed PSCs.'®” On this basis, Leyden et al. estab-
lished the HCVD protocol. Exposing a pre-deposited metal
halide template, such as lead chloride or lead iodide, to organic
halide vapor enables conversion to perovskite via a gas-solid

(E) Aerosol-assisted chemical vapor deposition of air-stable CHzNH3Pbl; films using a Pb(SCN),/MAI solution precursor. Reproduced with permission.'”®

Copyright 2019, American Chemical Society.

(F) XRD patterns of (I) FTO/PEDOT:PSS substrate, (ll) Pbl,, and perovskite films deposited on the FTO/PEDOT:PSS substrate reacted for (lll) 1, (IV) 1.5, (V) 2, (VI)
2.5, and (VII) 3 h with a 0.2-mm sublimation distance. Reproduced with permission.'”" Copyright 2016, The Royal Society of Chemistry.
(G) Close-space sublimation reactor for scalable perovskite thin-film deposition. Reproduced with permission.®* Copyright 2024, American Chemical Society.
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interdiffusion mechanism. This method demonstrates intrinsic
scalability and batch reproducibility by fundamentally separating
inorganic framework formation from the organic intercalation
step.'™

A kinetic bottleneck exists regarding organic vapor diffusion
into the inorganic lattice. Tavakoli et al. attempted a one-step
CVD approach by co-evaporating precursors to form large-
grained films (Figure 10C)."®® From a mechanistic perspective,
a typical modified CVD (mCVD)/HCVD route couples a solid
metal halide precursor layer (such as Pbl,, PbCl,, mixed-halide
Pb(l,Br),, or PbO) with gaseous organic/inorganic halide precur-
sors (MAI, FAI, MABr, etc.). Under controlled temperature and
halide vapor partial pressure, halogen/organic cation exchange
first occurs at the precursor surface, followed by bulk diffusion
to complete the in situ reconstruction of the ABX; lattice. Howev-
er, competition between surface reaction rates and bulk diffu-
sion rates determines film quality. Excessive surface reaction
rates form a dense crust that blocks further infiltration. To resolve
this, Qiu et al. developed a decoupling strategy by optimizing
gas-phase supply pressure independently of diffusion tempera-
ture to achieve uniform mixed-cation films over large areas, as
depicted in Figure 10D."®° Their rapid HCVD process com-
pressed reaction times to minutes while maintaining operational
stability for over 800 h, demonstrating that diffusion kinetics can
be accelerated without sacrificing order.'®%'7°

Expanding precursor versatility, aerosol-assisted CVD and
mist CVD introduce solution precursors into the vapor stream.
Ke et al. utilized aerosol-assisted CVD with a pseudohalide pre-
cursor to fabricate air-stable films (Figure 10E). This technique
leverages the Leidenfrost effect and micro-droplet transport to
deposit dense films at moderate temperatures, effectively by-
passing the high thermal budget of conventional CVD.'”® Simi-
larly, Kim et al. applied mist CVD to inorganic CsPbl,Br and
showed that carrier gas ratio control allows fine-tuning of the
WBG grain structure, providing a pathway to deposit inorganic
films without the solubility limits inherent to pure solution
methods.’"®
CSSs
CSS minimizes the source-substrate distance to a length compa-
rable to the molecular mean free path. Guo et al. developed a
simplified CSS configuration for perovskites to achieve pinhole-
free MAPbI3 under low-vacuum conditions (Figure 10F). This ge-
ometry creates a semi-closed equilibrium zone that ensures
high mass transfer efficiency and nearly 100% material utilization,
representing a significant improvement over the low utilization
typical of long-throw thermal evaporation.'”"

High thermal flux in CSS enables rapid growth rates. Zhang
et al. advanced this to a super-CSS configuration with a
200 pum distance to achieve ultrafast growth of mixed-halide
films."”” Crucially, Rodkey et al. and Gomar-Fernandez et al.
scaled this process to large-area modules under coarse vacuum
conditions ranging from 1 to 10 mbar. Their work, as illustrated in
Figure 10G, proved that CSS maintains compositional fidelity
across large substrates without requiring ultra-high vacuum
equipment, thereby significantly reducing capital expenditure.
The inherent hot-wall nature of CSS promotes high crystallinity,
yielding devices with excellent stability under thermal
stress.®* 178
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CSS is particularly effective for all-inorganic WBG perovskites
such as CsPbBrj. lhrenberger et al. showed that solvent-free
CSS growth avoids intermediate solvate phases common in so-
lution processing. High substrate temperatures typical of CSS
facilitate crystallization of high-symmetry inorganic perovskite
phases, leading to dense and phase-pure films suitable for tan-
dem top cells.'”®
Applicability analysis of multi-field-driven vapor
deposition for WBG perovskite
CVD relies on surface diffusion, in which the continuous supply
of reactants via carrier gas facilitates grain-boundary healing
during growth. Lee et al. demonstrated that this gas-phase con-
formality allows CVD to coat textured silicon pyramids without
the shadowing effects observed in physical vapor deposition
or surface tension issues associated with solution processing.
Consequently, CVD effectively resolves morphological density
issues on 3D substrates. '®° Furthermore, CVD offers a vapor-ex-
change mechanism in which continuous halide vapor flow estab-
lishes a dynamic equilibrium. This homogenizes halide distribu-
tion in mixed films and suppresses local segregation, which is
often trapped during rapid solution crystallization.

CSS relies on high supersaturation, in which short distances
create a dense vapor cloud, forcing rapid nucleation. While
effective for planar films, the lack of carrier gas flow presents
challenges for deep penetration into micron-scale textures
compared to flow-driven CVD processes.

Both methods are solvent-free or low solvent in aerosol-assis-
ted CVD, which inherently avoids tensile stress caused by sol-
vent evaporation shrinkage. Du et al. showed that aerosol-assis-
ted crystallization at low temperatures releases residual tensile
strain and stabilizes the a-phase. This confirms that vapor-phase
annealing facilitates strain relaxation and enhances WBG
absorber durability against environmental stressors. '’

The high thermal stability of inorganic precursors matches the
high source and substrate temperatures of CSS, efficiently pro-
ducing highly crystalline and defect-poor films.'”® In contrast,
organic cations are thermally sensitive. Precise temperature
zones in CVD reactors allow independent control of sublimation
and reaction temperatures, minimizing organic degradation,
whereas CSS carries a risk of radiative heating, which can
decompose the organic surface.'®’

Multi-field-driven deposition bridges the gap between lab-
scale quality and industrial scalability. CVD excels in conformal-
ity and hybrid composition control, making it indispensable for
textured silicon TSCs, while CSS dominates the inorganic
WBG sector due to high throughput and material efficiency.

Emerging paradigms and monitoring technologies
Conventional vapor deposition methods prioritize uniformity and
throughput for industrial production. However, two critical bot-
tlenecks remain in fundamental WBG perovskite research. The
first involves the inefficiency of material discovery and the low
repeatability of device fabrication within the vast multidimen-
sional compositional space. The second concerns inherent poly-
crystalline disorder, which limits stability and photoelectric prop-
erties. To address these fundamental challenges, the field is
diversifying into specialized emerging technologies, and this
section assesses these frontiers.
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Figure 11. Emerging paradigms and monitoring technologies

(A) Top view of the substrate holder, position of the thermal sources, dimensions, and layout of a single substrate. Without sample rotation, a gradient of each
precursor is deposited on the substrate, resulting in a CCS library of thin-film perovskites.

(B) Results of combinatorial deposition of wide-bandgap perovskite solar cells. 112 points color maps for Jsc, Voc, (top) fill factor (FF), and PCE (bottom) are
shown together with the J-V curves for each substrate (the mathematical average of all J-V curves for each substrate is shown as a thick red line). Reproduced
with permission.'®? Copyright 2022, Wiley-VCH.

(C) Schematic illustration of vapor-phase co-evaporation of CsPbBr; onto single-crystal PEA,PbBr, substrates. The top-left inset shows a schematic illustration
of heteroepitaxial CsPbBr;-PEA,PbBr, growth.

(D) Schematic illustration of layer-by-layer (LbL) growth of CsPbBr3 on PEA,PbBr, (002) 2D surface.

(E) Surface morphology study by AFM of LbL growth of CsPbBrs on single-crystal PEA,PbBr, from 0.5 (less than one Pb-Br octahedral layer), 5, and 50 nm
through 500 nm.

(legend continued on next page)
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Combinatorial vacuum deposition

Standard vacuum processes target absolute homogeneity,
whereas combinatorial deposition exploits non-uniformity. Susic
et al. developed a methodology utilizing a non-rotating substrate
holder in a four-source co-evaporation system (Figure 11A). This
configuration utilizes the cosine emission law of point sources to
create a continuous compositional gradient across the sub-
strate. Such an approach transforms a single deposition run
into a library of over 100 distinct material compositions and en-
ables simultaneous mapping of structural and optoelectronic
properties against stoichiometric variations.'®?

This high-throughput capability is decisive for WBG perov-
skites. The phase stability of mixed-halide systems such as
CsxFA1_xPb(l,Bry_,)s is highly sensitive to the I/Br ratio and ce-
sium content. Traditional iterative optimization employed in
sequential evaporation studies requires laborious batch-by-
batch fabrication to locate the optimal operating point.'®® In
contrast, the combinatorial approach allows for rapid identifica-
tion of specific compositional coordinates where high crystal-
linity intersects with the suppression of halide segregation. Susic
et al. successfully pinpointed a narrow compositional window
that yielded efficiencies over 14% while avoiding the formation
of photo-inactive phases (Figure 11B). This demonstrates that
combinatorial vacuum deposition serves as an effective method
for navigating complex phase diagrams of multi-element WBG
absorbers."®
Vapor-phase epitaxy
While combinatorial methods optimize composition, vapor-
phase epitaxy targets the elimination of grain boundaries. Grain
boundaries in polycrystalline WBG films accelerate halide segre-
gation and non-radiative recombination. Borrowing from the
semiconductor industry, vapor-phase epitaxy utilizes lattice-
matched substrates to enforce oriented, single-crystalline
growth.

Lu et al. demonstrated the precision of vapor-phase epitaxy by
growing inorganic perovskites on 2D perovskite single-crystal
templates (Figure 11C). Using vacuum-based layer-by-layer het-
eroepitaxy resulted in Angstrom-level thickness control of
CsPbBr3 on PEA,PbBr, substrates. This process follows the
crystallographic orientation of the template and eliminates
random nucleation typical of solution processing. Consistent
layer-by-layer growth behavior was observed among all thick-
nesses (Figure 11D). AFM characterization of CsPbBrsz grown
on PEA,PbBr, single crystals revealed ultrasmooth surfaces at
nominal deposition thicknesses of 0.5, 5, 50, and 500 nm, as
evidenced in Figure 11E. This technique allows for band-offset
tuning by manipulating interfacial termination chemistry, which
enables the construction of precision heterojunctions and quan-
tum wells unattainable by liquid methods.'®*

Addressing the challenge of lattice mismatch, Wang et al.
introduced high-temperature ionic epitaxy utilizing alkali halide
substrates such as NaCl and KCI, which share a similar ionic
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bonding character with perovskites. Performing deposition at
elevated temperatures allows thermodynamic drivers to pro-
mote precursor reconstruction into a continuous and grain-
boundary-free epitaxial film. This method effectively suppresses
deep-level defects and reveals intrinsic carrier dynamics often
masked in polycrystalline samples.'®®

Bridging the gap between solution simplicity and vapor qual-
ity, Sun et al. proposed contact transfer epitaxy. This method
employs a donor-acceptor substrate configuration in which the
perovskite is transferred and crystallized via a quasi-vapor trans-
port mechanism across a microscopic gap. The acceptor sub-
strate functionalized with self-assembled nanocubes directs
film orientation. This dry transfer avoids solvent-incompatibility
issues and enables the integration of high-quality WBG ab-
sorbers onto arbitrary substrates without the lattice constraints
of traditional epitaxy.'®’

Pulsed laser deposition

While vapor-phase epitaxy relies on thermodynamic equilibrium
to achieve crystal perfection, an alternative paradigm utilizes far-
from-equilibrium synthesis to overcome volatility mismatches of
complex precursors. This leads to high-energy kinetic deposition
technologies, such as pulsed laser deposition and high-power
impulse magnetron sputtering (HiPIMS). Unlike thermal evapora-
tion, which is governed by the distinct vapor pressures of individ-
ual components, these methods utilize high-energy pulses to
ablate targets and create a plasma plume that transfers materials
stoichiometrically regardless of thermal properties.

The intrinsic challenge in depositing WBG perovskites, partic-
ularly mixed-cation and mixed-halide formulations, lies in the
fractionation effect during thermal sublimation. Soto-Montero
and Morales-Masis articulated that pulsed laser deposition
fundamentally avoids this by using photon-matter interactions
rather than thermal heating. The laser pulse induces non-thermal
ejection of atoms, molecules, and clusters from a single target,
ensuring that the complex stoichiometry of the target is congru-
ently transferred to the substrate.'®*

This capability was experimentally verified by Soto-Montero
et al., who successfully fabricated efficient p-i-n solar cells using
a single-source pulsed laser deposition process for quaternary
MA, _xFA,Pblz compositions (Figure 11F). The high kinetic en-
ergy of the ablated species facilitates the formation of dense
and pinhole-free films without the need for multiple sources or
complex rate monitoring, achieving efficiencies up to 19.7%.
This confirms that pulsed laser deposition can decouple film
composition from the disparate volatilities of organic and inor-
ganic precursors (Figure 11G)."®®

However, the high energy of pulsed laser deposition intro-
duces a new kinetic conflict. Kliner et al. conducted a systematic
study on the growth dynamics of halide perovskites using in situ
PL. Deposition rates exceeding 80 nm/min were achieved,
more than 10-fold faster than conventional thermal evaporation.
While the fundamental formation mechanism remains consistent

(C-E) Reproduced with permission.'®* Copyright 2025, The American Association for the Advancement of Science.

(F) Pulsed laser deposition principle.

(G) Overview of reported pulsed laser deposition-grown metal halide perovskite films classified by compositions. CsPbBrj; is the most common composition
reported by pulsed laser deposition, followed by MAPbIs, the archetypal hybrid metal halide perovskite. Reproduced with permission.'®* Copyright 2024,

American Chemical Society.
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across rates, microstructural analysis revealed a critical trade-
off: increasing deposition rates leads to randomly oriented crys-
tallites and reduced charge carrier mobility. Rapid arrival of high-
energy species overwhelms the surface diffusion time required
for oriented growth, resulting in impact-induced disorder.'®°

Parallel to pulsed laser deposition, HiPIMS utilizes high-den-
sity plasma pulses to achieve film densification at low tempera-
tures. Although primarily applied to charge transport layers such
as Cu,0, as demonstrated by Chuang et al., the underlying phys-
ics is highly relevant to WBG perovskites. High ionization rates in
the plasma allow for the deposition of extremely compact films
that can effectively passivate underlying defects without thermal
damage. This suggests that plasma-assisted methods offer a
unique route to resolving the conflict between island growth
and compactness by substituting thermal energy with kinetic
impact energy.'*°

For complex mixed-cation WBG perovskites, pulsed laser
deposition demonstrates a unique stoichiometric locking capa-
bility. By congruently transferring the target composition to the
substrate via a plasma plume, this method circumvents the ther-
modynamic fractionation inherent to thermal co-evaporation and
ensures precise preservation of designed ratios. Simultaneously,
both pulsed laser deposition and HiPIMS leverage the high ki-
netic energy of arriving species to achieve kinetic densification,
suppressing void formation to yield films with near-theoretical
density that outperform solution methods on rough textures.

However, this high-energy advantage presents a trade-off
with crystallographic disorder. The hit-and-stick nature of the
high flux hinders the thermodynamic reorganization required
for preferred orientation. Consequently, the maturation of these
technologies must rely on a hybrid strategy that couples high-en-
ergy deposition with post-deposition thermal or solvent anneal-
ing, thereby recovering crystalline order lost during energetic
transfer.

Table 8 presents a comparative evaluation to determine the
optimal processing scheme for specific WBG perovskite films,
based on an in-depth analysis of three critical metrics: compo-
nent reduction degree, process scalability, and the thermody-
namic limitations of stoichiometric ratios.

The quality-throughput trade-off comparison of vapor-
phase routes

In the vapor deposition of WBG perovskites, a profound physical
antagonism exists between high deposition rates and film unifor-
mity. According to the analysis in applicability analysis of thermal
evaporation for WBG perovskite, conventional thermal co-evap-
oration typically maintains low rates of 1-5 A/s at the laboratory
scale, effectively trading throughput for precise compositional
control. However, as rates scale to industrial requirements
(>10 A/s), the significant disparity in vapor pressures between
Csl and Pbl, in WBG formulations renders the system hyper-
sensitive to thermal fluctuations, leading to severe lateral
compositional inhomogeneity.

In contrast, CFS demonstrates immense throughput potential
with instantaneous rates reaching hundreds of nanometers per
second. Nevertheless, this high throughput often compromises
spatial uniformity, with deviations exceeding 10% over a
15-cm scale. Consequently, this study defines the “effective
deposition flux density” (@) as the quintessential metric for
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evaluating WBG vapor routes. @4 is rigorously defined as the
maximum steady-state deposition rate achievable while main-
taining thickness deviations <+5% and compositional variance
<+1%. This metric shifts the evaluative framework from a singu-
lar focus on speed to a dual-constraint regime of precision and
productivity.

The mathematical expression is defined as

Derr = max{R|or(R) < er,AC(R) < ec}. (Equation 3)

The formal academic definitions of the physical variables are
as follows: @44 (deposition flux density) represents the maximum
viable throughput of the system, typically measured in units of
nm/s or pm/h; R (instantaneous deposition rate) is the real-time
rate of material accumulation within the system; o{(R) (thickness
non-uniformity) is the spatial deviation in film thickness, ex-
pressed as a function of the deposition rate R; et (thickness toler-
ance threshold) is the the critical limit for thickness variance,
strictly maintained at <5% for industrial-grade thin-film stan-
dards; Ac(R) (compositional variance) is the degree of stoichiom-
etry deviation (e.g., the Cs/Pb atomic ratio) resulting from flux
fluctuations at a given rate R; and ¢c (compositional tolerance
threshold) is the maximum allowable variance in composition,
typically set at <1% to minimize the formation of non-radiative
recombination centers.

From a quantitative perspective, the fabrication of WBG pe-
rovskites confronts a uniformity catastrophe. Given that WBG
systems involve multiple ions with significantly different radii
and diffusion coefficients, such as Cs* and Br~, maintaining
flux precision of <+1% during co-evaporation is a critical prereq-
uisite for suppressing the formation of non-radiative recombina-
tion centers.

Quantitative comparisons reveal that while CSS excels in mate-
rial utilization and thickness consistency, its narrow processing
window renders the precise control of highly volatile organic com-
ponents, as discussed in the challenge of organic precursor
volatility, extremely challenging. The future breakthrough lies in
developing closed-loop feedback systems with sub-second
response times, such as tunable diode laser absorption spectros-
copy (TDLAS), to reduce real-time flux fluctuations below 0.5%.
This transition from qualitative commentary to quantitative metrics
not only systematically addresses the demands of industrial pro-
duction but also establishes the genuine physical barriers for the
transition from laboratory prototypes to pilot production lines. As
detailed in Table 9, each vapor-phase methodology exhibits
distinct advantages and limitations in deposition rate, uniformity,
and material utilization for WBG perovskites.

Innovation of equipment and monitoring technology
The vapor-phase fabrication of WBG perovskite thin films is in a
critical transition from laboratory-based fundamental research to
industrialized controlled production. Given that WBG materials
involve complex mixed-cation and multi-halide compositions,
their extreme sensitivity to stoichiometry requires equipment ar-
chitectures with exceptional flux uniformity and transparency of
process parameters.

At the hardware architecture level, the primary obstacle to
large-area fabrication lies in transcending the spatial limitations
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Table 8. Comparative assessment of vapor-phase methodologies for WBG perovskites

Methodology

Stoichiometric control

Scalability and throughput

WBG film quality

Major technical bottleneck

Target application

Sequential
evaporation

Co-evaporation

Solution first

Evaporation first

Vacuum flash

Flash sublimation

Chemical vapor
deposition

Close-space
sublimation

Vapor-phase

epitaxy

Pulsed laser
deposition

diffusion limited: difficult to
control precisely; reliant on
self-limiting reaction depth

thermodynamic challenge:
severe fractionation of
organic/inorganic sources;
requires complex rate
monitoring

reconstructive: fixes metal
halide ratio in solution; vapor
drives conversion

framework-defined:
inorganic skeleton
determines metal ratio; liquid
infiltration is flexible

kinetic locking: rapid solvent
removal freezes composition
before segregation

flash preserved: instant
sublimation bypasses
fractionation; high
compositional fidelity

flow controlled: precise gas-
phase stoichiometry via
carrier gas and pressure
control

equilibrium-driven: high
mass transfer in semi-closed
zone; self-regulating

atomic precision: layer-by-
layer control; tunable band
offsets

stoichiometric transfer:
plasma plume transfers
target composition
congruently (non-thermal)

high: simple batch process;
decoupled steps allow large-
area uniformity

medium: crosstalk between
sources limits large-area
control; slow deposition
rates (<1 A/s)

medium: limited by solution
step uniformity; batch
annealing process

very high: compatible with
roll-to-roll (R2R) slot-die/
blade; high material
utilization (>50%)

high: fast processing;
compatible with continuous
coating lines

very high: high flux (~100 nm/
min); minimal material waste;
solvent-free

high: linear sources/
showerheads enable uniform
large-area deposition

high: very fast rates (>1 pm/
min); near 100% material
utilization

low: substrate-limited; slow
growth rates; high cost

medium: target scanning
limits area; particulate
generation issues

compact: volume expansion
fills voids; risk: grading and
incomplete conversion deep
in film

high crystallinity: excellent
phase purity; risk: porous
films (Volmer-Weber growth)
without substrate heating

large grains: chemical
sintering induces growth;
risk: amorphous
intermediates if P(vapor) is
low

conformal: wicking effect
ensures perfect coverage on
textures; risk: solvent
trapping

dense and smooth:
explosive nucleation
eliminates pinholes; risk:
solvent-complex defects

pinhole-free: flux saturation
creates layer-by-layer
growth; risk: tensile strain
upon cooling

conformal: surface diffusion
heals boundaries; risk: edge
effects in flow field

high crystallinity: large
grains; risk: rough surface
and thermal stress

ultimate: single-crystal-like;
grain-boundary-free; lowest
defect density

dense but disordered: kinetic
densification; risk: impact-
induced crystallographic
disorder

blocking layer effect: surface
densification retards deep
infiltration; slow kinetics

rate control complexity:
maintaining constant
organic/inorganic ratio over
long times

solubility limits: Cs salts hard
to dissolve in first step;
requires toxic solvents

pore filling vs. drying:
balancing deep infiltration
with fast solvent removal

process window: extremely
narrow pressure/time
window for phase purity

organic stability: thermal
degradation of organics at
high flash temperatures

equipment complexity:
multi-zone temperature
control and flow dynamics
modeling required

thermal management:
substrate overheating; lack
of independent source
control

lattice matching: requires
specific substrates; hard to
integrate on Si/glass
disorder-recovery: requires
post-annealing to restore
crystallinity; particulates

planar heterojunctions;
basic research

high-efficiency lab cells;
planar tandem solar cells

all-inorganic (CsPbX3);
planar modules

textured silicon tandem
solar cells; industrial
gigawatt scale

hybrid WBG modules;
large-area crystallization

all-inorganic WBG;
high-speed manufacturing

textured/3D substrates;
complex stoichiometry
tuning

thick inorganic absorbers;
low-capital expenditure
(CapEx) production

fundamental physics;
high-end optoelectronics

complex multi-cation WBG;
compositional discovery
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Table 9. Quantitative comparisons of vapor-phase methodologies for WBG perovskites

Typical Thickness  Material Flux Effective
deposition uniformity  utilization  precision deposition WBG applicability and

Vapor-phase route rate (R, nm/s) (0,%) (U, %) control flux density (Pes) physical limitations

Sequential 0.5-2.0 <+3 15-25 moderate low risk of residual Pbl, at the

evaporation interface; severely restricts Vo in
tandem devices

Co-evaporation 1.0-5.0 <+2 10-20 high medium most precise stoichiometry
control; currently the benchmark
for high-performance WBG
devices

Flash sublimation 50-200 >+10 60-80 low low exceptional throughput
potential; however, WBG phase
purity and lateral homogeneity
are critically compromised

Close-space 10-50 <5 >90 high high superior material economy; yet

sublimation narrow processing windows risk
thermal decomposition of
organic cations

Chemical vapor 0.1-1.0 <=1 5-15 atomic minimal ideal for high-quality epitaxial

deposition/vapor- precision growth; production tact time is

phase epitaxy incompatible with scalable
manufacturing

Hybrid processes 5.0-20 <5 30-50 precursor medium to high bridges morphological stability

dependent of vapor phase with

compositional flexibility of
solution phase

of point-source evaporation in flux distribution. Petry et al. pro-
posed a dynamic linear sublimation source architecture that uti-
lizes a precisely arranged linear nozzle array to generate a uni-
form vapor flow, thereby achieving functional separation
between the control logic of deposition width and flux unifor-
mity."®" This design minimizes thickness fluctuations over large
areas while maintaining high throughput.

To address the control instability of organic precursors in CVD
caused by high vapor pressure, Sanders et al. developed an
equipment scheme based on a showerhead manifold.'® Their
study utilizes a micro-holed distribution plate to eliminate con-
centration gradients within the deposition chamber, ensuring
spatial consistency of the organic vapor chemical potential
across the substrate surface. Sahli et al. further optimized this
process using a vapor transport deposition system, which phys-
ically isolates the organic precursor evaporation zone from the
deposition zone and uses carrier gases for precise vapor deliv-
ery, achieving high-quality conformal growth on textured sub-
strates.'?® This holds decisive engineering value for the fabrica-
tion of high-performance perovskite/silicon TSCs.

The limitation of monitoring technology is a central factor re-
stricting the reproducibility of vapor deposition. Borchert et al.
utilized residual gas analysis to achieve real-time tracking of vol-
atile impurities and decomposition fragments of organic precur-
sors within the deposition environment.®” Their research demon-
strates that even extremely low concentrations of impurities alter
film-forming kinetics, and by monitoring the decomposition sig-
nals of organic components, researchers can establish a quanti-
tative correlation between vapor composition and film quality.

30 Cell Reports Physical Science 7, 103346, June 17, 2026

In the dimension of optical diagnostics, spectroscopic ellips-
ometry is widely used to resolve the optical constants of com-
plex compositions. Werner et al. systematically investigated
the complex refractive indices of mixed-halide perovskites with
band gaps ranging from 1.5 to 1.8 eV using variable-angle spec-
troscopic ellipsometry.'®* Their study established the dielectric
function as a quantitative descriptor for evaluating the I/Br ratio.
Wang et al. utilized in situ spectroscopic ellipsometry to monitor
the thermal degradation kinetics of the films in real time, pre-
cisely capturing the physical critical points of material failure by
analyzing the dynamic evolution of extinction coefficients. '
Furthermore, Ermolaev et al. revealed a giant excitonic optical
anisotropy in single-crystal perovskites.'°® This deep character-
ization based on physical properties provides necessary param-
eters for understanding the evolution of crystal orientation during
the deposition of WBG materials.

Establishing absolute standards for compositional analysis is
the foundation for achieving closed-loop control. Rop et al. pro-
posed an analytical framework combining nuclear magnetic
resonance and total reflection X-ray fluorescence spectros-
copy.'®” This method addresses the non-linear deviation be-
tween the precursor evaporation rate and the final film stoichi-
ometry in vapor deposition. The study emphasizes that the
cross-contamination effects of cations in WBG perovskites
make it impossible to ensure compositional precision by relying
solely on rate monitoring. By establishing this high-fidelity
compositional validation system, researchers can provide an ul-
timate calibration standard for the optimization of deposition
parameters.
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Even sophisticated vapor deposition processes can result in
residual vacancy defects and surface imperfections. Therefore,
vapor-phase optimization strategies for WBG perovskite thin
films explores overall optimization strategies with a focus on
how additive engineering and gas-phase strategies, such as
interface passivation, collaborate with gas-phase deposition
processes to push WBG perovskite materials toward the theo-
retical efficiency limit.

VAPOR-PHASE OPTIMIZATION STRATEGIES FOR WBG
PEROVSKITE THIN FILMS

WBG perovskites face intrinsic challenges, as detailed in the
intrinsic challenges of vapor-deposited WBG perovskites, while
vapor-phase methodologies for WBG perovskite thin films and
applicability assessment introduces vapor-phase techniques
as viable solutions. This section initially examines substrate sur-
face energy and nucleation engineering before expanding to
other critical strategies. The discussion culminates in a summary
of the current research landscape for small-area single-junction
solar cells fabricated via these methods.

Substrate surface energy engineering

In a solvent-free vacuum environment, the formation of perov-
skite films is entirely decoupled from solvent-mediated coordi-
nation processes and is instead governed by energy exchange
and momentum transfer between incident vapor molecules
and the solid substrate. This fundamental difference in the
growth environment amplifies the control exerted by substrate
surface properties over nucleation kinetics compared to solu-
tion-based methods. Particularly for WBG perovskites with
high bromide and cesium content, the higher crystallization acti-
vation energy and lattice strain tendency make the physico-
chemical properties of the substrate interface the decisive fac-
tors for phase purity and structural integrity.

The core parameter in vacuum deposition is the sticking coef-
ficient, which represents the probability that precursor mole-
cules will reside on a specific substrate surface. Research indi-
cates that organic precursors such as MAI or FAI exhibit
significant kinetic disparities depending on the substrate chem-
istry.'°® These disparities are particularly critical in all-vacuum-
processed WBG devices. Insufficient substrate surface energy
triggers excessive surface diffusion of precursor adatoms, lead-
ing to severe Volmer-Weber island growth. This growth mode re-
sults in persistent pinholes within WBG films, directly causing
shunting failures. By implementing advanced triarylamine-based
oligomers such as the TAA-tetramer as the HTL, researchers can
leverage their well-defined molecular structures and strong inter-
molecular n-r stacking to reduce energetic disorder at the inter-
face, thereby providing uniform sites for perovskite nucleation
during vacuum deposition.'%°

The substrate influence further extends to the structural tem-
plating of inorganic templates. In sequential vacuum deposition,
the properties of the HTL significantly alter the crystallographic
orientation of the initially deposited lead iodide layer. It has
been observed that the orientation of lead iodide planes directly
dictates the intercalation efficiency of organic cations and the
subsequent perovskite conversion kinetics.”°° This templating
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effect is paramount for WBG perovskites, where high concentra-
tions of cesium and bromide often trigger the formation of non--
perovskite phases. Precise control over substrate temperature
and chemical modification can induce preferential crystal orien-
tation, optimizing charge transport and suppressing photoin-
duced phase segregation.®*?°"

The vertical compositional inhomogeneity frequently observed
in co-evaporated WBG films, characterized by a cesium-rich
layer at the buried interface due to the vapor-pressure difference
between Csl and FAI, can be effectively mitigated by reordering
the precursor contact sequence on the substrate. The reverse
layer-by-layer process proposed by Xu et al., which involves
pre-depositing an FAIl layer before inorganic precursors, pro-
vides a novel kinetic pathway for WBG perovskite growth. In
this configuration, the pre-deposited organic layer acts as a
diffusion reservoir. As inorganic species land, they react down-
wards, fundamentally preventing the accumulation of inactive
cesium-rich phases at the interface. Such enhancement in verti-
cal phase homogeneity is decisive for maximizing the fill factor
(FF) in WBG solar cells.”®

Advanced insights suggest that simple physical wetting
improvement is insufficient to address the stability challenges
of WBG perovskites, necessitating the introduction of chemical
anchoring mechanisms with strong coordination. Vacuum-
deposited SAMs, particularly those featuring phosphonic acid
groups, can firmly bind to oxide electrode surfaces via P-O
bonds while coordinating with lead ions in the perovskite lat-
tice."'*"2% This atomic-scale interfacial engineering enhances
precursor adhesion and, more crucially, immobilizes halide
ions at the buried interface. By increasing the activation energy
for ion migration, this approach thermodynamically suppresses
halide demixing under illumination. Compared to solution pro-
cessing, vacuum-deposited monolayers ensure conformal
coverage on textured sub-cells, eliminating localized strain con-
centrations caused by solvent accumulation.?%22%3

Although direct studies on substrate engineering for WBG
PSCs remain limited, this section employs logical extrapolation
from NBG interfacial dynamics® to bridge the knowledge gap
in WBG vapor-phase design. Such cross-system inspiration is
pivotal for guiding the development of high-efficiency, stable
all-vacuum PSCs.

Bulk composition engineering
Pre-alloying
Incongruent sublimation kinetics of precursors presents a funda-
mental obstacle in the vapor-phase deposition of WBG perov-
skites. The vapor pressure of lead bromide is significantly higher
than that of lead iodide, which leads to stochastic fluctuations in
deposition rates during co-evaporation. Such kinetic disparity
inevitably results in vertical phase segregation within the film.
Therefore, establishing a pre-alloying strategy to lock stoichiom-
etry at the precursor level has become a critical research frontier.
Initial approaches to address multi-source instability involved
simplifying evaporation sources. However, Igual-Mufoz et al.
critically noted that simple physical mixing of single-source pre-
cursors is insufficient. Their comparative study revealed that
direct evaporation of physical mixtures leads to severe stoichio-
metric deviation in deposited films due to volatility
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differences.’®® To overcome this, Guesnay et al. proposed a
transition to mechanochemical synthesis. They demonstrated
that high-energy ball milling induces a solid-state halide-ex-
change reaction between cesium bromide and lead iodide,
which creates a pre-alloyed precursor phase that evaporates
more congruently.’*°

Building on this concept, Gil-Escrig et al. advanced the strat-
egy by utilizing a chemically synthesized mixed-halide source
such as Pb(l;_xBr,), rather than a mechanical mixture. This
chemically locked source effectively eliminated rate competition
between dual lead sources. The resulting device achieved effi-
ciencies exceeding 19% with superior thermal stability.”*

Solid-state pre-alloying addresses chemical composition but
fails to resolve heat transfer limitations. Poor thermal conductiv-
ity of powders causes internal temperature gradients, leading to
rate drift over extended deposition periods. Li et al. developed a
molten salt strategy to fundamentally alter the heat transfer
mechanism by introducing components to pre-melt precursors
into a liquid state. This phase-state engineering utilized the
high thermal conductivity of liquids to homogenize the tempera-
ture field, and single-junction WBG PSC efficiencies approached
22%.7%°

Shi et al. recently integrated concepts of alloying and liquid-
phase homogenization by proposing a halogen anion pre-ho-
mogenization strategy. They identified the formation of a eutectic
system between lead iodide and lead bromide as key. In this
eutectic state, iodine and bromine are locked at the molecular
level within a single thermodynamic phase, forcing them to evap-
orate at a coupled rate. This approach successfully eliminated
vertical phase segregation and enabled an efficiency of
30.83% for perovskite/silicon TSCs."*®

Mainstream consensus has shifted to recognize that control-
ling the thermodynamic state of the source is as crucial as con-
trolling vacuum parameters. However, a potential trade-off ex-
ists: the use of pre-fixed stoichiometric sources sacrifices the
flexibility of online band-gap tuning. Future research should
focus on developing versatile low-temperature eutectic solvents
capable of accommodating a wider range of organic cations
without compromising the stoichiometry-locking effect. Further-
more, precise stoichiometric delivery constitutes only the first
half of the equation. Once these pre-locked components reach
the substrate, rapid crystallization kinetics often lead to small
grains and high defect densities, necessitating the introduction
of a kinetic chaperone to regulate nucleation and growth.
Cl-mediated growth
While pre-alloying strategies successfully lock precursor stoichi-
ometry, the crystallization kinetics of WBG perovskites on
substrates remain a fundamental challenge. In vacuum environ-
ments, the absence of solvent coordination creates a high-su-
persaturation regime, leading to rapid nucleation and uncon-
trolled grain growth. This kinetic regime inevitably results in
small grain sizes and a high density of grain boundaries, which
act as non-radiative recombination centers. Therefore, chloride
incorporation has evolved from a simple additive to a critical ki-
netic chaperone that separates nucleation and growth stages.

In hybrid sequential deposition, the primary role of chloride is
to modulate inorganic framework density. Traditional evapo-
rated lead iodide films are often too dense to react completely
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with organic salts. To address this, Xu et al. proposed a diffusible
perovskite capping layer strategy by co-evaporating lead iodide
and cesium chloride. Incorporation of cesium chloride creates a
metastable porous inorganic framework that provides rapid
diffusion channels for subsequent penetration of organic salts,
ensuring homogeneous component distribution and complete
conversion throughout the film thickness.?°

Similarly, Luo et al. employed triple-source co-evaporation
of lead iodide, lead chloride, and cesium bromide. They
demonstrated that the chloride-rich intermediate phase ex-
pands the lattice spacing of the inorganic framework. This
expansion lowers steric hindrance for organic cation intercala-
tion, effectively solving the incomplete reaction issue in thick
films and enabling scalable fabrication of perovskite/silicon
TSCs.'®!

Beyond functioning as a kinetic sacrificial agent, trace chloride
incorporation is also crucial for phase stabilization. Lattice strain
at the buried interface is a critical issue in perovskite/silicon
TSCs, as highlighted by Liu et al., who reported that strain accu-
mulation accelerates degradation. Chloride incorporation serves
as a powerful strain-relaxation tool to mitigate this.*®

Selected area electron diffraction (SAED) patterns reveal
distinct superlattice reflection spots (Figures 12A, 12B, and
12D). These spots indicate symmetry breaking where chloride
incorporation induces minor octahedral tilting in the perovskite
lattice. This structural insight is further corroborated by the
X-ray diffraction (XRD) patterns shown in Figure 12C, which
exhibit specific peak shifts and splitting behaviors correspond-
ing to lattice strain relaxation rather than merely showing phase
purity. This chloride-induced octahedral tilting thermodynami-
cally stabilizes the photoactive black phase against the forma-
tion of the photo-inactive yellow phase and fundamentally sup-
presses phase segregation. Driven by this structural
stabilization, WBG devices achieved a record efficiency of
27.43% in tandem configurations.*°”

In addition to phase stability, chloride additives are instru-
mental in directing crystal orientation. Wang et al. introduced
n-propylamine hydrochloride (PACI) into the hybrid deposition
process and found that chloride-containing intermediates favor
face-on stacking of the (100) planes. This preferred orientation
minimizes grain-boundary exposure to charge transport layers,
thereby reducing non-radiative recombination pathways.**° Liu
et al. further demonstrated that using cesium chloride as a bulk
additive in co-evaporation significantly retards crystallization
rates. This effect promotes grain coarsening, reducing the total
grain boundary area and enhancing V¢ for indoor photovoltaic
applications.?"°

Chloride acts simultaneously as a transient pore former, facil-
itating reaction kinetics, and a permanent lattice dopant,
enhancing thermodynamic stability. The conflict between
requiring expulsion for the former and retention for the latter
demands precise process control. While chloride-mediated
growth effectively regulates grain size and phase purity, it
does not fully resolve the intrinsic entropic instability caused
by mixing iodine and bromine in WBG perovskites. Fundamen-
tally suppressing light-induced phase segregation necessitates
moving beyond anion engineering to explore cation-alloying
strategies.
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Figure 12. Additive engineering

(A) SAED patterns of perovskite thin films prepared without PbCl,.

(B) SAED patterns of perovskite thin films prepared with PbCl,.

(C) XRD patterns of control films over 240 h in ambient air (x50% relative humidity [RH]).

(D) XRD patterns of perovskite@PbCl, films over 240 h in ambient air (x50% RH).

(A-D) Reproduced with permission.”®” Copyright 2023, Wiley-VCH.

(E) The schematic diagram of nucleation and crystal growth processes for the Csl-Pbl, and DMAI-Csl-Pbl, co-evaporation system.

(F) The Goldschmidt tolerance factor curve for the DMA;_CsxPbl; perovskite varied with x ranging from 0 to 1, and photographs of the co-evaporated y-CsPbls
and DMA 06Csg.04Pbls perovskite films kept in the ambiance of ~52% RH.

(E and F) Reproduced with permission.*°® Copyright 2023, Elsevier.

(G) Surface morphologies of the evaporated Pbl, and the resulting PVK as a function of the DMSO vapor exposure time (0, 10, 30, and 60 s). Reproduced with
permission.'>® Copyright 2023, Elsevier.

Multi-cation alloying distorted tolerance factor t below 0.8. This geometric mismatch
Although chloride optimizes grain size, it cannot alter the intrinsic ~ drives spontaneous degradation into photo-inactive §-phases.
thermodynamic instability of the perovskite lattice. WBG perov-  Vapor-phase strategies must transition from binary systems to
skites, particularly inorganic-rich compositions, suffer from a  multi-cation alloying to fundamentally correct this. This
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approach leverages the Gibbs free energy equation, where intro-
ducing large organic cations increases mixing entropy and opti-
mizes the tolerance factor, thereby lowering the free energy of
the cubic black phase.

The first frontier lies in stabilizing the fragile inorganic CsPbl;
lattice. Dong et al. introduced dimethylammonium (DMA) into
the co-evaporation system, where the large DMA cation acts
as a steric anchor within lattice voids. Figure 12E illustrates
the fundamental alteration in the crystallization pathway. In
the reference cesium iodide-lead iodide system, nucleation is
random and prone to forming the yellow phase. In contrast,
the DMAI-Csl-Pbl, system exhibits a regulated nucleation pro-
cess where DMA molecules act as surfactants during initial
adsorption, promoting preferred orientation and suppressing
non-perovskite nuclei formation. As shown in Figure 12F, the
Goldschmidt tolerance factor curve indicates that increasing
DMA content shifts the tolerance factor toward the ideal cubic
range of 0.9-1.0. While the reference y-CsPbl; film rapidly de-
grades to a yellow phase under 52% relative humidity, the al-
loyed film maintains its black phase, confirming that entropic
stabilization effectively shields the lattice from moisture-
induced degradation and enables a device efficiency of
16.10%.7%

While doping stabilizes the lattice statically, constructing com-
plex quaternary alloys containing cesium, formamidinium,
iodine, and bromine requires dynamic control over the reaction
pathway. Simply mixing four precursors in vapor deposition
often leads to local phase segregation. Dong et al. recently
advanced this approach by shifting focus from compositional
mixing to intermediate-phase evolution. They identified that con-
trolling stoichiometry in the vapor phase can induce the forma-
tion of a specific Csl,Br intermediate. This phase serves as a
crystallographic template rather than forming randomly and di-
rects the subsequent reaction with FAI, enabling a self-guided
crystal growth mode. This templated mechanism ensures uni-
form atomic-scale cation distribution, eliminating microscopic
heterogeneity that typically triggers the Hoke effect. Conse-
quently, this strategy yielded WBG PSCs with a record efficiency
of 21.37%, proving that vapor deposition can achieve complex
alloy synthesis previously considered exclusive to solution
processing.'®*

However, even with a thermodynamically stable bulk, the poly-
crystalline nature of these films inevitably results in grain bound-
aries, which act as the final refuge for defects. Addressing re-
maining non-radiative recombination centers through in situ
passivation strategies is required to fully realize the potential of
entropy-stabilized lattices.

In situ grain-boundary passivation

While multi-cation alloying lowers the thermodynamic free en-
ergy of the bulk lattice, the polycrystalline nature of perovskite
films inevitably introduces grain boundaries. In contrast to solu-
tion processing, where solvents often leave behind passivating
species, the high-vacuum environment creates naked grain
boundaries rich in undercoordinated lead and halide vacancies.
These defects act as non-radiative recombination centers.
Therefore, developing an in situ passivation strategy by intro-
ducing ligands directly into the vapor stream represents the final
step for bulk optimization.
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The most direct approach involves co-evaporating bulky
organic ammonium salts with perovskite precursors. Due to steric
hindrance, these large molecules are spontaneously expelled from
the 3D lattice and self-assemble at grain boundaries. Zhang et al.
demonstrated this using phenylethylammonium iodide (PEAI) in a
co-evaporation process. PEAI molecules did not form a 2D phase
but effectively coated the grain boundaries of the y-CsPblj; film.
This in situ passivation significantly reduced trap density and
enhanced PL lifetime, pushing device efficiency to 15%.°""

Furthermore, this strategy is critical for morphological control
in extreme geometries. In a subsequent study, Zhang et al.
applied PEAI co-evaporation to fabricate ultra-thin 10-nm perov-
skite films. The surfactant nature of PEAI promoted continuous
wetting on the substrate, eliminating pinholes that typically
compromise ultra-thin vapor-deposited films. This enabled
semitransparent devices with high average visible transmittance
(AVT), highlighting the dual role of ligands in defect passivation
and film continuity.”'?

Beyond long-chain ligands, small functional cations can also
passivate boundaries. Susic et al. introduced guanidinium into
the vacuum deposition of mixed-cation perovskites. Unlike ce-
sium or formamidinium, which occupy the A-site, the slightly
larger guanidinium cation tends to accumulate at grain bound-
aries, creating a hydrogen-bonding network that reinforces film
structural integrity. Resulting quadruple-cation films exhibited su-
perior thermal stability compared to varying counterparts, proving
that boundary engineering is essential for long-term reliability.”'®

In hybrid deposition routes, vapor-phase molecules can be
used to fundamentally reconstruct the grain boundaries of the
inorganic precursor. Nguyen et al. reported a solvent-vapor as-
sisted conversion strategy by exposing evaporated compact
lead iodide films to dimethyl sulfoxide vapor. Figure 12G pre-
sents SEM images, with the left side showing pristine evaporated
lead iodide exhibiting highly compact and smooth morphology.
This dense structure hinders organic salt infiltration. In sharp
contrast, the right side reveals that after vapor treatment, the
film transforms into a porous nanowire-like network of com-
plexes. This vapor-induced porosity effectively dilates grain
boundaries, creating percolation pathways that allow organic
cations to penetrate deeply and react completely to passivate in-
ternal defects. This process yielded uniform WBG films with an
efficiency of 19.8%.'%°

Progress has shifted from simply depositing materials to
actively engineering defect landscapes during growth. Whether
through steric exclusion of bulky ligands, boundary accumula-
tion of functional cations, or vapor-induced reconstruction of
precursors, the goal of neutralizing grain boundaries left vulner-
able by vacuum processing remains identical. With bulk compo-
sition locked, kinetics regulated, lattice stabilized, and grain
boundaries passivated, a high-quality absorber is achieved.
However, device performance is ultimately gated by charge
extraction. The next section addresses the critical interface be-
tween this optimized absorber and transport layers.

Interface and heterostructure engineering

Buried interface optimization

Following bulk optimization, as discussed in bulk composition
engineering, carrier extraction efficiency at interfaces becomes
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the limiting factor for device performance. The buried interface
where the perovskite nucleates on the charge transport layer
presents a fundamental paradox because it determines initial
crystallization and charge extraction yet remains inaccessible
to post-deposition treatments. Furthermore, solution-processed
interlayers on textured silicon substrates, essential for TSCs,
often suffer from dewetting and thickness inhomogeneity. Va-
por-phase deposition offers the ability to deposit ultra-thin and
solvent-free functional layers that precisely modify energy align-
ment, lattice strain, and defect density without chemically
eroding underlying sensitive charge transport layers.

Energetic misalignment at the heterojunction constitutes the
primary barrier to efficient charge extraction. Constructing a
graded homojunction via vapor deposition is a potent strategy
to reshape the potential landscape. Li et al. demonstrated this
by thermally evaporating an ultra-thin cesium bromide layer prior
to perovskite deposition. Ultraviolet photoelectron spectroscopy
(UPS) spectra in the high-binding-energy cutoff region reveal a
significant shift (Figure 13A). The secondary electron cutoff for
the cesium-bromide-modified perovskite moves toward higher
binding energy compared to the pristine film on Spiro-TTB.
This shift corresponds to a reduction in work function and indi-
cates the formation of an interface dipole pointing away from
the perovskite. The cesium bromide interlayer does not merely
act as a passive buffer but diffuses to create a cesium-rich
gradient that bends the valence band maximum downward, as
illustrated in Figure 13B. This band bending minimizes the injec-
tion barrier for holes, effectively suppressing interfacial recombi-
nation and boosting tandem efficiency to 27.48%.'°

Critically, the choice of evaporated salt dictates the trade-off
between nucleation thermodynamics and electronic energetics.
Skorjanc et al. systematically compared various seed layers,
including lead iodide, lead chloride, cesium iodide, and cesium
chloride, and found that while cesium bromide excels in energetic
alignment, cesium chloride is superior in regulating nucleation
density and preventing band-gap widening. This suggests that
future optimizations must move toward mixed-halide seed layers
to decouple crystallization control from band alignment.''?

Beyond electronic barriers, physical lattice mismatch at the
buried interface generates tensile strain upon cooling, which rep-
resents a significant obstacle to long-term stability. Liu et al.
introduced a distinct approach: shifting from 2D interlayers to a
vertically 3D/3D strained heterojunction by evaporating a lat-
tice-mismatched cesium lead chloride buffer. The buried 3D
buffer possesses a smaller lattice constant than the overlying
active layer, as depicted in Figure 13C. During epitaxial growth,
this mismatch pre-imposes compressive strain on the perov-
skite, effectively counteracting detrimental tensile strain that
typically arises from thermal expansion coefficient mismatch
with the silicon substrate. Time-resolved absorption spectros-
copy reveals that the strain-free interface facilitates significantly
faster hole extraction kinetics, as shown in Figure 13D. This strat-
egy propelled the steady-state efficiency of fully textured TSCs
to 31.5%.°

Even with optimized energetics and strain, atomic-scale de-
fects such as oxygen vacancies in metal oxide transport layers
remain prevalent. Vapor-phase deposition allows for a unique
vapor-solid reaction to chemically repair these defects without
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solvent interference. Wu et al. utilized evaporated lead sulfide
to passivate atomic-layer-deposited tin oxide surfaces. The
lead sulfide layer executes a dual-site passivation mechanism,
as illustrated in Figure 14F, where sulfur atoms fill oxygen va-
cancies in tin oxide while lead atoms coordinate with undercoor-
dinated halides on the perovskite side. Dark current-voltage
curves of electron-only devices demonstrate a dramatic reduc-
tion in trap-filled limit voltage for lead sulfide-treated films, indi-
cating lower trap density (Figure 13G). This chemical passivation
reduced the voltage deficit and validated the compatibility of
evaporation with oxide interfaces.?'*

The evolution of buried interface engineering has transitioned
from passive buffer layers to active, multifunctional heterostruc-
tures. Integration of energetic gradient construction, mechanical
strain compensation, and chemical defect repair demonstrates
the versatility of vapor-phase techniques. Crucially, these strate-
gies are achieved without solvent-compatibility constraints
typical of solution processing. With the buried interface opti-
mized for extraction and stability, the degradation front shifts
to the exposed top surface. The next section explores how va-
por-solid reactions can be employed to functionalize this vulner-
able boundary against environmental stressors.

Surface functionalization

While the buried interface dictates charge extraction, the top sur-
face of the perovskite film represents a thermodynamic fragility
point. It serves as both the initiation site for moisture-induced
degradation and a reservoir of halide vacancies that accelerate
non-radiative recombination. Conventional solution-based
passivation faces an intrinsic dilemma where the solvent
required to dissolve the passivator often erodes the underlying
perovskite lattice, creating a disordered intermixed interface
rather than an abrupt junction. Vapor-phase surface functionali-
zation offers a distinct advantage by relying on vapor-solid reac-
tions to exploit the intrinsic solvent orthogonality of gas-phase
precursors. This allows the construction of atomically precise
passivation layers and heterostructures without compromising
the structural integrity of the absorber.

The most kinetically favorable strategy involves exposing the
perovskite surface to reactive organic amine vapors. Unlike
bulky molecules in solution that merely coat the surface, small
gas-phase molecules can diffuse into the lattice surface and
chemically neutralize defects. Chiang et al. demonstrated a vac-
uum-based healing strategy using ethylenediammonium diio-
dide (EDAI,) vapor. PL quantum efficiency of the treated film ex-
hibits substantial enhancement compared to pristine controls.
Crucially, the addition of a Cgq contact layer further boosts PL
quantum efficiency, implying that vapor treatment optimizes
band alignment for extraction in addition to passivating traps
(Figure 14A). Voc distribution for both pure-iodide and mixed-
halide devices narrows significantly and shifts toward higher
values after passivation, as depicted in Figure 14B. This confirms
that vapor permeation provides a uniform, large-area healing ef-
fect unattainable with spin coating, enabling 17.8% efficiency in
1.76 eV cells.”™®

While organic molecules heal defects, they often lack the
physical density to block ion migration. Constructing a robust
barrier requires thermally evaporated inorganic salts or atomic-
layer-deposited oxides. Wang et al. utilized evaporated cesium
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Figure 13. Buried interface optimization

(A) UPS spectra in the cutoff regions of perovskite films on Spiro-TTB with and without CsBr.

(B) Schematic diagram of the energy level of perovskite and HTL after introducing the CsBr interface layer.

(A and B) Reproduced with permission.’“® Copyright 2021, Wiley-VCH.

(C) Schematic illustration of compressive strain applied to upper 3D perovskite films by tailoring lattice parameters of buried buffer 3D perovskites.

(D) Time-resolved absorption of the CsFA perovskite films deposited on bare (control) and CsPbCls-modified (strained heterostructure, SHS) glass under different
annealing times at 150°C.

(E) XRD measurements of the CsFA perovskite films deposited on bare (control) and CsPbCl;-modified (SHS) glass under different annealing times at 150°C.
(C-E) Reproduced with permission.?® Copyright 2024, Elsevier.

(F) Schematic diagram of PbS mechanism, including PbS passives, oxygen vacancies, and uncoordinated lead (Pb?*). ALD, atomic layer deposition.

(G) Dark I-V curves of space-charge-limited current (SCLC) measurement for the electron-only devices with SnO, or PbS-treated SnOj films.

(F and G) Reproduced with permission.?'* Copyright 2025, Wiley-VCH.
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Figure 14. Surface optimization
(A) Photoluminescence quantum efficiency (PLQE) values for a FA 7Csq 3sPb(lp.64Bro.se)s (1.77 €V) evaporated perovskite film, with EDAI, treatment and with
EDAI, treatment plus Cgo contact layer.
(B) Vo statistics for devices based on FAq 7Csg 3Pb(lp.64Bro.36)3 and FAg 75Csg.25Pbo 5SNg 513 with and without EDAI, passivation.
(A and B) Reproduced with permission.'® Copyright 2023, American Chemical Society.
(C) Device structure of PSC.
(D) Schematic diagram of the internal electric field at the control and the target interface.
(C and D) Reproduced with permission.”'® Copyright 2025, Wiley-VCH.
(E) The calculated binding energy of PVK/Cgq and PVK/AIOy.
(F) X-ray photoelectron spectroscopy (XPS) spectra of Pb 4f pristine PVK and PVK/AIOy films.
(E and F) Reproduced with permission.?'” Copyright 2024, Wiley-VCH.
(G) Schematic of the solution/evaporation process to form WBG 3D/DJ perovskite heterojunctions.
(H) Energy-level scheme of WBG 3D perovskite, PDAMA,,_1Pbyl3,.1 (1 = 1-4), and Cgo extracted from UPS data.
(legend continued on next page)
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lead chloride to modify the surface, creating a purely inorganic
tunneling junction. The evaporated cesium lead chloride forms
an ultra-thin dense layer between the perovskite and the electron
transport layer (ETL) (Figure 14C). WBG cesium lead chloride in-
duces a strong internal electric field at the interface, which bends
bands to repel holes from surface recombination centers while
permitting electron tunneling (Figure 14D). This mechanism de-
couples surface passivation from carrier transport, pushing
module efficiency over 21%.7'°

Similarly, Ji et al. employed atomic layer deposition to grow an
aluminum oxide layer, exploiting the high reactivity of precur-
sors. Aluminum oxide forms a much stronger chemical anchor
to the perovskite surface than physical adsorption of Cgg, as
shown in Figure 14E. Binding energy shifts in Pb 4f spectra indi-
cate that aluminum species passivate undercoordinated surface
leads, as evidenced in Figure 14F. This dense oxide barrier effec-
tively blocks volatile species, achieving a PCE of 21.80%.""

Surface functionalization frontiers lie in constructing type I
heterojunctions with distinct dimensionalities, such as 2D/3D,
or band gaps. Vapor deposition is uniquely suited for this, as it
can stack materials that are chemically incompatible in solution.
Liu et al. developed a hybrid evaporation/solution approach to
form phase-pure Dion-Jacobson (DJ) 2D perovskite capping
layers on WBG 3D perovskite substrates. The organic spacer re-
acts with surface-excess lead iodide to form uniform quasi-2D
perovskites with controllable n values, as depicted in
Figure 14G. By tuning the n values of the DJ phase perovskites,
a series of quasi-2D layers with gradually increasing band gaps
are formed. These quasi-2D layers, together with the Cgp elec-
tron transport layer, create a stepwise conduction band potential
that efficiently funnels electrons from the WBG 3D perovskite to
C,, while blocking holes, as shown in Figure 14H. This minimizes
the voltage deficit typically associated with WBG cells.”'®

Furthermore, Lin et al. demonstrated the concept of an immis-
cible 3D/3D heterojunction, which represents an ideal scenario
for surface passivation. Figures 141-14K provide ultrafast kinetic
evidence via transient absorption spectroscopy. While the con-
trol film in Figure 141 shows uniform decay, the heterojunction
exhibits distinct bleaching signals when pumped selectively
from the NBG side in Figure 14J vs. the functional layer side in
Figure 14K. This indicates rapid unidirectional charge transfer
driven by the heterojunction field. Aithough demonstrated via so-
lution processing, this ideal architecture validates the design
target for all-vapor processes to create atomically sharp inter-
faces acting as semi-permeable membranes for specific
carriers.”'?

Vapor-phase strategies have proven superior for creating inor-
ganic and heterojunction interfaces that solution methods strug-
gle to achieve due to solvent redissolution issues. By strictly de-
coupling functional layer deposition from absorber formation,
vapor-solid reactions enable independent optimization of stabil-
ity and transport. Having secured both the bottom contact and
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top surface, the final challenge lies in healing residual crystallo-
graphic strain and defects deep within the lattice, which will be
addressed in the subsequent section on post-deposition
treatments.

Fundamental divergence in passivation mechanisms
between vacuum deposition and solution processes

In solution processing, passivators reside in a solvent environ-
ment at ambient temperature with a stable saturated vapor pres-
sure, ensuring the perfect preservation of molecular structural
integrity. However, during vacuum thermal evaporation, organic
halides face severe thermal stability challenges.

Traditional large-molecule organic salts, such as aromatic
ammonium salts, typically exhibit low thermal decomposition
temperatures. Before reaching the critical temperature required
for sublimation, weak internal chemical bonds, such as C-N
bonds, often undergo thermal pyrolysis.””° Research indicates
that these molecules exhibit non-constant sublimation behavior
under vacuum, frequently dissociating into volatile amine frag-
ments and hydrohalic acid gases.? This phenomenon makes
evaporation rates difficult to monitor precisely, and the compo-
nents reaching the substrate lose their intended passivation ac-
tivity.??"*?? In contrast, solution methods ensure that molecules
with intact functional groups act directly on defect sites.

During film formation in solution methods, the presence of sol-
vents allows long-range diffusion of solute molecules and utilizes
capillary forces to effectively transport passivators deep into
grain boundaries.’”® Conversely, in the vacuum process of
room temperature deposition and subsequent annealing, passi-
vators encounter severe kinetic barriers.?**

Due to the absence of a liquid medium, passivator diffusion
within the solid matrix is restricted by extremely small lattice
diffusion coefficients.?*> Consequently, passivators are often
stochastically trapped within perovskite grains as inactive inclu-
sions rather than effectively segregating at grain boundaries or
surfaces, as seen in solution methods.?*® This randomness in
spatial distribution is essentially a limitation of solid-state ki-
netics on the effective utilization of passivators, preventing vac-
uum processes from achieving the interfacial self-healing effects
common in solution processing.?*’

WBG perovskites prepared by solution and vacuum methods
exhibit an inversion in the spatial distribution of their defect
chemistry.?*® Solution-processed films, influenced by solvation
effects, tend to form an iodine-deficient/lead-rich environment
at the surface, creating shallow-level iodine vacancies (V)).%°

However, vacuum co-evaporation processes often result in
iodine-rich surface characteristics due to the instantaneous na-
ture of precursor flux, inducing high densities of deep-level
iodine antisite defects (lp).?*® Traditional cationic passivators
designed for solution methods are largely ineffective at repairing
these deep-level defects specific to vacuum processes.?*° This
disconnect between the nature of the defects and the passiv-
ation strategy is the profound physical root cause of why

(G and H) Reproduced with permission.?'® Copyright 2025, Wiley-VCH.
(I) The ultrafast TA spectra of control Pb-Sn perovskite films.

(J) The ultrafast TA spectra of perovskite heterojunction (PHJ) perovskite with 405-nm pump light, pumped from the NBG side.

(K) The ultrafast TA spectra of the full-lead wide-band-gap (FL-WBG) side.
(I-K) Reproduced with permission.?'® Copyright 2023, Springer Nature.
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vacuum-processed WBG cells lag behind solution-processed
ones in Vog.2% 137

In a vacuum environment, molecular transport follows the laws
of line-of-sight propagation.?* This quasi-ballistic transport
mode creates severe shadowing effects on the rough micro-
scopic morphology of polycrystalline films.”® Passivation mole-
cules cannot utilize liquid wettability to enter narrow and deep
grain-boundary crevices as they do in solution-based methods.
Since atomic migration rates are limited by lattice diffusion dur-
ing the solid-state transformation stage, point defects encapsu-
lated within the film are difficult to eliminate through simple sur-
face post-treatments.'®®??° The incomplete coverage caused
by shadowing effects, combined with the limitations of solid-
state diffusion, constitutes the technical bottleneck of vacuum
passivation.

Evolution of all-vacuum-compatible passivation
strategies

tTo achieve all-vacuum compatibility, passivation molecules
must possess high thermal stability and robust coordination
capabilities to replace the easily dissociable traditional ammo-
nium salts. Compared with easily deprotonated ammonium
groups, amidinium ligands enhance N-H bonds via resonance
effects, exhibiting superior thermal and photostability. This
prevents the failure of the passivation layer during high-tem-
perature deposition processes.’®’ Organometallic molecules
with large n-conjugated systems, such as copper phthalocya-
nine (CuPc) and zinc phthalocyanine (ZnPc), exhibit excellent
sublimation characteristics. Their highly ordered stacking
structures facilitate interfacial charge extraction while effec-
tively passivating surface defects.”® Pyridine-carbazole (Py-
Cz) molecules bind to uncoordinated Pb2* on the perovskite
surface through specific coordination bonding. These mole-
cules remain chemically stable under vacuum, enabling effi-
cient defect remediation.”*?

For all evaporation processes, several promising technical
strategies have been explored to eliminate reliance on solu-
tion-assisted methods.'%*"'® To address the instability of
organic salts, researchers have proposed passivation schemes
using rigid aromatic molecules with high thermal stability. Cop-
per phthalocyanine and triphenylamine derivatives are typical
representative materials.”® These molecules possess large con-
jugated systems and high decomposition temperatures. Copper
phthalocyanine has a sublimation temperature exceeding 300°C
in vacuum. This type of molecule maintains chemical structural
integrity even at high temperatures.

Rigid molecules passivate uncoordinated lead ions on the sur-
face through Lewis acid-base interactions. The nitrogen atoms in
triphenylamine molecules have strong electron-donating capa-
bilities. They can form stable coordination bonds with lead atoms
on the perovskite surface.?®® This interfacial layer not only re-
duces charge trap density but also tunes the interfacial electric
field. Research shows that the Voc of WBG cells increases signif-
icantly after introducing rigid aromatic modification layers. This
method effectively narrows the voltage loss gap between vac-
uum-prepared and solution-processed devices.

Inorganic salts are ideal passivation components for vacuum
processes due to their outstanding thermal stability. Partially re-
placing lead iodide with lead chloride in WBG perovskite fabrica-
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tion has proven extremely effective.”** The introduction of chlo-
ride ions significantly improves crystal growth kinetics. Chloride
atoms reduce point-defect formation by filling lattice vacancies.
Experimental results show that introducing lead chloride extends
carrier lifetimes from 5.6 to over 100 ns. This massive lifetime
gain directly enhances the photovoltaic performance of WBG
cells.

Alkali metal salts, such as potassium thiocyanate, also exhibit
excellent passivation potential.?*® Potassium ions tend to enrich
at grain boundaries and occupy interstitial sites. This distribution
effectively suppresses the long-range migration of halide ions.
Thiocyanate ions passivate lead defects through Lewis coordi-
nation. This multifunctional inorganic additive strategy optimizes
both crystallization quality and interfacial stability.

Acid modulation strategies offer new approaches to address-
ing the thermal decomposition of organic salts such as MAI.
Introducing more acidic cations can inhibit deprotonation reac-
tions.?®" The addition of methylammonium chloride stabilizes
the chemical environment of methylammonium cations. This
synergy reduces the formation of harmful byproducts.?*?

This method establishes a stable sublimation kinetic window.
Mixing precursors of different acidities via pre-pelletizing pro-
cesses reduces the non-uniform escape of volatiles.??? This
technique significantly enhances the vertical uniformity and crys-
tallinity of co-evaporated films. The efficiency of WBG cells opti-
mized by acid modulation has exceeded 20%.7%

Interface field effects can be utilized to address common
voltage losses in WBG cells. Introducing molecules with strong
dipole moments, such as isopropylammonium iodide, can form
a dual-field passivation mechanism.”*® These molecules can
establish a stable molecular dipole field on the perovskite sur-
face. Simultaneously, they interact with charge transport layers
to form interfacial electric fields.

This dual electric field can repel minority carriers. This repul-
sion reduces their chances of contacting interface defects. The
voltage deficit of WBG cells treated with i-PAl was reduced to
0.39 V.?*° These molecules exhibit good thermal robustness un-
der vacuum conditions. This characteristic makes them very
suitable as a final passivation step in vacuum evaporation pro-
cesses. It not only improves cell efficiency but also significantly
suppresses light-induced phase separation.

Utilizing vacuum methods to deposit 2D perovskite capping
layers on the surface of WBG perovskites is an excellent phys-
ical repair method.'®* This can be achieved by precisely con-
trolling the evaporation rates of molecules such as n-hexylam-
monium bromide. Vacuum-deposited 2D layers can uniformly
fill microscopic pinholes on the surface of 3D perovskites.
This repair effect is difficult to achieve with solution post-
treatments.

The vacuum process avoids damage to the underlying 3D
perovskite by solvents. It ensures a steep chemical potential dis-
tribution at the interface. Research shows that this 2D/3D struc-
ture exhibits excellent uniformity on large-area submodules. This
structure effectively isolates the erosion of WBG components
due to external moisture. This scheme provides a practical
passivation path for large-scale industrial production.

Table 10 summarizes the comparative analysis of vacuum-
compatible passivation strategies.
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Table 10. Analysis of vacuum-compatible passivation strategies

Specific methods/materials

Passivation mechanism and
physical essence

Sublimation stability

Core gains for WBG perovskites

Rigid aromatic molecules:
CuPc, TPA, SAMs

Cl-alloy mediated: PbCl,

Acid modulation:
MACI + FAI/MAI

Polar molecules: i-PAl,
isopropylammonium

utilizing n-n stacking and
heteroatom lone pairs to form stable
Lewis acid-base coordination with
uncoordinated surface Pb%*

chloride segregation induces grain-
boundary self-passivation and
promotes organic salt diffusion via
lattice modulation

inhibits deprotonation of organic
salts via strong acidic environments
to stabilize the sublimation window

establishes molecular dipole fields
to form dual-electric field

extremely high (>300°C); maintains
molecular structural integrity

extremely high (>400°C);
outstanding thermal stability of
inorganic salts

moderate (100°C-150°C); achieves
controlled co-sublimation

good (150°C-250°C); strong thermal
robustness

significantly reduces interface traps,
tunes dipole fields, and narrows Voc
deficit

achieves micron-scale grains,
extends lifetime from 5 to >100 ns,
and suppresses non-radiative
recombination

ensures stoichiometric precision of
WBG components and enhances
vertical uniformity

specifically suppresses light-
induced phase segregation and

passivation, repelling minority

carriers
In situ 2D capping: constructs 2D/3D heterojunctions
PEABYr, HABr via sequential evaporation, forming

physical shields and repairing
surface pinholes

good (150°C-250°C); in situ growth
without solvent damage

reduces voltage deficit to 0.39 V

establishes steep interface chemical
potential gradients and enhances
submodule reproducibility and
lifetime

Annealing engineering

Even with precise nucleation control and interface functionaliza-
tion, vapor-deposited WBG perovskite films exist in a kinetically
trapped metastable state immediately after deposition. Unlike
solution processing, where solvent evaporation drives crystalli-
zation, vapor-deposited films often suffer from distinct vulnera-
bilities, including volatile component deficiency due to high-vac-
uum promoting organic cation desorption, residual tensile strain
generated by thermal expansion mismatch with the substrate
during cooling, and under-coalesced grain boundaries resulting
in nanoscale voids. Therefore, post-deposition annealing repre-
sents a critical lattice healing process rather than merely a ther-
mal activation step. This section critically evaluates three
advanced strategies, including vapor-assisted, atmosphere-
controlled, and pressure-assisted annealing, that transcend
conventional thermal treatment to reconstruct the lattice and
release strain.

Vapor-assisted annealing

Incongruent sublimation of organic vs. inorganic precursors con-
stitutes the fundamental thermodynamic challenge in vacuum
deposition. Annealing in an inert atmosphere often exacerbates
the loss of volatile A-site cations such as methylammonium or
formamidinium, which leads to surface decomposition. Vapor-
assisted annealing addresses this by introducing a compensa-
tory vapor atmosphere to establish a solid-vapor equilibrium
that suppresses decomposition and drives grain-boundary
reconstruction.

Dou et al. developed a vapor-assisted, pressure-controlled
annealing strategy specifically for WBG perovskites. Recog-
nizing that simple vapor exposure is insufficient for deep
healing, they utilized a high-pressure mixed vapor of
4-fluorophenylmethylammonium bromide and ammonium
fluoride. Unlike conventional thermal annealing, in which vapors
primarily interact with the surface, the pressure-controlled pro-
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cess creates a high-pressure gradient that forces reactive mol-
ecules to permeate the entire film thickness (Figure 15A).
Organic vapors compensate for A-site vacancies while simulta-
neously forming a robust 2D/3D heterostructure at grain bound-
aries (Figure 15B). While control and thermally annealed films
display heterogeneous and short carrier lifetimes, represented
by blue and greenregions, respectively, the pressure-controlled
film exhibits a uniform and extended lifetime distribution, as
indicated by the red and orange regions in Figure 15C. This con-
firms that manipulating the chemical potential of the annealing
atmosphere effectively heals deep-level traps inherent to vac-
uum-processed films, enabling an Vg of 1.28 V.?%7

This principle extends beyond organic cations. Putland et al.
demonstrated that for complex quaternary absorbers such as
Cu,AgBilg, annealing in iodine vapor is mandatory to prevent
segregation of metallic bismuth and binary phases.”*° Similarly,
Zia et al. proved that methylammonium chloride vapor drives the
recrystallization of MAPbCI; to reduce surface energy.”*° These
findings collectively establish vapor-assisted annealing as a uni-
versal tool for stoichiometry correction.
Atmosphere-controlled annealing
While vapor-assisted annealing balances stoichiometry, regu-
lating crystallization kinetics requires a catalytic agent. In vac-
uum deposition, the transition from amorphous or nanocrystal-
line intermediate phases to the crystalline perovskite phase
often involves a high energy barrier. Moisture is usually consid-
ered detrimental, yet it lowers the activation energy for grain-
boundary migration and lattice expansion.

Wu et al. systematically exploited this effect in a humidity-
controlled annealing strategy for WBG perovskites on textured
silicon. The rigid texture of silicon typically imposes severe
compressive strain on the growing perovskite. Figure 15D re-
veals that under an optimized relative humidity of 40%, perov-
skite characteristic peaks intensify rapidly within 30 min. This
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Figure 15. Vapor-assisted annealing

(A) Schematic diagram of the vapor-assisted healing (VA-H) and vapor-assisted pressure-controlled annealing (VA-PCA) post-treatment processes.

(B) Schematic diagram of the interaction between perovskite film and F-PMABr/NH,4F mixed vapor.

(C) Fluorescence lifetime imaging (FLIM) of control and VA-H- and VA-PCA-treated perovskite films. (A-C) Reproduced with permission.”*” Copyright 2025, Elsevier.
(D) Enlarged diffraction profiles of perovskite films after annealing for 0.5, 5, and 30 min.

(E) The FWHM of the (001) diffraction peak of the perovskite phase during the annealing process.

(F) Peak position evolution of the (001) diffraction peak of the perovskite phase during the annealing process.

(D-F) Reproduced with permission.”*® Copyright 2025, American Chemical Society.

(G) Schematic illustration for the deposition of CsPbBr3 films by multi-step sequential dual-source vacuum deposition (MS-DSVD) method and the pressure-
assisted annealing process.

(H) Steady-state PL of the CsPbBrj3 films deposited on the substrate with ETL.

(G and H) Reproduced with permission.'2® Copyright 2020, The Royal Society of Chemistry.
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Table 11. Mapping of challenges, techniques, and strategies

Core challenges

Relevant techniques

Key strategies

Intrinsic thermodynamic fragilities

The halide segregation dilemma in vacuum

The challenge of organic precursor volatility

The solid-state growth constraints in
solvent-free environments

co-evaporation; combinatorial vacuum
deposition; vapor-phase epitaxy; pulsed
laser deposition

co-evaporation; combinatorial vacuum
deposition; innovation of equipment and
monitoring technology

continuous flash sublimation; close-space
sublimation; innovation of equipment and
monitoring technology

sequential evaporation; solution-vapor
hybrid processes; chemical vapor

multi-cation alloying; pre-alloying; Cl-
mediated growth

multi-cation alloying; in situ grain-boundary
passivation

vapor-assisted annealing; atmosphere-
controlled annealing; pressure-assisted
annealing

substrate surface energy engineering;
buried interface optimization; surface

deposition

functionalization

indicates that trace water vapor accelerates the mass transport
required for phase conversion. The full width at half-maximum
(FWHM) of the (001) peak decreases significantly, signifying
grain coarsening and defect annihilation (Figure 15E). Ciritically,
the (001) diffraction peak shifts toward lower angles during hu-
midity-controlled annealing (Figure 15F). This shift corresponds
to the release of compressive strain accumulated during hetero-
epitaxial growth on textured silicon. By leveraging moisture to
decouple nucleation from growth, a high FF of 82.6% was
achieved in tandem devices.”*®

Zhang et al. corroborated this in all-inorganic CsPbBrs,
showing that moisture-assisted annealing promotes ion diffusion
in kinetically sluggish inorganic films.?*" However, Huang et al.
warned that while oxidative annealing in dry air can passivate va-
cancies, the window of operation is narrow because prolonged
exposure leads to degradation.?*? Thus, precise atmospheric
control presents a trade-off that requires rigorous optimization.
Pressure-assisted annealing
A unique morphological defect of vapor deposition is the ten-
dency to form fluffy or porous films due to the non-directional na-
ture of gas-phase adsorption. To address this physical limitation,
Hua et al. proposed a pressure-assisted annealing method that
introduces an external mechanical field during the thermal
process.

Physical pressure applied to the film during annealing serves
a dual function, as illustrated in Figure 15G. Thermodynami-
cally, it lowers the Gibbs free energy barrier for grain coales-
cence while mechanically compressing grains to eliminate
nanoscale voids. Steady-state PL of pressure-annealed
CsPbBr; films is significantly enhanced compared to pristine
films, as shown in Figure 15H. This enhancement is attributed
to the reduction of non-radiative recombination centers at grain
boundaries, which are effectively annihilated by pressure-
induced densification. This strategy demonstrates that physical
fields effectively complement thermal fields in lattice
reconstruction.'?®

The evolution from conventional passive thermal annealing to
active vapor or pressure-assisted strategies marks a significant
maturation in vapor-phase technology. Throughout vapor-phase
optimization strategies for WBG perovskite thin films, a compre-
hensive bottom-up roadmap for the vapor-phase optimization of
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WBG perovskites is presented: originating from source chemis-
try to lock stoichiometry at the molecular level, leveraging kinetic
and entropic engineering to construct a robust lattice skeleton,
employing interface engineering to ensure selective charge
extraction and surface protection, and finally, utilizing annealing
engineering to provide thermodynamic healing of strain and
defects.

This holistic strategy underscores that the high quality of va-
por-deposited films is not solely determined within the vacuum
chamber but is meticulously engineered through post-deposi-
tion evolution. Such a blueprint is essential for approaching the
theoretical limits of perovskite-based tandem photovoltaics. To
visualize the practical efficacy of these strategies, Table 11 sys-
tematically summarizes photovoltaic performance parameters
of representative small-area WBG PSCs, highlighting the sup-
pression of V¢ deficits and efficiency breakthroughs achieved
under varying band gaps.

The industrialization of WBG perovskites is constrained by the
interplay between thermodynamic instability and kinetic retarda-
tion in solvent-free vacuum environments.

To address intrinsic thermodynamic fragilities and halide
segregation, the quintessential approach involves achieving
atomic-level mixing through co-evaporation or combinatorial
vacuum deposition. These techniques are synergistically
coupled with multi-cation alloying and pre-alloying to enhance
mixing entropy and mitigate lattice strain.

To address the challenges posed by organic precursor volatility
and subsequent stoichiometric drift, the technical focus shifts to
CFS and innovations in monitoring technology to maintain precise
partial pressures. These advancements support post-processing
strategies, such as atmosphere-controlled annealing and pres-
sure-assisted annealing, to safeguard chemical integrity.

Regarding solid-state growth constraints without solvent
assistance, the solution lies in utilizing hybrid solution-vapor pro-
cesses to introduce chemical mediators. Concurrently, sub-
strate surface energy engineering and buried interface optimiza-
tion are implemented to modulate heterogeneous nucleation
barriers, ultimately enabling high-quality crystallization through
surface functionalization.

Table 12 maps the core challenges, corresponding tech-
niques, and key strategies for vapor-phase perovskite growth.
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Table 12. Summary and comparison of champion efficiency and open-circuit voltage values for small-area, single-junction wide-band-gap solar cells based on different ; 8
material systems, vapor-phase fabrication methods, and optimization strategies < J_J
Material Q_%
system Preparation method  Further strategy Configuration Band gap (eV) Active area (cmz) PCE (%) Voc (V) Reference 8 %
Single A, sequential - FTO/SnO,/CsPbls/Spiro-OMeTAD/Ag ~1.70 0.09200 8.80 1.000 Hutter et al.'®® okl
single X evaporation g)
ITO/PTAA/CsPbly/PCBM/AI 1.74 - 10.20 1.000  Kottokkaran et al.”** o
FTO/TiO,/CsPbls/P3HT/Ag ~1.65 0.04000 5.71 0.710  Yonezawa et al.*** =
FTO/TiO,/CsPbBrs/Spiro-OMeTAD/Ag ~2.36 - 10.91 1.498 Tongetal.'”® 8
FTO/TiO./CsPbBrs/C 2.33 0.14750 9.35 1.545  Xiang et al.'®®
annealing engineering  FTO/TiO,/CsPbBrs/C 2.20 - 8.86 1.520  Zhang et al.>*’
FTO/TiO,/CsPbBrs/C ~2.36 0.16000 7.22 1.420 Huaetal.'*®
co-evaporation - ITO/Ca/Ceo/CsPblz/TAPC/TAPC:MoO3/Ag 1.72 0.05100 9.40 0.980 Chen et al.™®"
ITO/c-TiO,/CsPbls/P3HT/Au 1.67 - 10.50 1.063  Frolova et al.’*®
FTO/c-TiO,/CsPbBrs/Spiro-MeOTAD/Au 2.35 0.09000 6.95 1270  Leietal.?®
additive engineering ITO/PTAA/y-CsPbls/PCBM/BCP/Ag ~1.75 0.04500 15.00 1.090  Zhang etal.”"’
interface engineering  ITO/Me-4PACZ/MAPbI3/Cgo/SNO,/Ag ~1.63 0.05000 23.10 1.140  Alvianto et al.?*®
annealing engineering  FTO/c-TiO,/y-CsPbls/Spiro-OMeTAD/Au 1.73 0.09000 16.30 1100  Huang et al.’*?
other evaporation additive engineering FTO/TiO,/Sn:CsPbBrs/C ~2.20 0.09000 8.95 1.360 Abib et al.>*”
solution-assisted - FTO/c-TiO,/m-TiO,/CsPbBry/MnS/C 2.30 - 10.45 1520 Lietal.'*
evaporation
Single A,  sequential - ITO/Ca/Cgo/CsPbl,Br/TAPC/TAPC:MoOy/  ~1.85 0.05100 13.00 1130 Linetal.’’
mixed X  evaporation MoOas/Ag
co-evaporation - FTO/TiO,/CsPbIBr,/Au 2.05 0.15900 4.70 0.959 Maetal.'®
FTO/TiO,/CsPbl,Br/Spiro-OMeTAD/Au 1.97 0.09000 5.70 1100  Park etal.®*®
ITO/MoO3/TaTm/CsPbl,Br/Ceo/BCP/Ag 1.90 0.02640 10.00 0.940  Igual-Mufoz et al.’*?
ITO/Ca/Cgo/CsPbl,Br/TAPC/TAPC:MoOy/  1.82 0.05100 11.80 1130  Chenetal.’
Ag
ITO/Cgo:PhIm/Ceo/ MAPb(Br |1 _,)s/TaTm/ 1.72 - 15.90 1120  Longo etal.'®®
TaTm: F6-TCNNQ/Au
ITO/Spiro-TTB/MAPbD(l1_yBr,)a/Ceo/ 1.64 0.16000 19.40 1.180  Gil-Escrig et al.?*
BCP/Ag
interface engineering  ITO/NiO,/MeO-2PACz/CsPbl,Br/ 1.91 0.09000 13.21 1.148  Ghavidel et al.**°
PEACI/PCBM/BCP/Cu
additive engineering FTO/ITO/PTAA/AILO3/MAPbBTrl,:CsCl/ 1.77 - 13.80 1.140 Liu et al.>™®
PCBM/BCP/Ag ﬁ
other evaporation - ITO/M0oO3/TaTm/CsPbl,Br/Ceo/BCP/Ag 1.90 0.02640 8.30 0.970 Igual-Mufioz et al.’®? o O
interface engineering  FTO/SnO,/FAq 9Cso.1Pb(lo 58Clo.15Bro.27e./  1.65 0.10000 21.92 1.200  Lietal”® = @
Spiro-OMeTAD/Au Z =
solution-assisted - FTO/c-TiO,/CsPblBr,/CuPc/C 2.05 0.07100 8.76 1289  Liuetal' ?3 ﬂu
evaporation 9 CU,D
(Continued on next page) (£ (/)]




144

9202 ‘1 aunr ‘gyee0| £ 9oualog [edisAud spoday (190

Table 12. Continued

Material
system Preparation method  Further strategy Configuration Band gap (eV) Active area (cm® PCE (%) Voc (V) Reference
ITO/SnO,/PCBM/MAPb(Br 18lo.52)3/Spiro-  1.66 0.08600 14.50 1.120  Dewietal.'"’
OMeTAD or PTAA/Au
mixed A, other evaporation - FTO/TiOo/MA;_,Cs,Pbls/ 1.65 0.09000 17.13 1.080  Zhuetal.®™®
single X Spiro-OMeTAD/Au
co-evaporation additive engineering ITO/PTAA/DMA, _,Cs,Pbls/LiF/Ceo/Ag 1.73 0.09000 16.10 1.003  Dong et al.>*®
mixed A, co-evaporation - ITO/Cgo:PhIm/Ceo/ 1.70 - 16.00 1.140  Gil-Escrig et al.’®®
mixed X Cs0.5FA0.4MAg.1Pb(lg 83Bro.17)s/TaTm/
TaTm:F6-TCNNQ/Au
ITO/NiO,/Me-2PACz/ 1.69 0.05500 21.37 1.195  Dong et al."®*
Cs0.45FA0.55Pb(lo.85Br0.15)3/Ce0/SNO2/Ag
ITO/MoO3/TaTm/(FA1.,Cs,)Pb(l1_.Br,)s/ 1.70-1.76 0.08250 ~15 1200  Susic etal.'®
Cso/BCP/Ag
ITO/MoO5/TaTm/ 1.75 - 16.80 1.183  Gil-Escrig et al.”®
FA0.65CS0.35Pb(l0.73Bro.27)a/Ceo/BCP/Ag
additive engineering ITO/NiO,/Spiro-TTB/(Cs, FA)Pb(l, Br)s/LiF/  1.67 0.14750 17.80 1.160 Xu et al.?%"
Cso/BCP/Ag
ITO/PTAA/Csg sFAg 4MAg 1Pb(lo.s3Bro.17)s/  1.73 = 16.40 1.148  Susic et al.”™®
Cso/BCP/Ag
ITO/Me-4PACz/ 1.75 0.05 18.17 1270  Guo et al.”®’
Cs0.66FA0.34Pb(Clo.01Bro.22l0.77)3/
Ceo/SnO,/Ag
interface engineering  ITO/MeO-2PACz/FA, 7Cso sPb(lo.64Brose)s/  1.77 0.13800 17.80 1260  Chiang et al.”'®
Cso/BCP/Cu
ITO/MeO-2PACZ/(FACs1_,)Pb(1,Br_)s/ 1.69 0.16000 19.60 1.200  Skorjanc etal.''?
Ceo/BCP/Ag
ITO/MeO-2PACZ/FAq sCso.2Pbl; 7Broa/Ceo/  1.65 0.16000 18.00 1140  Leyden et al.’*®
BCP/Ag
other evaporation annealing engineering  FTO/Me-4PACZz/Csg 24FA0.76Pb(lo sBro2)s/  1.66 0.14800 20.10 1.201 Dou et al.**’
Ceo/BCP/Ag
solution-assisted - ITO/NiO,/(Cs,FA)Pb(1,Br)s/LiF/Ceo/BCP/Cu  1.67 0.12500 20.34 1.140 Afshord et al.'*®
evaporation
ITO/Me-4PACZ/CsFAPb(I,Br)s/LiF/Ceo/ 1.68 - 22.21 1.247  Shietal.'*®
BCP/Ag
ITO/2PACZ/FA 85CS0.15Pb(l0.78Br0.20)s/ 1.66 0.25000 14.30 1.050  Er-rajietal.'*®
Cs0/SNO,/Au
ITO/MeO-2PACZ/(FA,Cs)Pb(1,Br)a/Ceo/ 1.70 0.10000 15.10 1170  Guesnay et al.’*®
BCP/Ag
additive engineering ITO/Me-4PACz/(FA,MA,Cs)Pb(l,Br)s/Ceo/ 1.84 0.05000 17.48 1.315  Wang et al.?*®

SnO,/Ag

(Continued on next page)
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Table 12. Continued ; Q
Material < 3_3
system Preparation method  Further strategy Configuration Band gap (eV) Active area (cm? PCE (%) Voc (V) Reference Q.%
o
ITO/Spiro-TTB/CsCI/CsFAMAPb(I,Br)s/ 1.60 0.08875 22.74 1150 Liuetal.'™ 8 n
Ceo/BCP/Ag a @
ITO/NiOx/2PACz:MeO-2PACz/ 1.68 - 20.30 1207 Luoetal'’ o)
Cso.2FAo Pb(l,Br,Cl)s/Coo/BCP/Cu o
FTO/SNO,/CsyFA;_Pb(I,Br_,)s/Spiro- 1.68 0.15000 19.42 1.170  Chenetal.’®® =
OMeTAD/Au 8
FTO/SnO,/Cs,FA;_,Pb(l,Br;_,)s/Spiro- 1.66 0.14800 19.46 1.154  Liang et al.**®
OMeTAD/Au
FTO/SnO,/CsFA;_Pb(l,Br;_,)s/Spiro- 1.68 0.14800 19.91 1.126  Zhang et al.’®®
OMeTAD/Au
FTO/SN0,/MAg 30FAq.70Pb(l0.84Bro 16)3/ 1.64 0.09000 19.80 1.140  Nguyen et al.”®®
Spiro-OMeTAD/Au
ITO/NiO,/(FA,MA,Cs)Pb(l,Br,Cl)s/ 1.68 0.09000 20.00 1.180  Lietal.’™®
Ceo/BCP/Ag
interface engineering  ITO/Me-4PACz/Csg 15FAq g5Pbl1.Br+ o/ 1.68 0.05000 22.62 1.217  Zhouetal.'*?
EDAI,/PCBM/Cgo/BCP/Ag
ITO/Spiro-TTB/CsBr/ 1.68 0.08900 17.04 1.100  Lietal'®
FAg.0Cs0.1Pbly g7Brg 13/Ceo/ZNO/AI
ITO/Spiro-TTB/CsxFA,MA; _,Pb(1,Br,Cl)s/  1.63 0.08875 20.74 1.188  Xuetal.”®
TEABY/Ceo/BCP/Ag
ITO/PTAA/(Cs:FA:MA)Pb(I,Br,Cl)s/PCBM/  1.68 - 19.24 1100  Zhangetal.'*
BCP/Ag
ITO/4PADCB/FAq gCs0.2Pb(lo.6Bro.4)s/ 1.78 0.08000 20.71 1.337  Liuetal?'®
PDAMA,,.1Pb,l3n,1/Ceo/BCP/Ag
ITO/NIO,/Me-4PACz/ 1.68 0.08875 21.84 1.204  Wangetal.?'®
CSXFA1 ,XPb(leH ,X)S/CSPbC|3/
Cso/BCP/Ag
ITO/2PACz/ 1.66 0.10500 19.84 1.140  Peschetal.’™
Cso.16FA0.65MAg.19Pb(l0.77Br0.17Clo.06)3/
PDAI,:BAI/Cgo/BCP/Ag
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Physical mechanisms of stability enhancement via
vapor-phase optimization strategies

Interfacial chemical anchoring and halide migration
suppression

Substrate surface energy engineering is the first line of defense in
establishing the initial stability of the film. In a vacuum environ-
ment, the film nucleation process is not disturbed by solvent co-
ordination, making interfacial molecular design more effi-
cient.??"?56 Vapor-deposited SAMs such as Me-4PACz form
strong chemical coordination with lead ions on the perovskite
surface through their phosphonic acid groups.?'® This chemical
anchoring effect holds special significance in WBG systems.
Since phase segregation in mixed-halide perovskites often orig-
inates at defect-dense interfaces, powerful chemical bonding
can significantly increase the activation energy for ion
migration.%:?"°

Experimental data demonstrate that vapor-deposited inter-
faces possess a higher ion-locking capability.?*® The work of
Feeney et al. indicates that this anchoring effect can fix halide
ions at the buried interface, preventing their diffusion under illu-
mination.'*® Raising the barrier for halide demixing is the funda-
mental means to suppress the Hoke effect.”>"**® In contrast, in-
terfaces fabricated by solution methods often become channels
for ion leakage due to incomplete wetting and solvent resi-
due.?**?%° The Vo decay of vapor-deposited WBG films under
continuous illumination is significantly lower than that of solution-
processed films, directly validating the effectiveness of interfa-
cial chemical locking. '©":2%

Compositional pre-alloying and construction of
thermodynamic steady states

The pre-alloying strategy in bulk composition engineering is
another core support for the stability of vapor-phase methods.
A severe challenge faced by WBG perovskites is the micro-
scopic non-uniformity arising from compositional random-
ness.”®®> When mixing multiple precursor salts in solution
methods, local bromine-rich or iodine-rich phases easily emerge
within the film due to solubility differences and crystallization rate
mismatches.?®’ Such microscopic compositional deviations
serve as seeds that trigger thermodynamic instability.

The vapor-phase method forcibly locks the stoichiometry
through physical means, enabling pinhole-free films with com-
plete surface coverage.”®® Utilizing chemically synthesized
mixed-halide sources such as Pb(l;_xBr,), or eutectic systems
ensures the uniformity of anion ratios at the molecular scale.?*’
Research by Shi et al. confirmed that eutectic systems force
iodine and bromine to evaporate at a completely coupled rate,
thereby eliminating compositional segregation in the vertical
direction.'**

Recent studies further reveal that by regulating the intermedi-
ate-phase evolution during evaporation, such as the Csl,Br
phase, crystal growth can be guided to construct textured films
with enhanced thermodynamic resistance.'** Additionally, intro-
ducing bulky molecules to create a 3D hollow structure can
further erect barriers against ion migration.?®” This high degree
of atomic-level mixing and oriented growth provides WBG films
with a broader thermodynamic stability window.?'> WBG de-
vices optimized through such pre-alloying and structural engi-
neering show no diffraction peak splitting or shifting even after
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long-term storage at 85°C, proving that their lattice structures
possess extreme resistance to thermal degradation.”*2
Chloride-mediated lattice strain-relaxation mechanism
The introduction of chloride ions acts as a lattice regulator during
vapor-phase growth. Traditional WBG perovskites often exhibit
severe lattice distortion due to high Cs content, leading to a
low Goldschmidt tolerance factor. This geometric mismatch is
the driving force for the spontaneous transformation of perov-
skite into the non-photoactive yellow phase.”®®

Co-evaporating lead chloride in the vapor phase not only reg-
ulates crystallization kinetics but also induces minor tilting of the
perovskite octahedra.”®* SAED results show that chloride incor-
poration generates superlattice reflection spots, marking the
release of internal lattice strain.?®® Experimental evidence from
Xu et al. shows that chloride-mediated WBG films maintain
phase purity even after being stored in ambient air at 50% rela-
tive humidity for over 240 h.?” This strain-relaxation effect struc-
turally stabilizes the black phase, addressing the long-standing
environmental instability issues in WBG systems.**°
Synergistic effects of in situ passivation and vacuum
environment
In situ grain-boundary passivation (in situ grain-boundary
passivation) represents another breakthrough for the vapor-
phase method in terms of stability. During solution processing,
the presence of solvents hinders the effective migration of bulky
ligands to grain boundaries.?®° In a high-vacuum environment,
long-chain molecules such as PEAI are expelled to grain bound-
aries due to steric hindrance.”®*

This self-assembly process is more orderly and compactin va-
por deposition.'®! Vapor-phase passivating molecules can uni-
formly cover undercoordinated lead ions on grain-boundary sur-
faces, cutting off the infiltration paths for moisture and oxygen at
the source.”®® Research data indicate that CsPbls films with in
situ PEAI vapor passivation maintain morphological continuity
even under extreme geometries, significantly reducing the num-
ber of pinholes. Reducing pinholes means reducing the initiation
sites for electrochemical corrosion, providing excellent long-
term operational stability for WBG devices.?®%254267

APPLICATIONS OF VAPOR-PHASE-OPTIMIZED WBG
PEROVSKITE FILMS IN SEMITRANSPARENT,
LARGE-AREA, AND TANDEM SCs

Semitransparent solar cells

Integrating photovoltaics into building skins or building-inte-
grated photovoltaics requires balancing photon harvesting and
visual transparency. This compromise is quantified by light utili-
zation efficiency (LUE), which is the product of PCE and AVT
weighted by the photopic response of the human eye, as defined
in Equation 4268:269;

JT(A)P(2)S(2)da .
AVT = & — -~~~ " Equation 4
TP()S(Z)dz (Equation 4)

Here, T(4) represents spectral transmittance, P(1) denotes the
photopic luminous efficiency function, and S(J) is the AM 1.5G
solar spectrum. While solution-processed semitransparent
PSCs frequently surpass the commercial LUE benchmark of



Cell Rep_)orts .
Physical Science

5%, vapor-deposited counterparts currently exhibit lower per-
formance, with most single-junction devices remaining below
10% efficiency at comparable transparencies.”®®

Despite this efficiency deficit, vapor deposition offers inde-
pendent regulation of film thickness and morphological continu-
ity, which is difficult in liquid processing. In solution processing,
thinning the absorber layer to below 50 nm typically induces
dewetting driven by Rayleigh-Plateau instability, which results
in island formation via Volmer-Weber growth and electrical
shunting. In contrast, vapor deposition operates via adatom
accumulation and enables the growth of continuous pinhole-
free films at an ultra-thin limit below 20 nm.

Zhang et al. demonstrated this capability by co-evaporating
CsPbl; with PEAI additives. PEAI modulated nucleation density
and induced a columnar growth mode that preserved film conti-
nuity even at a thickness of 10 nm. Resulting ultra-thin films
demonstrate exceptional clarity for background text without
haze or scattering artifacts common in thicker porous films, as
shown in Figure 16A. Crucially, the 10 nm thickness suppresses
parasitic absorption in the blue region. CIE 1931 chromaticity co-
ordinates remain clustered near the white point, effectively elim-
inating the reddish-brown tint inherent to thicker perovskite
layers, as depicted in Figure 16B. Although the PCE was 3.6%,
this work validates vapor deposition as a precise tool for engi-
neering neutral-colored windows, which remains challenging
for solution methods.*'?

Thermal and environmental stability is paramount for build-
ing-integrated applications, necessitating the use of all-inor-
ganic WBG perovskites such as CsPbBr; with a band gap of
approximately 2.3 eV. However, solution processing of
CsPbBr3 is hindered by low precursor solubility, especially for
cesium bromide, and rapid crystallization, which leads to high
trap densities. Vapor deposition avoids solubility limits and en-
ables precise compositional doping. Jiang et al. employed a
sequential alternating evaporation strategy to introduce potas-
sium bromide dopants into CsPbBrs. Unlike solution mixing, in
which segregation often occurs, vapor-phase introduction of
potassium ions facilitated uniform lattice integration and sur-
face passivation. Improved energy-level alignment and reduced
defect density resulted in a V¢ increase to 1.55 V and a PCE of
7.28%, as shown in Figure 16D. Notably, unencapsulated
doped devices retained 87% of initial efficiency after 1,300 h
at 60% relative humidity, as illustrated in Figure 16E. This indi-
cates that vapor-phase passivation can impart necessary mois-
ture resilience for building-integrated applications without com-
plex encapsulation.”®®

Despite these advances, vapor-deposited single-junction
building-integrated devices have not yet reached parity with so-
lution-processed analogs. Most reported vapor-deposited semi-
transparent cells exhibit LUE values well below the 5%
threshold, and lead-free alternatives such as AgBil, yield low
LUEs around 0.45 due to low photovoltages.?”°

This disparity stems from a passivation deficit. High-efficiency
solution-processed cells rely on complex multi-component syn-
ergistic formulations that incorporate bulk heterojunctions and
solvent-coordinated additives, such as ionic liquids and poly-
mers, to suppress non-radiative recombination. Replicating
this synergistic chemical environment in a high-vacuum cham-
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ber remains challenging. Vapor-deposited films often suffer
from higher grain-boundary defect densities despite physical
uniformity, which limits Voc and FF.

The application of semitransparent solar cells is typically
restricted to a band-gap range of 1.60-1.68 eV to ensure an
optimal balance between PCE and AVT. Within this specific
range, the primary technical challenge lies in the trade-off be-
tween absorber thickness and charge-collection efficiency. As
the band gap shifts toward the higher end of this window, reli-
ance on high bromine content heightens the risk of halogen
migration, which compromises the color stability of the device
under long-term operation. Consequently, achieving a high
LUE necessitates the implementation of ultra-thin and pinhole-
free films that can only be reliably processed via vapor-phase
techniques to prevent the morphological instabilities common
in solution-processed equivalents.

Currently, vapor deposition serves as a high-precision tool for
optical geometry control regarding thickness and band gap rather
than defect minimization in single-junction building-integrated
photovoltaics. While offering the ability to fabricate continuous
neutral-colored ultra-thin films, electronic quality lags behind solu-
tion processing due to the absence of mature in situ passivation
strategies. Consequently, the primary application of these va-
por-deposited WBG films is as top cells in tandem architectures,
where conformal coverage on textured substrates provides a
decisive advantage over solution methods,?”+146:204:246.271.272

Large-area solar cells

Expanding the device area from square millimeters to square
decimeters, exceeding 100 cm?, shifts the primary challenge
from defect passivation to spatial homogeneity. In contrast to
solution processing, which is hindered by fluid dynamics issues
such as coffee-ring effects and solvent-drying gradients on large
substrates, vapor deposition operates via a flux-driven mecha-
nism. This section examines the scalability of vapor-phase
WBG perovskites through the distinct lenses of non-module
scaling and module integration.

Maintaining compositional consistency across large sub-
strates constitutes the primary obstacle for scaling WBG perov-
skites. In mixed-halide systems involving iodine and bromine
mixtures, slight thermodynamic fluctuations can lead to local-
ized phase segregation, creating low-voltage hotspots. Vapor
deposition addresses this issue via precise mass flow control,
ensuring that every point on the substrate receives an identical
stoichiometric flux regardless of substrate size.

Soufiani et al. demonstrated this capability on semi-M6 wafers
measuring 166 x 166 mm using a three-step sequential evapo-
ration process. Optimizing crystallization kinetics through
gradient thermal control achieved exceptional spatial uniformity
across the entire wafer.'®® PL mapping, shown in Figure 16F, re-
veals that the annealed film exhibits uniform emission intensity
over a large area, indicating a homogeneous distribution of
trap states and suppression of non-radiative recombination cen-
ters at the edges. The implied Voc (iVoc) map in Figure 16G re-
veals a tight distribution around 1,230 mV across the sample
holder. High voltage uniformity is critical, as it prevents cur-
rent-matching loss in monolithic TSCs caused by weak
local sub-cells. A statistical scatterplot of FF vs. Voc for 108
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Figure 16. Semitransparent solar cells and large-area solar cells

(A) Corresponding photos of semitransparent PEACs and FACs perovskite films with different thicknesses.
(B) The human luminosity curve and transmittance spectra of PEAC and FAC perovskite films with different thicknesses.

(C) Color coordinates plotted on the CIE 1932 chromaticity diagram.
(A-C) Reproduced with permission.”'? Copyright 2023, Wiley-VCH.
(D) J-V curves of the 5 x 5 cm semitransparent module.

(E) Long-term stability of the control and KBr-doped PSCs under 60% RH. Both devices are unencapsulated.

(D and E) Reproduced with permission.?®® Copyright 2024, American Chemical Society.

(F) PL image of an evaporated (dynamic FAI and static inorganics) and subsequently annealed film acquired using BP740-10 filter at the detection side. Light-
emitting diodes with a central wavelength of 525 nm were used as the illumination source.

(G) Implied Voc map, measured under approximately 0.5-suns equiv photon flux from the glass side, plotted as a function of the location on the sample holder.
(H) Scatterplot of device FF vs. Voc measured on 108 small-area cells. Filled (hollow) symbols represent the reverse (forward) scan measurement results.

(F-H) Reproduced with permission.'®> Copyright 2025, Wiley-VCH.

small-area cells, shown in Figure 16H, displays narrow clus-
tering. This confirms that the vapor process eliminates the sto-
chasticity inherent in spin coating and offers batch-to-batch
reproducibility required for industrial yield.

Uniformity of passivation layers is equally critical beyond the
absorber itself. Wang et al. demonstrated that evaporated ce-
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sium lead chloride creates a more continuous passivation layer
on large-area 10 x 10 cm substrates compared to solution pro-
cessing, boosting the efficiency of 1.68 eV cells to 21.84%. This
finding supports the premise that an all-vapor or vapor-dominant
workflow is essential to maintain homogeneity as dimensions
scale.”'®
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Transitioning from films to interconnected modules introduces
constraints on geometric FF (GFF) and series resistance Rg. While
vapor deposition excels at the former, it faces challenges with the
latter. Vapor-deposited films possess superior mechanical integ-
rity and surface smoothness compared to solution-processed
ones, making them highly compatible with high-resolution laser
scribing. Afshord et al. utilized a hybrid evaporation-solution
method to fabricate WBG mini-modules. Co-evaporating a
robust, porous lead iodide and cesium bromide framework forms
a uniform, pinhole-free inorganic template across the entire sub-
strate. This exceptional film quality enables precision laser
scribing with extremely narrow line widths and minimal safety
margins, achieving a remarkably high GFF of 96% on a 16 cm?
aperture area module. This minimizes dead area in P1-P2-P3
scribing zones to only 4%, resulting in an exceptional <2% abso-
lute PCE loss when upscaling from small-area cells, representing
a critical advantage for commercial viability.'“®

However, the performance of all-vapor modules drops signif-
icantly compared to small-area cells. Vapor-deposited WBG
films, particularly all-inorganic compositions such as cesium
lead bromide, often exhibit smaller grain sizes and higher
grain-boundary densities than solution-grown counterparts. In
a module in which current travels laterally through the trans-
parent conductive oxide and vertically through the perovskite,
increased bulk resistivity leads to ohmic losses. Jiang et al. re-
ported a potassium-bromide-doped cesium lead bromide mod-
ule of 5 x 5 cm that yielded only 5.35% efficiency despite small
cells achieving much higher performance. This disparity indi-
cates that defect passivation alone cannot compensate for
transport losses inherent to the polycrystalline nature of large-
area vapor films.*®®

Hybrid approaches have emerged to mitigate transport limita-
tions. Nguyen et al. introduced dimethyl sulfoxide vapor treat-
ment to slot-die-coated modules, achieving 17.7% efficiency
on 25 cm?. Solvent vapor promotes grain enlargement to
improve carrier mobility.'>* Alternatively, for applications where
current density is naturally low, such as indoor photovoltaics,
the resistance penalty is negligible. Liu et al. demonstrated a
10 x 10 cm vapor-deposited module with 13.25% efficiency un-
der LED light. Here, the pinhole-free nature of the vapor method,
leading to high shunt resistance (Rsh), becomes the dominant
advantage over mobility.”'°

For large-area modules, a band-gap range of 1.65-1.75 eV is
preferred to meet the performance requirements of building-in-
tegrated photovoltaics. The critical hurdle in this scenario is the
spatial homogeneity of the chemical composition across deci-
meter-scale substrates. Vapor-phase deposition demonstrates
a significant advantage over blade coating by mitigating the dry-
ing-induced stoichiometric gradients that typically occur during
solvent evaporation. However, maintaining a consistent WBG
phase over large areas requires precise control over the precur-
sor flux to prevent localized phase impurities that act as recom-
bination centers and limit the overall module efficiency.

Vapor deposition has evolved from a tool for material optimiza-
tion to a viable manufacturing route for system-level integration.
It definitively solves the spatial uniformity problem, enabling high
GFF and consistent voltage potentials across large wafers. How-
ever, the conductivity-scalability trade-off remains the central

¢? CellPress

OPEN ACCESS

bottleneck because maximizing module efficiency requires not
just uniform films but also films with transport properties compa-
rable to solution-grown crystals. Future advancements lie in
cross-process integration to enhance interface quality.

Perovskite/silicon TSCs

While large-area modules represent a significant step toward
commercialization, the thermodynamic objective of photovol-
taics is to surpass the Shockley-Queisser limit of single-junction
devices. In this context, perovskite/silicon TSCs have emerged
as the primary vehicle for market entry. Here, vapor deposition
ceases to be merely an option and becomes a geometric neces-
sity. Unlike planar substrates used in lab-scale research, indus-
trial silicon solar cells feature micrometer-sized pyramidal tex-
tures ranging from 2 to 5 pm to minimize reflection. Solution
processing on such rough terrain inevitably leads to planarization
effects, resulting in shunt paths at pyramid tips and thick resis-
tive layers in valleys. Vapor-phase deposition with its line-of-
sight propagation or mean-free-path dominance offers the only
scalable pathway to achieve conformal coverage on fully
textured wafers without polishing, thereby preserving the light-
trapping advantage of the silicon bottom cell.

Design rules and process guidance for perovskite/
silicon TSCs

Vapor-phase techniques offer inherent conformality advantages
for industrially textured silicon. However, the primary challenge
lies in the profound modulation of vapor flux distribution by the
micron-sized pyramids. Designing high-performance perov-
skite/silicon TSCs must adhere to the following four refined
criteria.

In industrial textures, the pyramid facet inclination, typically
54.7°, leads to severe line-of-sight shadowing. Design rules
dictate that the source-to-substrate distance (dss) must be co-
optimized with the mean free path (1). In the molecular flow
regime (1 > dss), planetary rotation is mandatory. Literature indi-
cates that the ratio of rotation frequency to deposition rate deter-
mines atomic-layer stacking quality; to eliminate leeward thin-
ning, process guidance suggests biasing the rotation axis to
dynamically cycle the vapor incidence angle between 0° and
60°, ensuring that the time-averaged flux received by all four pyr-
amid facets is strictly equivalent.??"-2"®

For WBG perovskites, the stoichiometry of organic compo-
nents is severely constrained by the re-evaporation effect in vac-
uum. Since the saturated vapor pressure of FAIl is much higher
than that of Pbl,, design rules require a linked control system
based on QCM and vacuum feedback. Process-wise, the total
working pressure must be stabilized around 10~% mbar, adjust-
ing shutter apertures and heating power to compensate for ther-
mal desorption of organic salts. Evidence shows that excessive
vacuum leads to organic cation loss, inducing Pbl, residues in
pyramid valleys, whereas precise pressure window regulation
ensures vertical chemical homogeneity of the WBG layers.”®2"*

Recent research reveals a partitioning adsorption bottleneck:
surface energy heterogeneity between pyramid ridges and val-
leys causes vapor molecules to nucleate preferentially in valleys,
resulting in severe thickness non-uniformity.'®* The core design
rule introduces surface chemical programming using fluorinated
silanes. These electronegative molecules modulate the
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substrate surface potential, equalizing adsorption probabilities
via enhanced molecular anchoring of organic cations. The pro-
cess guidance goal is to achieve a ridge-to-valley thickness ratio
approaching unity, avoiding optical losses from thick valleys and
shunting from thin ridges.

The high Br content in WBG perovskites makes them prone to
I/Br phase segregation under thermodynamic equilibrium.
Design rules emphasize non-equilibrium growth, requiring the
substrate temperature (Ts,s) to be strictly locked between 40°C
and 80°C. This range provides sufficient kinetic energy for pre-
cursor diffusion into dense films while freezing the composition
in a uniformly distributed metastable phase via kinetic quench-
ing. Furthermore, introducing CsCl or CsBr seed layers as nucle-
ation sites effectively lowers the activation energy for homoge-
neous growth, ensuring band-gap stability of the WBG top cell
under continuous illumination.”®

Unlike vapor deposition, solution processing is governed by
fluid dynamics and strict capillary constraints on textured silicon.
On 2-5 um pyramids, liquid inks are driven by Laplace pressure
gradients, naturally flowing from high-curvature tips to low-cur-
vature valleys, causing valley accumulation and tip exposure.
Design rules require modulating ink rheology via solvent engi-
neering. The literature suggests that high-viscosity solvents or
non-polar additives increase fluid resistance to capillary flow,
maintaining a dynamic conformal liquid film before drying. This
is the core physical path to preventing severe shunting at pyra-
mid tips.?"276

Slower solvent evaporation in valleys leads to compositional
gradients. To address this challenge, latest process guidance
suggests a hybrid vacuum deposition strategy: first depositing
an ultra-thin CsCl or CsBr seed layer via single-source evapora-
tion, then growing the wide-bandgap perovskite film via multi-
source co-evaporation on top. This seed layer provides uniform
surface energy, eliminates intrinsic nucleation heterogeneity,
and acts as heterogeneous nucleation centers to induce syn-
chronized crystallization across the entire substrate. This
approach drastically reduces bandgap fluctuations and process
variability, resolving the fundamental conflict between high crys-
tallinity and reproducibility in large-area co-evaporated perov-
skite fabrication for tandem applications.''?

In summary, the core processes of solution methods involve
fluid control and gradient suppression, whereas the design rules
for vapor deposition focus on flux equalization and surface dy-
namic equilibrium. As a topography-dominant process, vapor
deposition offers the advantage of precisely preserving the silicon
bottom cell’s light-trapping structures without parasitic shunting.
All-vapor-phase deposition perovskite/silicon TSCs
The all-vapor approach, where all functional layers are deposited
under vacuum, represents an ideal manufacturing protocol, as it
is solvent-free, highly reproducible, and intrinsically compatible
with rough textures. However, recent breakthroughs have re-
vealed that conformality is not automatic and requires sophisti-
cated kinetic management. Ideally, vapor deposition yields a uni-
form film thickness perpendicular to the substrate.

However, Li et al. challenged this assumption by revealing a
critical bottleneck known as facet-dependent vapor partitioning.
They found that on random pyramids, the adsorption probability
of organic precursors differs significantly between ridges and
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valleys due to surface energy heterogeneity, leading to thickness
variations and local stoichiometry mismatches.®*

To counter this, 3,3,3-trifluoropropyl-trimethoxysilane was
incorporated to chemically modify the textured substrate. This
specific silane enhances the interaction between the substrate
and organic vapor molecules. By homogenizing surface adsorp-
tion energy, it balances vapor flux partitioning across complex
pyramid geometry, effectively eliminating the ridge-valley thick-
ness gradient without altering the physical evaporation source.
The resulting device achieved consistent J-V characteristics un-
der forward and reverse scans, as shown in Figures 17A and
17B, and, remarkably, maintained a tight performance distribu-
tion across a large 18 x 18 cm? substrate holder, as depicted
in Figure 17C. This proves that surface chemical programming,
rather than just line-of-sight geometry, is a prerequisite for
scaling all-vapor TSCs on industrial textures.

Even with conformal growth, the sharp tips of silicon pyramids
remain stress concentration points prone to electrical shunting.
Chozas-Barrientos et al. introduced a fully evaporated molecular
recombination junction to replace the traditional sputtered in-
dium tin oxide interlayer. Low lateral conductivity of the evapo-
rated organic layer comprising Cgo and doped HTLs effectively
isolates localized shunts caused by surface roughness, boosting
the V¢ to 1.84 V. This highlights a distinct advantage of vapor
deposition: the ability to deposit delicate organic layers without
sputtering damage associated with transparent conductive ox-
ide deposition.?”

To address the thermodynamic instability of WBG perovskites
in vacuum, Xu et al. utilized lead chloride as a co-evaporated ad-
ditive. Unlike solution methods in which chloride regulates crys-
tallization in vacuum, chloride incorporation induces minor octa-
hedral tilting, thereby relaxing lattice strain and stabilizing the
photoactive black phase. This all-evaporated strategy achieved
a certified efficiency of 27.43% with matched currents, confirm-
ing that microstructure regulation is possible even without
solvents.”®’

Hybrid deposition perovskite/silicon TSCs

While all-vapor methods excel in geometry, they historically lag
in defect passivation compared to solution processing. The
hybrid deposition route, evaporating an inorganic framework fol-
lowed by solution infiltration, has thus emerged as a pragmatic
dominant path that combines the conformal template of evapo-
ration with the chemical flexibility of solution chemistry.

The hybrid route allows for precise chemical modification of in-
terfaces. Er-raji et al. demonstrated the efficacy of this approach
by treating the hybrid-deposited WBG perovskite surface with
1,3-propanediammonium iodide (PDAI). PDAI treatment created
a positive surface dipole that reduced the conduction band
offset from 180 to 70 meV, as illustrated in Figure 17D. This favor-
able alignment induced electron accumulation at the ETL inter-
face, significantly enhancing electron extraction and reducing
surface recombination. The tandem device achieved a remark-
able efficiency of 33.1% (Figure 17E) and demonstrated superior
outdoor stability in a harsh Red Sea environment, maintaining
performance over 1,500 h (Figure 17F). This work definitively
proves that hybrid routes can achieve world-record efficiencies
by leveraging solution-based surface chemistry on vapor-frame-
worked films.?*
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Figure 17. Perovskite/silicon tandem solar cells

(A) Schematic architecture of the perovskite/silicon tandem solar cells.

(B) J-V curves under reverse (2.2 to —0.2 V) and forward (—0.2 to 2.2 V) scans of target perovskite/silicon tandem solar cells (aperture area of 1 cm?).

(C) J-V curves of one batch of perovskite/silicon tandem solar cells with different locations on the 18 x 18 cm holder during perovskite thermal evaporation
(aperture area of 1 cm?).

(A-C) Reproduced with permission.'®* Copyright 2025, The American Association for the Advancement of Science.

(D) Sketch of the tandem solar cell structure.

(E) J-V curves of the champion tandem solar cell with an adapted band gap.

(F) Maximum power point (MPP) stability tracking of encapsulated devices outdoors (in the Red Sea region) with evolution of PV parameters, illumination intensity,
and ambient temperature over the testing period (1,500 h).

(D-F) Reproduced with permission.”® Copyright 2025, The American Association for the Advancement of Science.

(G) J-V curves of the tandem device (16 cm? aperture area); a digital photo of the device is shown in the inset.

(H) Cross-sectional SEM images of perovskite/silicon heterojunction (SHJ) (average pyramid size is 2-3 pm) tandem for nBA devices.

(G and H) Reproduced with permission.?** Copyright 2024, Springer Nature.

For hybrid methods to be industrially relevant, the solution step
must transition from spin coating to scalable techniques such as
blade or slot-die coating. Zheng et al. addressed the kinetic
mismatch between evaporation and blade coating using
n-butanol as the organic salt solvent. Unlike traditional alcohols,

the moderate volatility and viscosity of n-butanol enabled uniform
infiltration into the evaporated lead iodide framework on textured
silicon, preventing rapid drying that leads to non-uniformities. The
resulting 16 cm? blade-coated tandem module achieved 29.4%
efficiency, as shown in Figures 17G and 17H, bridging the gap
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between lab cells and modules.”>* Similarly, Li et al. utilized slot-
die coating with a 2,5-NaDPA additive. The additive modulated
the nucleation energy barrier on convex pyramids, delaying crys-
tallization to ensure large grain growth during the slot-die process,
yielding 28.28% efficiency in large-area devices.'*®

The hybrid interface is also a locus for stress management. Liu
et al. constructed a 3D/3D bilayer heterojunction at the buried
interface. By evaporating a specific precursor ratio followed by
solution conversion, they created a graded lattice that effectively
released the tensile strain inherent in coating silicon pyramids,
boosting certified efficiency to 31.5%.2° Furthermore, Shi et al.
addressed the halogen heterogeneity problem by co-evapo-
rating a pre-synthesized lead iodine bromide eutectic with ce-
sium chloride. This pre-homogenization strategy ensured that
iodine and bromine were uniformly distributed throughout the
film, eliminating vertical segregation often observed in sequential
deposition.'*°
Comparison between all-evaporation and hybrid
deposition
The geometric incompatibility between industrial random
pyramids (2-5 pm) and thin-film perovskites (~500 nm) necessi-
tates a rigorous evaluation of thickness uniformity, as local devi-
ations directly dictate the optoelectronic parity of WBG top
cells.?”” While vapor-phase techniques are inherently superior
to pure solution processing, a critical distinction exists between
all-evaporated and hybrid routes regarding their conformality
index.

The all-vapor approach represents an ideal manufacturing
protocol for tandem architectures, as it facilitates the deposition
of all functional layers within a solvent-free vacuum environment,
ensuring high reproducibility and intrinsic compatibility with
rough textures. Ideally, vapor deposition should vyield a
conformal film with uniform thickness perpendicular to the sub-
strate facets. However, recent breakthroughs by Li et al. have re-
vealed that such conformality is not automatically achieved due
to a critical bottleneck known as facet-dependent vapor parti-
tioning."%* In this process, film growth is governed by the surface
residence time and adsorption probability of precursors rather
than mere line-of-sight geometry.

Quantitatively, unmodified thermal evaporation on micro-
meter-scale pyramids often exhibits a ridge-to-valley thickness
ratio ranging from 1.2:1 to 1.3:1. This non-uniformity arises
from shadowing effects and surface energy heterogeneity
across silicon facets, which causes organic salts to preferentially
accumulate in the valleys. This phenomenon leads to a localized
stoichiometric gradient and thickness variation, which signifi-
cantly destabilizes the photoactive a-phase of WBG perovskites,
particularly at the pyramid tips, where the film is thinnest.

To counter this, researchers incorporated 3,3,3-trifluoro-
propyl-trimethoxysilane to chemically modify the textured sub-
strate.’® By homogenizing the surface adsorption energy, this
specific silane strengthens the interaction between the substrate
and organic vapor molecules, effectively balancing the vapor flux
partitioning across complex geometries. Consequently, the
ridge-to-valley ratio can be narrowed to near unity (<1.05:1),
eliminating the structural gradient. Nanobeam diffraction has
confirmed that the perovskite cubic phase formed via this sur-
face chemical programming possesses extremely high structural

52  Cell Reports Physical Science 7, 103346, June 17, 2026

Cell Reeorts ]
Physical Science

consistency across different pyramid regions. This kinetic preci-
sion is pivotal for WBG perovskites; it ensures that the halide ra-
tio (Br/l) remains spatially uniform, preventing the formation of
localized low-band-gap wells that typically trigger halide segre-
gation and Vo loss in tandem devices. Such modified all-evap-
oration strategies not only achieve vertically uniform films but
also ensure performance consistency across large-area
(18 x 18 cm?) industrial substrates.

The hybrid deposition route comprising the evaporation of an
inorganic framework followed by solution infiltration of organic
salts is recognized for combining the conformal structural tem-
plate of vapor deposition with the superior chemical passivation
flexibility of solution processing.”® However, this pragmatic path
introduces significant fluid dynamic complexities that compro-
mise film thickness uniformity on micrometer-scale textures. Un-
like the curtain-like coverage of all evaporation, the hybrid
approach inherently suffers from a planarization effect in which
the solution step tends to smooth the underlying pyramidal
topography.'©?

Quantitative cross-sectional SEM analysis of 3-5 um random
pyramids reveals that hybrid-deposited perovskite films often
exhibit a pronounced rounding effect in the valleys. In these re-
gions, the local thickness can exceed 800 nm, whereas the pyr-
amid tips remain covered by a mere 300-400 nm of perov-
skite.’®>?’” This 2:1 thickness variation represents a critical
optoelectronic bottleneck where the excessive material in the
valleys increases resistive losses and carrier recombination,
while the insufficient coverage at the tips creates shunting paths
that severely limit the V¢ of the tandem device. Farag et al.
demonstrated that even with optimized Lewis base additives,
the capillary forces generated during solution drying inherently
drive mass transport toward the valleys, reinforcing this noncon-
formal distribution.”””

Furthermore, this thickness heterogeneity manifests as local-
ized energetic disorder. Quantitative PL studies and simulations
indicate that material accumulation in valleys leads to a spectral
redshift of approximately 6 meV due to increased reabsorption
and local stoichiometry shifts, while thinning at the tips causes
a2-3 meV blueshift.'®® To mitigate these risks, solvent engineer-
ing has emerged as a primary strategy. Zheng et al. utilized
n-butanol as a low-polarity organic salt solvent, whose moderate
volatilization rate and viscosity enable uniform infiltration into the
evaporated lead iodide framework, preventing the rapid uncon-
trolled drying that typically triggers planarization.?>* This
approach enabled a 16 cm? blade-coated tandem module to
achieve a 29.4% efficiency, bridging the gap between lab-scale
cells and industrial modules. Improving performance via molec-
ular doping and interfacial energy alignment further bridges the
gap for such blade-coated devices.?”®

The 1.65-1.72 eV band-gap regime represents the thermody-
namic sweet spot for monolithic perovskite/silicon TSCs to
achieve ideal current matching with crystalline silicon bottom
cells. In this configuration, the technical focus is on suppressing
photoinduced phase segregation at the perovskite/silicon inter-
face. The use of vapor-phase techniques allows for the formation
of highly conformal films on industrially textured silicon, yet the
mismatch in thermal expansion coefficients remains a potential
source of lattice strain. Stabilizing the WBG phase requires
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interfacial engineering to minimize non-radiative recombination
and ensure that the top cell can sustain the high voltages
required to surpass the Shockley-Queisser limit of single-junc-
tion silicon.

The current landscape of perovskite/silicon TSCs presents a di-
chotomy. All-vapor deposition is the choice for future industrializa-
tion, offering superior conformality and process simplicity via a
single vacuum line. However, it currently faces challenges
regarding facet-dependent kinetics and lacks the chemical diver-
sity for deep passivation that solution methods possess.
Conversely, hybrid deposition dominates efficiency charts by
combining the conformal vapor framework with solution-based
passivation. Yet reliance on a solution step introduces solvent
handling and drying complexities at the gigawatt scale. Ultimately,
the future likely belongs to vapor-based passivation strategies
such as vapor transport of bulky ligands that can replicate the suc-
cess of hybrid routes within an all-vacuum environment, thereby
eliminating the solution step while retaining high efficiency.

Other perovskite TSCs
While perovskite/silicon TSCs lead in efficiency, the versatility of
vapor deposition extends to other multi-junction architectures
that offer unique functionalities, including flexibility, lightweight
properties, and semitransparency. This section evaluates three
emerging tandem classes comprising all-perovskite, perov-
skite-organic, and perovskite-copper indium gallium selenide
(CIGS) architectures, in which vapor-phase techniques solve
specific integration bottlenecks that solution processing cannot
address.
All-perovskite TSCs
Monolithic all-perovskite TSCs comprising a WBG top cell and
an NBG bottom cell offer a pathway to flexible high-specific-
power photovoltaics. However, depositing the top cell without
dissolving the underlying bottom cell represents a major bottle-
neck. Vapor deposition inherently bypasses this issue. Chiang
et al. demonstrated a robust four-source co-evaporation strat-
egy for depositing formamidinium-cesium lead iodine bromide
top cells. EDAI, was introduced via vapor-phase surface treat-
ment. This dry passivation reduced non-radiative recombina-
tion at the perovskite-fullerene interface without exposing un-
derlying layers to hazardous solvents, yielding a tandem
efficiency of 24.1% with a high Voc of 2.06 V. This validates
vacuum deposition as an effective approach for constructing
multi-junction stacks.?'®

Hybrid routes are also evolving to optimize band alignment.
Liu et al. utilized a hybrid evaporation-solution method to
construct a DJ phase quasi-2D/3D heterojunction. Converting
an evaporated framework into a uniform n = 3 quasi-2D layer
atop the WBG perovskite optimized carrier extraction, as
shown in Figure 18A. The resulting all-perovskite tandem
achieved 28.99% efficiency, with excellent current matching
verified by external quantum efficiency (EQE), as depicted in
Figure 18B. This proves that hybrid methods can precisely en-
gineer the buried interface of the top cell, which is a region typi-
cally inaccessible to solution post-treatments in monolithic
stacks.?'®

All perovskite tandem devices require a significantly wider
band gap, ranging from 1.75 to 1.85 eV, for the top cell to effec-
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tively complement low-band-gap tin-lead perovskite bottom
cells. This regime faces the most severe voltage deficit due to
the high bromine concentration, which leads to a massive ener-
getic mismatch at the charge transport interfaces. The primary
challenge is managing the excessive lattice strain and defect
density inherent in such WBG compositions. Sequential vapor
deposition strategies have emerged as a pivotal tool to create
functional gradients that facilitate charge extraction while main-
taining structural integrity under environmental stresses that
typically trigger the formation of the non-perovskite yellow
phase.

Perovskite/organic TSCs

Perovskite-organic TSCs combine the tunable near-infrared ab-
sorption of organics with the high voltage of perovskites. Here,
the WBG perovskite top cell serves a dual function of power gen-
eration and ultraviolet filtration to protect the ultraviolet-sensitive
organic bottom cell.

Chen et al. utilized dual-source co-evaporation to fabricate all-
inorganic CsPbBr; top cells. The vapor process yielded pinhole-
free films with high transmittance exceeding 90% in the 530-
800 nm range. When integrated with an organic bottom cell,
the inorganic perovskite effectively filtered ultraviolet light, signif-
icantly enhancing the photostability of the organic sub-cell while
contributing to a 14.03% tandem efficiency.”’"

To further boost efficiency, Wang et al. introduced PACI into
the hybrid deposition process. The PACI additive promoted
face-on stacking of the (100) perovskite planes, reducing rough-
ness and defect density, as shown in Figure 18D. This crystallo-
graphic tuning enabled a perovskite-organic tandem with
26.46% efficiency, as illustrated in Figure 18E, retaining over
90% performance after 500 h. This highlights that vapor-based
hybrid routes can achieve the high crystallinity required to match
the current of NBG organic absorbers.”®°

In perovskite-organic tandem architectures, the top cell band
gap is typically tuned within 1.70-1.80 eV to maximize the utiliza-
tion of the solar spectrum in conjunction with organic acceptors.
The fundamental challenge involves aligning the perovskite con-
duction band with the lowest unoccupied molecular orbital of the
organic sub-cell. As the band gap widens, the upward shift of the
conduction band minimum often necessitates the inclusion of
specialized interlayer materials to prevent interfacial charge
accumulation. Vapor-deposited WBG films provide the neces-
sary morphological control to integrate with delicate organic
layers without risking solvent damage, which is a prerequisite
for achieving stable and efficient hybrid TSCs.
Perovskite/CIGS TSCs
CIGS solar cells possess rough surfaces similar to silicon, which
challenge solution processing. CIGS is also temperature sensi-
tive, making low-temperature vapor deposition ideal. Fu et al.
demonstrated the feasibility of this approach using a hybrid
evaporation-spin coating method for low-temperature process-
ing and achieved 20.5% efficiency in a mechanically stacked
configuration.®”®

Scalable integration represents a significant advancement. Al-
vianto et al. developed a co-evaporation strategy depositing a
bilayer MAPDI3 structure. Accelerating the lead iodide rate for
the top layer smoothed the perovskite surface and reduced the
contact potential difference. Using this optimized film in a
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Figure 18. Other tandem solar cells

(A) The structural diagram of an all-perovskite tandem device.

(B) The MPP test of encapsulated tandem devices under continuous simulated AM 1.5 G illumination.
(C) J-V curves of all-perovskite tandem devices; the aperture area is 0.11 cm?.

(A-C) Reproduced with permission.”'® Copyright 2025, Wiley-VCH.

(D) Cross-sectional SEM image of perovskite/organic tandem solar cells.

(E) statistical distributions of efficiency of perovskite/organic tandem solar cells with 16 devices. (D and E) Reproduced with permission.?® Copyright 2025,

Springer Nature.

(F) Schematic structure of perovskite-CIGS 4T tandem solar cells integrated using POE.
(G) J-V scan of semitransparent PSCs using bilayer MAPbl; with active area of 0.05 and 1.0 cm?.
(H) EQE spectra of the perovskite and CIGS sub-cells from the laminated tandem solar cells (1.0 cm?). (F-H) Reproduced with permission.?*° Copyright 2025, Wiley-VCH.

4-terminal mechanically stacked configuration, as shown in
Figure 18F, a tandem efficiency of 26.1% was achieved by lami-
nating with a CIGS bottom cell using polyolefin elastomer (POE).
EQE spectra in Figure 18G confirm efficient photon harvesting
across the spectrum. This demonstrates that vapor deposition
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is key to integrating perovskites with rough thin-film bottom cells
such as CIGS or cadmium telluride, where polishing is not an

Perovskite-CIGS TSCs utilize a band-gap range of 1.68-1.75 eV
to accommodate the variable band gap of the CIGS bottom cell,
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which typically ranges from 1.0 to 1.2 eV. The integration of perov-
skites with the inherently rough and chemically complex CIGS sur-
face demands superior conformality and chemical robustness.
The primary technical hurdle is controlling interfacial recombina-
tion at the heterojunction where the WBG perovskite meets the
CIGS layer. Achieving high efficiency in this 4-terminal or
2-terminal configuration depends on the ability of the vapor-phase
process to deposit a uniform buffer layer that minimizes shunting
paths while facilitating efficient hole extraction from the WBG
absorber.

Vapor deposition technology, leveraging excellent composi-
tional controllability, interface modification capability, and crys-
tallization kinetics regulation, has achieved significant progress
in various types of TSCs. Champion efficiencies have exceeded
33%, and Vocs have surpassed 2.1 V, demonstrating core ad-
vantages in band-gap engineering, spectral management, and
stability optimization.

Stability advantages in tandem and large-area
applications

Moisture resistance and long lifetime of all-inorganic
WBG films

The application of all-inorganic perovskites demonstrates the
survival capability of the vapor-phase method in harsh environ-
ments. For all-inorganic WBG materials such as CsPbBrs, solu-
tion processing is often limited by the low solubility of precursors
in organic solvents, leading to numerous unreacted voids in
the film.

Vapor deposition completely solves the solubility issue,
making dense, pinhole-free crystalline structures possible.”*°
Research by Jiang et al. provides powerful evidence that unen-
capsulated devices with KBr vapor doping retained 87 % of their
efficiency after 1,300 h in air at 60% relative humidity. These data
far exceed the performance of similar solution-processed de-
vices, fully demonstrating the advantage of vapor deposition in
enhancing the density of inorganic lattice structures.?®® High-
density films effectively resist moisture infiltration, which is key
to achieving long-term durability for WBG devices.?*%2%"
Spatial uniformity and statistical stability of large-area
modules
Solution methods lead to severe compositional segregation and
morphological defects on large substrates due to non-uniform
fluid dynamics.'®' Local small-area defects can trigger cascade
current-matching failures in large modules.

Vapor deposition possesses extreme spatial uniformity
because its flux distribution follows strict physical laws. The
highly uniform PL emission map achieved by Soufiani et al. on
166-mm silicon wafers demonstrates the capability of the va-
por-phase method to eliminate local degradation kernels.'®®
The statistically tight Voc distribution means every sub-cell
within the module is under identical electrical stress.'®' This
global consistency reduces early degradation caused by local-
ized overheating, significantly enhancing the statistical lifetime
of the entire system.?”>28°
Superior performance of TSCs under real-world
conditions
The stability advantages of vapor deposition in TSCs are sup-
ported by the latest 2025 research. The study by Er-raji et al.,
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published in Science, demonstrated the stability of fully textured
perovskite/silicon TSCs under extreme environments along the
Red Sea coast.””

The vapor-phase framework, via solution-based surface treat-
ments such as PDAI, successfully achieved 1,500 h of contin-
uous outdoor testing. This achievement is a milestone, as it
proves that WBG devices can withstand severe diurnal temper-
ature fluctuations and intense light impact.?®® Li et al. utilized
silane modification to balance vapor-partitioning kinetics,
achieving conformal growth on industrial-grade pyramid tex-
tures, with devices retaining over 90% efficiency after 1,400 h
of continuous operation at 85°C."'%* This evidence firmly estab-
lishes that vapor deposition is a reliable path to resolve the sta-
bility issues of WBG top cells in tandem devices.'**21°
Scientific attribution of superior stability in vapor
methods
A fundamental challenge faced by solution methods is the resi-
due left by high-boiling-point solvents such as DMF and
DMSO0.2*° Due to the strong coordination between these solvent
molecules and lead ions, they remain trapped in grain gaps even
after high-temperature annealing.”®® Residual solvents act as
low-energy channels for phase segregation in WBG perov-
skites.”*® They absorb moisture to form unstable intermediate
complexes and lower the diffusion barrier for halide ions.?%?
Since vapor deposition is performed under ultra-high vacuum,
the film formation process involves no liquid media at all.”
This process ensures the chemical purity within the layers,
fundamentally removing the catalytic media that induce chemi-
cal degradation.??® This is the primary reason vapor-deposited
devices perform far better than solution-processed ones in
long-term thermal stress tests at 85°C.

lon migration is the main kinetic process for performance
decay in PSCs.?®" Photoinduced phase segregation in WBG pe-
rovskites is essentially the rearrangement of halide ions under
chemical potential gradients.?*® Films prepared by vapor-phase
methods possess smaller average lattice constants and higher
lattice density. As vapor deposition involves the atom-by-atom
accumulation of molecules, it can form a more compact 3D
framework than solution methods.?®* This compactness signifi-
cantly increases the spatial and energy overhead required for
ions to undergo hopping migration.?®” Research shows that
the ion migration activation energy E, for vapor-deposited
WBG perovskites can reach 0.94 eV, far higher than the 0.58
eV typical of solution methods.?® This nearly double increase in
E, ensures halide ions are firmly fixed at lattice sites under oper-
ating voltages, thereby completely suppressing the voltage loss
caused by the Hoke effect.?*’

During solution processing, solvent evaporation is accompa-
nied by drastic volume contraction, which generates non-uni-
form residual tensile strain between grains. These local high-
strain regions are zones where chemical bonds are stretched
and weakened, making them highly susceptible to photochem-
ical degradation.?®® The vapor deposition process utilizes its
quasi-static equilibrium growth characteristics to more uniformly
distribute thermal expansion stress.?*® Through precise modula-
tion of the deposition rate, strain accumulation at interfaces can
be eliminated in situ during crystal growth.'* Latest research
confirms that vapor-deposited WBG films exhibit narrower
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Table 13. Summary comparison of stability advantages in vapor methods

Key parameters Vapor phase

Solution processed

Physical mechanism

Volatile impurity zero residue
Phase segregation low

uniform and small
3,000-70,000 h'**

Residual strain
Too/Tso

significant solvent retention
E, high low

severe and prone

large local tensile stress
<1,000 h

vacuum excludes volatiles
lattice density and locking
coupled evaporation locks ratio
atom-by-atom relaxation
structural and purity gains

XRD peak widths, physically corresponding to a lower micro-
scopic strain distribution. This structural robustness provides
mechanical assurance for devices during thousands of hours
of continuous operation.

Table 13 systematically summarizes the key differences in
WBG perovskite stability between vapor and solution methods.

Table 14 systematically summarizes key PCE and V¢ param-
eters of multi-junction PSCs achieved based on vapor-phase
techniques and provides a comprehensive assessment of their
technological development level and application potential.

CONCLUSIONS AND PERSPECTIVES

The intrinsic limitations of WBG perovskites, as dissected in the
intrinsic challenges of vapor-deposited WBG perovskites, repre-
sent a delicate balance between entropy-driven mixing and
enthalpy-driven segregation. While halide segregation and
phase instability are well known, vapor-phase deposition itself
faces unique intrinsic challenges in a vacuum, such as volatility
mismatches of organic precursors and the constraints of solid-
state growth in the absence of solvent-mediated relaxation.
However, the core advantage of vapor deposition lies in its ability
to decouple film formation from the solubility limits that plague
wet chemistry. By moving beyond the solvent-mediated inter-
mediate complexes, vapor-phase strategies suppress the initial
formation of non-perovskite yellow phases, offering a cleaner
crystallization energy landscape.

The transition from empirical trial and error to rigorous kinetic
control is facilitated by the diverse methodologies reviewed in
vapor-phase methodologies for WBG perovskite thin films and
applicability assessment. Beyond standard co-evaporation,
techniques such as sequential evaporation, solution-assisted
vapor deposition, and flash evaporation provide unique path-
ways to manage the ballistic transport of adatoms. The introduc-
tion of innovative monitoring technologies, such as in situ QCM
and optical spectroscopy, allows for real-time compensation of
precursor flux fluctuations. This level of precision ensures that
even for complex multi-cation systems, the stoichiometry re-
mains locked at the optimal point, preventing the thermody-
namic relaxation into segregated phases that typically occurs
during the slow drying stages of solution processing.

Vapor-phase optimization strategies for WBG perovskite thin
films details a comprehensive suite of optimization strategies
that collectively fortify the WBG lattice. Substrate surface energy
engineering and buried interface optimization address the initial
nucleation barrier, while pre-alloying and multi-cation alloying
minimize local lattice strain. Chlorine-mediated growth and an-
nealing engineering further promote grain coarsening and crys-
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tallinity. Crucially, in situ grain-boundary passivation and surface
functionalization eliminate the vacancy defects that serve as
shunts for ion migration. These strategies work in concert to
achieve strain-relaxed and defect-minimized films, effectively
raising the activation energy for halide segregation and ensuring
the long-term stability of the photoactive phase.

As explored in applications of vapor-phase-optimized WBG
perovskite films in semitransparent, large-area, and tandem
SCs, the true value of vapor-deposited WBG films is realized in
semitransparent, large-area, and tandem SCs. The geometric fi-
delity of vacuum transport enables conformal coverage on the
micron-scale pyramids of silicon bottom cells, a feat nearly
impossible for liquid-phase methods, which suffer from shunting
and planarization issues. This capability, combined with the in-
dependent regulation of thickness and morphological continuity,
makes vapor deposition the only viable pathway for high-
throughput, industry-standard tandem manufacturing. By
resolving the fundamental physicochemical contradictions of
WBG materials, vapor technology bridges the gap between
lab-scale research and commercial-scale photovoltaic modules.

Based on currentresearch progress, vapor deposition technol-
ogy has been proven to effectively inhibit segregation and phase
transformation of WBG perovskites throughout the entire pro-
cess, from nucleation and growth to final film formation. It stands
as the definitive methodological foundation for the next genera-
tion of high-efficiency, stable multi-junction photovoltaics.

However, a technical contradiction persists: current method-
ologies often attempt to directly transplant solution-based
chemistries into vacuum environments despite the intrinsic sol-
vent-free scalability of the technology. This mismatch engenders
four fundamental physicochemical challenges, which are
detailed below. Resolving these issues requires a transition
from empirical parameter tuning to rational and vacuum-special-
ized process engineering.

Remaining challenges

The chemical space limitation regarding passivation-
agent incompatibility

The fundamental divergence in film-forming environments be-
tween solution processing and vacuum deposition necessitates
a radical paradigm shift in passivation chemistry. A critical chal-
lenge lies in the thermal instability and fragmented sublimation of
traditional passivators.

Unlike solution methods where molecular integrity is pre-
served by solvation at ambient temperatures, traditional bulky
organic ammonium salts, such as PEAI or BAI, frequently un-
dergo thermal pyrolysis via C-N bond scission before reaching
their sublimation points. This non-congruent evaporation results
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Table 14. Summary of PCE and Vo¢ for multi-junction PSCs fabricated by vapor-phase deposition

Preparation methods of

Types perovskite layers Bandgap (eV) active area (cm2) Voc (V) PCE (%) Reference
Perovskite-organic  co-evaporation 2.36 0.1 - 14.03 Chen et al.”""
1.75 0.05 1.813 24.86 Guo et al.>*’
solution-assisted evaporation ~ 1.84 0.05 2.125 26.46 Wang et al.*%°
Perovskite-CIGS co-evaporation ~1.63 1 - 26.1 Alvianto et al.?*®
1.65 1 1.784 25.72 Li et al.?®?
solution-assisted evaporation ~ 1.55 0.213 - 20.50 Fu et al.>’®
All-perovskite co-evaporation 1.77 0.138 2.06 24.1 Chiang et al.?'®
solution-assisted evaporation ~ 1.78 0.11 2.16 28.99 Liu et al.?'®
1.63 0.049 2.112 28.50 Lin et al.>"®
Perovskite-silicon co-evaporation 1.66 - 1.84 >22 Chozas-Barrientos et al.”’
1.67 0.25 1.817 27.43 Xu et al.?%”
1.69 1 - 29.43 Dong et al.'®*
1.65 1 1.860 31.40 Lietal.'
other evaporation ~1.6 1 1.71 26.9 Zhang et al.””?
1.70 1 1.62 24.00 Mahboubi et al.’®®
solution-assisted evaporation ~ 1.68 0.5091 1.808 27.48 Er-raji et al."*®
1.67 3.84 - 30.61 Afshord et al.'*®
1.63 0.5003 1.871 29.61 Xu et al.?%®
1.68 1.05 1.849 30.83 Shietal.’*®
1.60 0.5003 1.81 30.05 Liu et al."'®
1.65 1.015 1.87 32.13 Liu et al.”®
1.73 - 1.918 31.58 Wu et al.?*®
1.68 1.05 1.85 28.80 Luo et al.™"
1.69 1.04 1.85 27.43 Pesch et al."*
1.66 1 1.775 26.50 Er-raji et al.'*®
1.68 1.04 1.903 27.80 Er-raji et al."™°
1.68 1.044 1.83 29.40 Zheng et al.>>*
1.68 16 1.815 26.30 Zheng et al.>>*
1.70 1.04 2.01 33.10 Er-raji et al.”®

in the deposition of inactive amine fragments and hydrohalic
acid, rather than the intended intact functional ligands, leading
to precise stoichiometric deviation and passivation failure.
Consequently, the “chemical space” for vapor-compatible pas-
sivators remains severely constrained, primarily limited to ther-
mally robust, rigid aromatic systems or inorganic salts, which
often lack the molecular flexibility to conform to complex surface
defect topologies.

Beyond thermal stability, a more profound physical bottleneck
is the inversion of defect chemistry and the kinetic limitation
imposed by solid-state diffusion. While solution-processed
WBG perovskites typically exhibit iodine-deficient surfaces, vac-
uum co-evaporation often induces a high density of deep-level
iodine antisites (lpp) due to the instantaneous precursor flux.
Traditional cationic passivators, optimized to repair iodine va-
cancies (V)), are fundamentally mismatched with the electronic
nature of these deep-level defects.

Furthermore, the quasi-ballistic transport inherent to vacuum
deposition creates a shadowing effect on the micro-textured
surfaces of polycrystalline WBG films. In the absence of liquid

capillary forces to facilitate grain-boundary infiltration, passiv-
ation molecules are stochastically trapped as inactive inclusions
or localized on surface peaks, leaving the deep grain-boundary
crevices unpassivated.

Metrological failure and equipment bottlenecks in
stoichiometric control

The synthesis of high-quality WBG perovskite thin films neces-
sitates precise maintenance of complex multi-component
stoichiometry. However, current deposition equipment and
monitoring frameworks exhibit profound limitations when man-
aging precursors with vast vapor-pressure disparities. Conven-
tional processes rely heavily on QCM for rate monitoring, yet
their underlying physical mechanisms possess inherent flaws.
During co-evaporation, the sticking coefficients of organic ha-
lides are highly susceptible to fluctuations in substrate temper-
ature and residual chamber pressure, resulting in severe linear
deviations between sensor readings and actual deposition
rates. This metrological blind spot renders the critical cation ra-
tios in WBG perovskites nearly impossible to lock precisely,
directly inducing micro-scale stoichiometric heterogeneity.
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Figure 19. Future prospects

Furthermore, existing evaporation source designs fail to ac-
count for the competitive reaction kinetics between bromine
and iodine species in WBG compositions. When employing
linear scanning sources for large-area fabrication, the spatial
intersection of multiple molecular beams exhibits thermal field
gradients, which not only constrain material utilization but also
lead to macro-scale band-gap gradients. For TSCs, such equip-
ment-level control failures result in catastrophic current
mismatch.

Synergetic misalignment of geometric shadowing and
chemical adsorption on textured interfaces

Integrating WBG perovskites onto industrial-grade random-pyr-
amid silicon substrates represents the most formidable engi-
neering challenge in vapor-phase processing. The core conflict
arises from the mismatch between the line-of-sight transport of
vapor molecules under high vacuum and the disparate adsorp-
tion kinetics of multi-component precursors on anisotropic sur-
faces. This challenge has transcended traditional geometric
shadowing, evolving into a sophisticated physical-chemical
coupled failure mechanism.

Firstly, the geometric barriers created by micron-scale textures
result in an extreme spatial maldistribution of vapor flux. In high-
Knudsen-number environments, the mean free path of vapor
molecules far exceeds the pyramid feature size, leading to severe
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starvation of direct incident flux on leeward facets. More critically,
however, is the stoichiometric drift induced by the vapor-parti-
tioning effect. Given that the sticking coefficients of different pre-
cursors (e.g., Pbl, vs. FAI) on varying silicon facets (e.g., (111) vs.
(100)) differ by orders of magnitude, inorganic species tend to be
captured upon firstimpact, whereas volatile organic species un-
dergo multiple secondary scatterings between pyramids. This
imbalance in chemical adsorption energy results in a profound
stoichiometric gradient between pyramid sidewalls and valleys,
typically manifesting as organic enrichment in valleys and lead
residues on sidewalls, directly inducing non-radiative recombi-
nation centers and spatial band-gap heterogeneity.

Future prospects

Designing vacuum-specialized passivators

To conclude, we outline critical bottlenecks and promising path-
ways for industrialization, as illustrated in Figure 19.

To achieve the theoretical PCE of WBG perovskites, the
research community must move beyond empirical screening
and adopt a problem-centric engineering approach. We propose
the following four priority research tasks to overcome the
intrinsic bottlenecks of vacuum deposition.

The primary chemical limitation stems from the thermal
fragility of traditional soft aliphatic ligands. Therefore, research
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must prioritize the transition from flexible aliphatic chains to ther-
mally robust, rigid-conjugated molecular architectures. Specif-
ically, the design of n-extended aromatic systems, such as
carbazole or phthalocyanine derivatives, can significantly
elevate bond dissociation energy through delocalized reso-
nance, ensuring molecular integrity at temperatures exceeding
300°C. These rigid systems not only survive vacuum thermal
stress but also enable highly ordered face-on-orientation stack-
ing, which facilitates vertical charge extraction while maintaining
a dense physical barrier against ion migration.

While solution processing typically yields iodine-deficient sur-
faces (V|), vacuum co-evaporated WBG films often exhibit
iodine-rich characteristics dominated by deep-level iodine anti-
site (Ipp) defects. We suggest developing Lewis acid-base syner-
gistic ligands incorporating strong electron-withdrawing groups,
such as perfluorinated phenylammonium salts. In this configura-
tion, the fluorine-induced inductive effect enhances the positive
charge density on the ammonium head, strengthening the elec-
trostatic interaction with Ipy, sites. Concurrently, the lone pairs on
the fluorine atoms can coordinate with undercoordinated Pb®*
centers, providing a dual-site healing mechanism that sup-
presses non-radiative recombination at the WBG interface.

The line-of-sight shadowing effects and restricted solid-state
diffusion in vacuum deposition leave deep grain-boundary crev-
ices unpassivated. To overcome these geometric barriers, the
community should prioritize the in situ construction of graded
2D/3D heterojunctions or inorganic tunneling layers via precise
flux control. By sequentially evaporating CsPbCl3 or PbCl, at ul-
tra-low rates immediately following absorber formation, an ultra-
thin, dense inorganic barrier can be formed. This layer serves as
a semi-permeable membrane that bends the energy bands to
repel minority carriers from the interface while allowing majority
carriers to extract via quantum tunneling. This approach by-
passes the inability of vapor molecules to infiltrate grain bound-
aries by instead sealing the top surface with an atomically sharp,
solvent-free junction.

A final actionable direction is shifting from post-deposition
healing to precursor-level acid modulation. To address the insta-
bility of organic salts during co-evaporation, we propose using
pre-pelletized mixed precursors with controlled acidity, such
as incorporating MACI- or HCl-treated additives. The introduced
chloride-rich acidic environment suppresses the deprotonation
of organic cations during the heating stage, thereby widening
the stable sublimation kinetic window. This proactive chemical
stabilization ensures a more uniform vertical distribution of
A-site cations throughout the film thickness, minimizing the initial
formation of deep-level traps and serving as a pivotal strategy to
narrow the V¢ deficit toward its theoretical limit.

Equipment evolution and monitoring paradigm shift
Although vapor-phase deposition of WBG perovskites faces se-
vere metrological and equipment challenges, drawing lessons
from mature technologies in molecular beam epitaxy (MBE)
and aerospace gas detection provides a clear physical pathway.
However, these technologies have not yet been implemented at
scale in the perovskite field, and the underlying engineering bar-
riers and transfer rationales require in-depth discussion.

Currently, spectroscopy-based monitoring technologies such
as atomic absorption spectroscopy (AAS) and TDLAS remain a
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vacuum in the perovskite field, primarily because the vapor com-
positions of perovskite precursors—especially thermally unsta-
ble organic salts—are far more complex than simple atomic spe-
cies in conventional semiconductors. Nevertheless, the physical
foundation for transferring these technologies is robust. AAS has
demonstrated flux-control precision superior to 0.1% in complex
oxide epitaxy. This non-contact, highly selective monitoring of
cations such as Cs and Pb can perfectly bypass the inherent de-
ficiencies of QCM related to sticking coefficient dependence.

For the most challenging organic components (FAI/MAI), the
rationale for transferring TDLAS lies in its precise locking of vibra-
tional energy levels in the molecular fingerprint region. The ppb-
level sensitivity demonstrated by TDLAS in hydrocarbon moni-
toring proves its feasibility for resolving complex organic partial
pressures in vacuum. The lack of current applications stems
from the perovskite field’s long-standing prioritization of low-
cost laboratory scaling, which overlooks the spectral interfer-
ence shielding caused by decomposition byproducts such as
ammonia and hydroiodic acid. Future research must focus on
calibrating the absolute absorption cross-sections of organic
precursors within perovskite-specific vacuum environments to
establish quantitative models linking optical attenuation to mo-
lecular flux density.

At the equipment level, WBG perovskites urgently need to
adopt large-area linear scanning source technologies from the
organic light-emitting diode (OLED) industry. Current perovskite
vapor-phase fabrication remains largely stuck at the point-
source stage, causing thickness uniformity and stoichiometric
distribution to deteriorate rapidly on substrates larger than
10 cm. Linear source designs, by optimizing the geometric topol-
ogy of nozzle arrays, can achieve molecular beam homogeniza-
tion across spans exceeding 1 m.

The necessity of this transfer stems from the zero tolerance of
WBG perovskites toward band-gap gradients. Since these films
typically serve as the top cell in TSCs, minor stoichiometric shifts
trigger phase segregation and subsequent current mismatch.
The critical future task is to integrate OLED linear evaporation
technology with temperature-graded showerhead manifolds to
resolve spatial mixing uniformity during multi-source co-evapo-
ration. This cross-industry equipment transfer from the display
industry to the photovoltaics industry represents the only viable
path to semiconductor-grade mass production of WBG
perovskites.

Finally, regarding control logic, in situ feedback mechanisms
from CVD should be adopted. Currently, perovskite fabrication
generally lacks real-time intervention capabilities, remaining an
open-loop process. Drawing on the application of biased QCM
techniques in CVD surface chemistry studies, we can intervene
in the film formation process via electric fields or thermal feed-
back. The ultimate future goal is to construct an intelligent con-
trol system that integrates spectroscopic monitoring (input)
with in situ performance evaluation (output). This data-driven
control paradigm will decouple WBG perovskite fabrication
from reliance on researcher experience, achieving true indus-
trial-scale precision manufacturing.

Synergistic control on textured interfaces
Achieving conformal growth of WBG perovskites on industrial
random pyramids is essentially a synergistic process of
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overcoming the non-uniformity of line-of-sight flux and the dis-
parities in facet-dependent adsorption energies. Current pro-
cess optimizations are largely confined to macroscopic rotation
or empirical flux compensation, lacking fundamental intervention
in micro-kinetic mismatch. To achieve semiconductor-grade
interfacial quality, future research must prioritize the following
three core tasks.

In existing vapor processes, inorganic components (Pbly)
exhibit strong chemisorption (S ~ 1.0), whereas organic species
(FAI) are constrained by weak hydrogen bonding (S < 0.25), re-
sulting in drastic stoichiometric gradients between pyramidal
facets and valleys. The primary future task is to chemically pro-
gram the textured interface using functional molecules, such as
fluorinated silanes or specific SAMs. Specifically, electronega-
tive interfacial layers must be developed to enhance the
anchoring of organic cations by increasing intermolecular elec-
trostatic interactions, thereby artificially elevating the effective
sticking coefficient of organic components on pyramidal side-
walls. The goal is to constrain the adsorption energy variance
across different facets within the range of thermal fluctuations
(kBT), fundamentally eliminating the valley enrichment phenom-
enon caused by secondary scattering.

Simple planetary rotation no longer meets the stringent re-
quirements of WBG perovskites for stoichiometric precision
within 1%. Future equipment innovation should focus on dy-
namic oblique compensation evaporation, which involves real-
time adjustment of the relative incidence angle between the
evaporation source and the textured substrate (cycling between
0° and 60°) to compensate for flux deficits caused by the pyrami-
dal geometric inclination (54.7°). Building on this, there is an ur-
gent need to develop multi-physics models that integrate Knud-
sen diffusion and surface adsorption kinetics. Such models
should predict the mean collision frequency and capture the
probability of vapor molecules within microscopic cavities under
varying vacuum levels. By precisely locking the substrate tem-
perature between 40°C and 80°C, the kinetic quenching effect
can be utilized to freeze uniform quasi-metastable compositions
onto the textured surface, preventing the I/Br phase segregation
common in WBG systems.

In in situ performance evaluation, a critical future research di-
rection is the development of in situ monitoring tools with
micron-scale spatial resolution. Traditional QCM provides only
average rates and fails to reflect localized dynamics on textured
interfaces. In situ micro-PL and spatially resolved spectroscopic
ellipsometry (SRE) should be implemented to monitor the band-
gap evolution at pyramidal tips and valleys in real time during film
growth. By capturing spatial shifts in PL peak positions, the sys-
tem can automatically identify early signals of stoichiometric
mismatch and trigger partial pressure control feedback loops,
such as adjusting pulse valves or heating power. This in situ diag-
nosis-instantaneous feedback control chain is the technical core
for mitigating Vo deficits in WBG TSCs and achieving consis-
tency in large-area production.

Ultimately, the strategic significance of vapor deposition ex-
tends beyond the laboratory metrics of efficiency and stability.
It represents a paradigm convergence between emerging photo-
voltaics and the mature semiconductor industry. By adopting
vacuum-based manufacturing, the perovskite community can
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leverage decades of established infrastructure, ranging from
precision tooling to automated process control, accelerating
the transition from pilot lines to terawatt-scale foundries.

Furthermore, this technology offers a profound environmental
dividend. In an era where sustainability is paramount, the ability
to fabricate high-performance modules without relying on mil-
lions of liters of toxic solvents fundamentally de-risks the envi-
ronmental footprint of solar energy deployment. As we approach
net-zero targets in the future, vapor-deposited perovskites stand
not only as a scientific curiosity but as a cornerstone technology
for a clean, scalable, and sustainable energy future.
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