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The diversification of photovoltaic applications has exposed the structural limits of crystalline silicon, which is rigid,
opaque, and poorly suited for low-light conditions. This review reframes the central question for perovskite solar cells
(PSCs) from maximizing single-junction efficiency toward scenario-driven deployment. We focus on three application
spaces where PSCs offer a direct mapping between material physics and performance requirements: flexible/wearable de-
vices, indoor weak light harvesting, and semi-transparent photovoltaics. Four intrinsic properties underpin these scenarios:
a high absorption coefficient enabling sub-300 nm absorbers, a soft defect-tolerant octahedral framework for mechanical
strain, low-temperature solution processing compatible with polymer substrates, and a compositionally tunable bandgap for
indoor LED matching. We review the recent progress of PSCs in the three scenarios and also show the effort of our group
on efficient and stable PSCs. At last, we identify recurring bottlenecks: defects, interfaces, stability, and outline future
directions including scenario-specific protocols, co-design strategies, and parallel advances in cost and recyclability.
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1. Introduction

The sustained rise in global energy consumption, together
with the demand for diversified energy supplies, has channeled
considerable attention and capital toward the photovoltaic in-
dustry over the past decade as a complementary pathway to
fossil-fuel-based electricity generation. Within this trajectory,
silicon-based solar cells have constituted the mainstream tech-
nological direction throughout the decade, emerging as the pri-
mary choice for large-scale, ground-mounted power stations
and securing remarkable commercial success. The ongoing
diversification of photovoltaic applications, however, has ex-
posed clear limitations of silicon solar cells. Their relatively
narrow bandgap. and intrinsic material characteristics make
them inherently rigid, opaque, and poorly suited to low-light
conditions. These constraints significantly restrict their adop-
tion in an expanding array of emerging deployment scenarios.
Figure 1(a) summarizes the inherent limitations of silicon solar
cells across these scenarios. Developing new types of photo-
voltaic devices capable of meeting these scenario-specific re-
quirements has therefore become an urgent priority. !~

These limitations have driven the search for next-
generation alternatives. In recent decades, a variety of emerg-
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ing photovoltaic technologies — including thin-film solar cells
based on Cu(In,Ga)Se,(CIGS) and cadmium telluride (CdTe),
organic solar cells, dye-sensitized solar cells (DSSCs), and
quantum-dot solar cells — have been extensively explored as
potential successors to silicon. > Although each of these can-
didates offers distinctive merits in terms of low-cost process-
ing, mechanical flexibility, or tunable optoelectronic proper-
ties, they remain hindered by intrinsic limitations such as the
scarcity of constituent elements, the complexity of fabrication
procedures, and relatively modest efficiencies, which together
restrict their large-scale deployment. Within this landscape,
organic—inorganic metal halide perovskite solar cells (PSCs)
have rapidly emerged as the most disruptive candidate, draw-
ing unprecedented attention from both academia and industry.
Since the first report in 2009 with a power conversion effi-
ciency (PCE) of merely 3.8%, PSCs have soared to a certified
PCE exceeding 27% in just over a decade — a pace unmatched
by any other photovoltaic technology in history. >’}

With

Shockley—Queisser limit, the central research question is shift-

single-junction efficiency approaching the

ing from how high PCE can ultimately go to the scenarios

in which perovskites are genuinely indispensable. Lead-
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ing photovoltaic enterprises are now establishing dedicated
production lines for silicon—perovskite tandems. These tan-
dem lines aim to contest the ground-mounted power-station
market. Meanwhile, three emerging scenarios highlight per-
ovskite’s distinct advantages. The three scenarios are flexi-
ble wearables, indoor low-light devices, and semi-transparent
building- or vehicle-integrated photovoltaics. Conventional
silicon cannot compete in these application spaces. The intrin-
sic properties of perovskites translate directly into deployable
products, as shown in Fig. 1(b); perovskites enable flexible and
wearable devices. 3] Figure 1(c) illustrates their potential for
indoor light harvesting. Figure 1(d) depicts the design of semi-
transparent solar cells. The following paragraphs connect each
of these scenarios with the specific material characteristics of
perovskites that make them irreplaceable.

This review is organized as follows. Section 2 introduces
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the architecture of perovskite solar cells and the fundamental
optoelectronic and mechanical properties that enable the three
application scenarios discussed in this work. Sections 3, 4, and
5 review the front-edge research progress on flexible and wear-
able, indoor low-light, and semi-transparent perovskite photo-
voltaics, respectively, focusing in each case on the scenario-
specific performance metrics, material strategies, and repre-
sentative device-level demonstrations. Section 6 summarizes
the recent progress on PSCs in our group at Ningbo Univer-
sity. Finally, it points out the common scientific bottlenecks
across the three scenarios and outlines future research direc-
tions toward commercialization. We hope that this review will
help redirect research attention from single-figure efficiency
records toward the scenario-driven deployment of perovskite
photovoltaics, where the technology offers an essentially irre-
placeable role.
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Fig. 1. (a) The limitation of silicon solar cells. (b) The advantages and applications of flexible perovskite solar cells (F-PSCs). Panel (b) is
reproduced with permission from Refs. [8,9]. (c) The indoor light harvesting application. (d) The semi-transparent solar cells.

2. Fundamental characteristics of PSCs and
the material properties underpinning multi-
scenario applications

2.1. Structure and basic characteristics of PSCs

Early perovskite solar cells employed a mesoporous ar-
chitecture that evolved directly from earlier dye-sensitized
solar cells.
duced MAPbI; and MAPbBr3; as photosensitizers into tra-
ditional dye-sensitized cells, an effort widely regarded as

In 2009, Kojima and co-workers first intro-

the origin of perovskite solar cells as a distinct photo-
voltaic technology.!!%!!l Subsequent work revealed that effi-

cient charge separation, and therefore high photovoltaic per-

formance, could be achieved by placing the perovskite in di-
rect contact with a fullerene-based acceptor, thereby elimi-
nating the high-temperature-sintered mesoporous TiO, scaf-
fold previously considered essential.l'”) Owing to its low-
temperature processability, improved stability, and inherent
compatibility with silicon for tandem integration, this planar
design has come to dominate the field. The resulting device
is a sandwich architecture in which the perovskite absorber is
enclosed between dedicated electron- and hole-transport lay-
ers. Two principal configurations are now distinguished.!?!
The conventional n—i—p structure places the electron-transport
layer beneath the absorber, whereas the inverted p—i—n struc-

ture reverses this stack and places the hole-transport layer at
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the bottom. Both planar devices dispense with the thick meso-
porous scaffold and deliver high power conversion efficiencies
through markedly simpler fabrication steps. Furthermore, in-
verted perovskite solar cells have achieved a maximum PCE
of 27.5%.!"]

2.2. Intrinsic material properties underpinning the three
application scenarios
The suitability of perovskites for flexible, indoor, and
semi-transparent applications can be traced to their high opti-
cal absorption coefficient, their soft and highly defect-tolerant
octahedral framework, their low-temperature solution process-
ability, and their compositionally tunable bandgap, each of
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which maps onto one or more of the three scenarios discussed
in the following sections.

Low-temperature solution processing. The solution-
based processing of perovskites, and the absence of any high-
temperature annealing step in inverted p—i—n device archi-
tectures, make it possible to fabricate full devices directly
on plastic substrates. Charge-transport layers, perovskite ab-
sorbers, and electrodes can all be deposited below 150 °C,
a thermal budget fully compatible with mainstream flexi-
ble polymer substrates such as PET and PEN. As shown in
Fig. 2(a), perovskite photovoltaic layers can be fabricated via

low-temperature solution-based routes. !
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Fig. 2. (a) Schematic of the roll-to-roll (R2R) gravure-printing process for the perovskite layer. (b) Corner-sharing BX¢ octahedral framework
of the ABX3 perovskite lattice. (c) Absorptance spectra of CH3NH3PblIz on glass. (d) UV-vis absorption spectra of MAPb(I;_,Br,)s thin films.
(e) Corresponding bandgap evolution as a function of Br composition. Panel (a) is reproduced under the terms of the CC-BY license from
Ref. [14]. Panel (b) is reproduced with permission from Ref. [15]. Panel (c) is reproduced with permission from Ref. [16]. Panels (d) and (e) are

reproduced with permission from Ref. [17].

Soft, defect-tolerant octahedral framework. As illustrated
in Fig. 2(b), metal halide perovskites possess a corner-sharing
ABX3 framework in which the B-site metal cations are octa-
hedrally coordinated by halide anions to form BXg octahedra,

while the A-site cations occupy the interstitial cavities.!!>) Per-
ovskite materials exhibit a Poisson’s ratio v > 0.26, which is
consistent with a mechanically compliant lattice. This com-
pliance stems from the high defect tolerance and the inherent
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stretchability of the perovskite octahedral framework. The oc-
tahedra within the ABX3 structure permit extensive modula-
tion of the B—-X-B bond angles. When the lattice is subjected
to stress, these octahedra rotate much like mechanical hinges
without altering the bond lengths themselves. The material
can therefore accommodate significant tensile, compressive,
and bending deformations without fracture.[!0-11]

High optical absorption coefficient. Perovskite materials
possess a remarkably high extinction coefficient of k ~ 0.5 at
500 nm. According to the relation oo = 4wk /A, where o is the
absorption coefficient, k is the extinction coefficient and A is
the wavelength of light, this corresponds to an absorption coef-
ficient of approximately 1 x 10° cm~! for MAPbI; at 500 nm.
The steep absorption edge shown in Fig. 2(c) indicates that
most incident visible photons can be harvested within only a
few hundred nanometers of absorber thickness.!'®! Applying
the Beer—Lambert law, approximately 95% of incident pho-
tons at this wavelength are absorbed within a thickness of only
300 nm. Compared with CIGS and silicon solar cells, which
require significantly thicker absorber layers, perovskite films
thus achieve near-complete visible-light harvesting at a frac-
tion of the thickness and translate this thinness directly into
mechanical flexibility on polymer substrates.

Compositionally tunable bandgap. The bandgap of lead
halide perovskites can be tuned through compositional engi-
neering of the A, B, and X sites. The UV-vis absorption spec-
tra in Fig. 2(d) further confirm this trend, showing that the
absorption onset moves toward shorter wavelengths as iodide
is gradually replaced by bromide: Halide substitution at the X
site exerts the strongest influence. Adjusting the halide ratio
modulates the relative size of the inorganic lead-halide octa-
hedral framework and induces controlled tilting. Increasing
the bromine content drives lattice contraction. As a result,
the conduction band minimum shifts upward and the valence
band maximum shifts downward, broadening the bandgap
continuously from 1.5 eV to 2.3 eV. Figure 2(e) summarizes
this composition-dependent bandgap evolution and provides
the direct experimental basis for the bandgap-engineering
discussion.!'”l Two consequences of this bandgap tunabil-
ity are directly relevant to the present review. First, indoor
light sources are concentrated within the visible range (400—
700 nm) and deliver intensities approximately three orders of
magnitude lower than AM1.5G sunlight; under the Shockley—
Queisser framework, the corresponding optimal bandgap lies
near 1.9 eV.!!®) Singh and co-workers demonstrated, through
precise halide stoichiometry, that the perovskite bandgap can
be elevated to ~ 1.8 eV, aligning the absorption edge with the
emission edge of commercial white LEDs and approaching
the theoretical maximum for low-light energy harvesting. ']
Second, the same tunability enables wavelength-selective ab-

sorption for semi-transparent photovoltaics: by shifting the ab-
sorption edge out of the visible range, the device preferentially
absorbs ultraviolet or near-infrared photons while transmitting
visible light. This optical-selectivity principle is the theoret-
ical foundation of the semi-transparent device strategies dis-
cussed in Section 5.

Taken together, these four intrinsic properties, namely a
high absorption coefficient that enables ultrathin absorbers,
a soft octahedral framework that accommodates mechani-
cal strain, a low-temperature processing window compatible
with flexible substrates, and a bandgap.tunable to the indoor
and visible-transmission regimes, establish a direct one-to-one
mapping between the material physics of perovskites and the
performance requirements of the three application scenarios.
The detailed material strategies, device architectures, and rep-
resentative demonstrations associated with each scenario are
reviewed in Sections 3, 4, and 5.

3. Flexible wearable perovskite photovoltaic de-
vices

3.1. Basic principle and structure of F-PSCs

In recent years, flexible perovskite solar technology has
matured significantly, as illustrated in Fig. 3(a), which sum-
marizes its development trends over the past nine years.?0-26]
To achieve high mechanical flexibility while being compati-
ble with lightweight plastic substrates, F-PSCs commonly em-
ploy an inverted structure for customized design.?’-?%! Tra-
ditional conventional structures require high-temperature sin-
tering (400-500 °C) using electron transport layers such as
TiO,; exceeding the thermal tolerance limit of flexible poly-
mer substrates induces severe thermal contraction and me-
chanical deformation, (! leading to micro-cracks in the bot-
tom transparent electrode. In contrast, all functional lay-
ers in the inverted structure can be deposited via a full so-
lution method below 150 °C, perfectly meeting the strin-
gent low-temperature requirements of flexible manufacturing.
Additionally, conventional devices often suffer from signifi-
cant hysteresis effects due to slow ion migration and ineffi-
cient electron extraction; %! in contrast, inverted F-PSCs ef-
fectively suppress hysteresis by introducing electron transport
layers such as PCBM to passivate interfaces and inhibit ion

[27] As illustrated in Fig. 3(b), regardless of the p—

migration.
i-n or n—-i—p configuration,?%! the interfacial integrity of flex-
ible perovskite solar cells (F-PSCs) is a critical factor limit-
ing their performance. At the buried interface, issues such
as misalignment, interfacial voids, and poor contact bond-
ing are frequently observed, which can lead to severe charge
recombination. Similarly, the interface between hole trans-
port layer (HTL)/electron transport layer (ETL) and the ac-

tive layer often suffers from physical gaps (voids), hinder-
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ing efficient extraction. Furthermore, the transparent conduc-
tive oxides (TCO) layer deposited on flexible PEN or PET
substrates is highly susceptible to mechanical stress during
bending, leading to crack formation. To address these me-

chanical and electrical losses, strategies such as utilizing non-
conductive polymers/pastes or optimizing the lamination pro-
cess are employed to ensure robust physical contact and me-
chanical durability,*%3! as shown in Fig. 3(c).
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Fig. 3. Summary of efficiency evolution, architecture, and interfacial challenges in F-PSCs. (a) Efficiency evolution and structural milestones
of F-PSCs from 2018 to 2026. (b) Device stacks used in F-PSC technologies, illustrating p—i-n, n—i—p, and tandem architectures from left
to right. (c) Main interfacial issues that research community addresses to limit the gap between rigid and flexible substrates, including sub-
strate/TCO contact, TCO/charge transport layer (HTL/ETL) voids, and buried interface misalignment. Panel (a) is reproduced with permission
from Refs. [20-28]. Panel (b) is reproduced with permission from Ref. [30]. Panel (c) is reproduced under the terms of the CC-BY license from

Ref. [32].

In the development of F-PSCs, single-junction and
tandem structures exhibit distinctly different application
prospects. Tandem devices significantly surpass efficiency
limits by combining wide and narrow bandgaps in series; yet
the increasing number of film layers and complex interconnect
structures substantially amplify internal stresses during bend-
ing, readily leading to interface delamination and greatly in-
creasing the complexity of manufacturing processes and yield
control.[3%-33] In contrast, single-junction devices, due to their

simple structure and fewer film layers, possess exceptional

bend flexibility and peel resistance, making them highly com-
patible with roll-to-roll (R2R) printing processes and poised to
be the first to achieve commercialization in wearable and IoT
applications; however, their efficiency is limited by the theo-
retical ceiling of a single bandgap.

F-PSCs, with their exceptional lightweight properties,
high specific power, and compatibility with low-temperature
solution processing, have emerged as the most promising
power source for next-generation wearable electronic devices.
Compared to traditional rigid devices, flexible devices must
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adapt to complex human movements and meet stringent me-
chanical stability requirements under bending, stretching, or

5.301 Under this technological trend, the per-

torsional strain
formance evaluation criteria for flexible photovoltaics have
significantly expanded beyond those of rigid devices. While
pursuing extremely high photoelectric conversion efficiency
(PCE), comprehensive metrics such as the device’s criti-
cal bending radius, performance retention after thousands of
bending cycles, and specific power (W/g) crucial for portable

applications — must also be considered.

3.2. Key device materials

The fabrication of F-PSCs requires systematic innova-
tions and synergistic optimization across all functional layers.
Unlike rigid devices, flexible devices must address challenges
such as thermomechanical compatibility of materials and in-

terfacial adhesion while maintaining high performance.

3.2.1. Flexible substrate

To achieve excellent flexibility and mechanical fatigue
resistance while maintaining high PCE, the fabrication of F-
PSCs requires systematic innovations and synergistic opti=
mization across all functional layer materials. Current sub-
strate types include metals, polymers, biological materials,
and others, which are widely adopted due to their low cost
and high flexibility. However, their low glass transition tem-
perature limits annealing processes and often leads to poor

29301 Metal foils (e.g., titanium and copper) ex-

crystallinity.!
hibit excellent thermal stability-and conductivity but must em-
ploy top-side light-transmissive or inverted structures due to
their opacity. Ultra-thin flexible glass offers superior water
and oxygen barrier properties as.well as optical advantages,
yet its inherent brittleness remains a significant challenge. ]
Additionally, to promote environmental sustainability, trans-
parent nanocellulose paper (NCP) coated with acrylic resin
has been developed as a novel flexible substrate. It not only
demonstrates outstanding light transmittance and waterproof
performance but can also be easily degraded through combus-
tion, significantly mitigating the “white pollution” caused by

discarded plastics.[3?!

3.2.2. Electron and hole transport layers

Due to the thermal limitations of polymer substrates, the
development of materials for the charge transport layer must
balance low-temperature processing with flexibility. The elec-
tron transport layer primarily relies on inorganic nanocrystals
such as SnO; and ZnO prepared via low-temperature solu-
tion methods. To enhance interface contact with flexible sub-
strates, the incorporation of reduced graphene oxide-modified

SnO; and other metal oxides not only significantly improves

interfacial conductivity and suppresses trap-assisted recombi-
nation but also serves as a buffer layer to alleviate bending
stress.[3*! Low-temperature prepared SnO, nanocrystals of-
ten exhibit surface defects, necessitating functional molecu-
lar modification. Sun et al. introduced stable conformational
surfactants, achieving uniform dispersion of SnO; nanocrys-
tals at low temperatures, effectively suppressing electron trap
recombination.*>! The hole transport layer (HTL), serving as
the optoelectronic bridge of the device, typically employs or-
ganic polymers such as PTAA, where interfacial stresses are
relieved through the sliding of amorphous chain segments. [36]
For further optimization, Truong et al. designed face-to-face
arranged molecular derivatives that synergistically enhance

both hole extraction efficiency and mechanical compliance. 37!

3.3. Device performance optimization strategies

In the design of F-PSCs, balancing PCE with mechan-
ical stability under stringent mechanical bending conditions
and low-temperature process constraints has become a central
challenge in the field. The optimization strategies to achieve
this goal primarily focus on multiple dimensions, including in-
terface regulation, crystallization kinetics, stress management,

and self-healing mechanisms.

3.3.1. Interface passivation and charge transport reg-
ulation

Interface defects serve as the primary source of non-
radiative recombination.3®3) and mechanical failure in flex-
ible perovskite solar cells, which are severely aggravated
by the high surface roughness of flexible substrates. To
achieve lossless carrier transport and enhance mechanical ro-
bustness, interface engineering primarily employs molecular
self-assembly to construct complete, dense, and pinhole-free
interfacial contacts. Han et al. proposed a molecular surface
self-accumulation strategy that leverages the downward self-
accumulation kinetics of Br-4PAPT during crystallization to
enrich molecules at the substrate interface. Through this spon-
taneous self-assembly, these molecules form strong coordina-
tion bonds with hydroxyl or phosphate groups on the NiO, sur-
face, yielding an intact and compact interlayer that precisely
eliminates microscopic interfacial voids, removes potential
barriers in the charge extraction pathway, and suppresses crack
initiation under bending, as illustrated in Fig. 4(a).[*") Mean-
while, Zhu et al. effectively suppressed heterointerface delam-
ination between perovskite and the underlying electrode dur-
ing bending by designing a bifacial linker, a molecular anchor-
ing mechanism that efficiently distributes charges and signifi-

cantly enhances interface stability during device operation. [4!]
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3.3.2. Crystallization dynamics and microscopic mor-
phology engineering

Crystallization dynamics govern the morphology of per-
ovskite films, including grain orientation, domain size, and
boundary density. These features affect the photovoltaic per-
formance and bending durability of large-area modules. To
obtain compact films on flexible plastic substrates, researchers
use additives to regulate intermediate phases during crystal-
lization and control fluid flow during deposition. For exam-
ple, Ma et al. introduced a bio-based disaccharide modifier
— D-trehalose (DTA) to establish a continuous, dynamic hy-
drogen bond network within the perovskite films. This net-
work not only induces lattice polarization through its polyhy-
droxy structure, alleviating internal micro-stresses in the ma-
terial, but also provides effective spatial steric hindrance dur-

(a)

ing nucleation, promoting long-range ordered grain growth.
Consequently, this approach suppresses random nucleation,
transforms film morphology into uniform and densely packed
grains, and mitigates boundary defects, enabling the large-
area module (619.9 cm?) to achieve a steady-state efficiency of

1421 Com-

18.86% alongside exceptional mechanical durability.
plementing chemical additive engineering, fluid dynamics op-
timization during film deposition provides another vital route
for morphology control. For instance, Li et al. developed
an in-situ coating strategy for flexible all-perovskite tandem
modules, which significantly improves crystal orientation uni-
formity and eliminates macroscopic morphological inhomo-

geneities on large substrates through precise control of coating
43]

fluid dynamics parameters. !

e0-2PACz < NiO,

(d)

(

Sheets-on-shuttle

~
——THPA DHPA
PHPA Control
JsgimAcm? VoV | FFI% | PCE/%
Control  26.12 110 79.54 2285
PHPA 2642 | 112 8098 23.96
HPCA 2643 | 1122 8125 24.09
THPA 26.69 1.153  81.27 25.01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V) (1))
Wearable
devices

(k)

Sheet-to-sheet

7 ) ()
]
G SC) gc —

Roll-to-sheet

Fig. 4. Optimization strategies, performance, and integrated applications of F-PSCs. (a) Molecular surface self-accumulation strategy of Br-
4PAPT for eliminating potential barriers in the charge extraction pathway. (b) Embedded 2D/3D heterojunction strategies for developing per-
ovskite thin films with bend resistance and high robustness. (c) Dynamic self-healing mechanism leveraging the dissociation and recombination of
molecular bonds upon mechanical stress-induced cracking. (d) J-V curves demonstrating the efficiency of flexible small-area devices exceeding
25%. Demonstrations of seamless integration with electronic systems, enabling the creation of self-powered wearable microgrids. (1) Large-area
modules undergoing roll-to-roll (R2R) coating processes. Panel (a) is reproduced with permission from Ref. [40]. Panel (b) is reproduced with
permission from Ref. [45]. Panel (c) is reproduced with permission from Ref. [40]. Panel (d) is reproduced with permission from Ref. [45].
Panels (e)—(k) are reproduced with permission from Refs. [41,48-51]. Panel (1) is reproduced with permission from Ref. [51].
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3.3.3. Mechanical
strategies

flexibility and stress regulation

During cyclic bending and thermal variations, flexible de-
vices inevitably experience pronounced stress concentration,
which originates from the intrinsic brittleness of perovskites
and the severe thermal expansion coefficient (CTE) mismatch
between the perovskite absorber and the polymer substrate.
To acquire superior mechanical flexibility and fatigue resis-
tance, stress engineering strategies predominantly incorporate
functional polymers as compliant interlayers and matrices to
cushion deformation strains and dissipate mechanical energy.
Recent studies by Li et al. demonstrate that biomimetic multi-
site polymers not only serve as stress buffer layers but also en-
hance the fracture toughness of thin films via interactions be-
tween their functional groups and the perovskite lattice, main-
taining effective carrier transport channels even under high de-
formation stresses.[**l Meanwhile, Wang et al. effectively mit-
igated the thermodynamic mismatch between the perovskite
lattice and the flexible substrate caused by differences in ther-
mal expansion coefficients by co-constructing a polyhydroxy
molecular crosslinking network. This approach significantly
reduced the concentration of tensile stress at the interface dur-
ing bending. The combination of this molecular-level mechan-
ical reinforcement with earlier embedded 2D/3D heterojunc-
tion strategies provides a reliable pathway for.developing per-
ovskite thin films with “bend resistance and high robustness”,
as illustrated in Fig. 4(b).[*]

3.3.4. Self-healing mechanism of damage

To address the fatigue-induced micro-cracks prevalent
in flexible devices during their end-of-service phase, an ac-
tive self-healing mechanism represents the ultimate solution
for extending device lifespan. = This dynamic self-healing
mechanism leverages the dynamic dissociation and recombi-
nation of molecular bonds to achieve localized chemical re-
pair upon mechanical stress-induced cracking, as illustrated in
Fig. 4(c).[*01 At the microscopic level, achieving autonomous
self-healing fundamentally relies on introducing functional
molecules that construct dynamic reversible networks along
interfaces and grain boundaries. *6! Wang et al. fabricated em-
bedded 2D/3D heterojunctions by introducing large-volume
organic cations (such as 4-guanidinobutyric acid). The 2D per-
ovskite phase functions as a “molecular spring” via weak van
der Waals forces, effectively dissipating bending strain energy
and inhibiting crack propagation through interlayer sliding,
while also leveraging its wide bandgap to create an “energy
funnel” effect that facilitates efficient exciton dissociation and
transport into the three-dimensional bulk phase. Second, the
incorporation of elastomer polymers functionalized with dy-
namic hydrogen-bonding or coordination groups enables the
formation of an interconnected, self-healing supramolecular

network along grain boundaries. When mechanical micro-
cracks propagate under repetitive bending, the dynamic dis-
sociation and spontaneous room-temperature re-association of
these reversible bonds continuously bridge the fractured in-
terfaces, enabling self-healing of lattice damage through dy-
namic dissociation and recombination of hydrogen bonds af-
ter thousands of mechanical cycles, endowing the device with

5.4 These strategies effec-

exceptional mechanical robustnes
tively absorb mechanical energy and suppress crack propaga-
tion. Combined with organic—inorganic alternating multilayer
films for water and oxygen encapsulation, ! the flexible de-
vice maintains high structural integrity and optoelectronic sta-
bility under severe mechanical deformation and environmental

aging conditions.

3.4. Integrated applications in wearable systems

Currently, flexible photovoltaics have been successfully
integrated with sensors, LEDs, and electrochemical energy
storage devices. For example, Saifi et al. developed an ultra-
flexible “energy harvesting-storage system (FEHSS)” with a
By combining F-PSC
modules with zinc-ion batteries and incorporating current-

thickness.of only 90 micrometers.

limiting diodes for energy management, they achieved con-
tinuous power supply to an electrocardiogram (ECG) sensor
module.

For skin-worn devices, lightweight design and biocom-
patibility are paramount. Particularly, the toxicity of lead (Pb)
in high-efficiency perovskites poses a significant threat to hu-
man safety. Studies have demonstrated that dense physical en-
capsulation technology effectively prevents lead leakage. In
extreme tests conducted by Min et al., including mechanical
damage and immersion in synthetic sweat, the lead leakage
from the encapsulated flexible devices was one order of mag-
nitude lower than the drinking water safety standard set by the
World Health Organization (WHO).!47!

Currently, the efficiency of flexible small-area devices
has exceeded 25%, as shown in Fig. 4(d), withstanding tens
of thousands of bending cycles, achieving a balance between
PCE and mechanical durability.*! The ultimate goal of F-
PSCs is to achieve seamless integration with electronic sys-
tems, enabling the creation of self-powered wearable micro-

4148-511 However, main-

grids, as shown in Figs. 4(e)—4(k).!
taining flexibility in large-area modules remains challeng-
ing: small laboratory samples (0.1 cm?) bend easily, whereas
large modules undergoing roll-to-roll (R2R), as illustrated in
Fig. 4(1),°!1 coating and laser marking experience laser ther-
mal effects that damage the underlying flexible plastic sub-
strate, leading to overall brittleness. Significant common chal-
lenges remain before full industrialization: first, preserving

flexibility and efficiency during scaling of large-area mod-
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ules; second, developing environmentally friendly encapsu-
lation technologies with ultra-low water vapor transmission
rates and high flexibility to completely eliminate lead leakage
risks; third, the industry urgently needs standardized flexible
mechanical testing methods and lifespan evaluation systems to
standardize and accelerate commercialization, %31
Revolutionary restructuring of flexible transport inter-
faces: Traditional brittle interfaces are being replaced by
novel flexible materials. Leveraging “frictionless” interlayer
sliding driven by weak van der Waals forces within two-
dimensional MXenes, precise work-function control,1%!1]
and microphase separation coupled with room-temperature re-
versible “disassociation-recombination” mechanisms in dy-
namic supramolecular elastomer networks, 7! the hole trans-
port layer exhibits exceptional mechanical compliance and
fracture self-healing capability, maintaining perfect ohmic
contact even under extreme bending conditions.
although small-area F-PSCs

achieved an excellent balance between PCE (> 25%) and me-

Looking ahead, have
chanical durability.[*®) However, reported bending durability
is often difficult to compare directly, caused by inconsistency
of bending radius, strain mode, cycle numbers and measure-
ment conditions of each modulus. In addition, mechanical cy-
cling is frequently evaluated separately from photovoltaic op-
eration, whereas wearable devices may simultaneously expe-
rience illumination, electrical loading, bending, twisting, and
environmental exposure during practical use. Future evalua-
tions should therefore consistently report the bending radius
or applied strain, bending frequency, total cycle number and
environmental conditions. Establishing such scenario-specific
mechanical testing conditions will be essential for translating
laboratory flexibility records into meaningful lifetime assess-

ments for wearable photovoltaic systems. 33

4. Indoor perovskite photovoltaic devices

4.1. Application scenarios and technical requirements for
indoor photovoltaics

With the explosive growth of Industry 4.0 and Internet
of Things (IoT) technologies, coupled with the rapid deploy-
ment of distributed sensors indoors, the demand for indoor
power supply has surged significantly. Indoor photovoltaic
(IPV) cells hold the potential to power the entire IoT ecosys-
tem, including simple devices such as humidity and tempera-
ture sensors, calculators, and wearable health monitoring de-
vices like pulse oximeters, as well as emerging devices like
indoor photocatalytic antibacterial systems — both of which
require low power consumption, as shown in Fig. 5(a). So-
lar cells can fully meet their IPV power demands, whereas
traditional disposable batteries not only incur high mainte-
nance costs but also impose a substantial environmental bur-

den. Therefore, indoor IPV devices can reliably provide con-
tinuous power, replacing conventional batteries. Further mar-
ket projections indicate that perovskite solar cell applications
in the IoT and wireless sensing sectors will grow into a multi-
billion-dollar market by 2030, as shown in Fig. 5(b).’* Con-
sequently, the market demand for IPV has expanded markedly,
making its design and application essential.!>>! Common in-
tegration methods between IPV and IoT devices are shown
in Fig. 5(c),[ perovskite IPV cells can generate an aver-
age power output of 10-33 uW/cm? in typical office environ-
ments, sufficient to support thousands.of daily wireless data
transmissions for IoT devices, offering a genuine self-powered
solution for distributed sensors,’!

The evaluation' criteria for indoor and outdoor photo-
voltaic performance differ significantly. Firstly, there is a
fundamental distinction between outdoor and indoor light
sources: indoor illumination constitutes only 0.1%—1% of
standard sunlight (AM 1.5G, 100 mW/cm?) (LEDs/fluorescent
lamps typically range from 0.1 mW/cm? to 10 mW/cm?), and
indoor light sources (LEDs, fluorescent lamps) lack ultravi-
olet (UV).radiation, with their spectral distribution primar-
ily concentrated in the visible light region (400-700 nm). >8]
Outdoor environments, on the other hand, are characterized
by broadband, high-intensity sunlight. Consequently, out-
door photovoltaics are evaluated under standard test conditions
(STC: standard test conditions, AM 1.5G, 1000 W/m2, 25°0),
emphasizing long-term weather resistance and mechanical
strength, whereas IPV require assessment of nonlinear re-
sponses under low irradiance conditions. However, due to the
low illumination intensity indoors (typically 100—1000 lux),
as shown in Fig. 5(d), and the predominantly LED/fluorescent
lamp sources, which exhibit significantly narrower spectra
compared to outdoor sunlight (as shown in Fig. 5(e)), optimal
design of indoor energy-collecting photovoltaic devices must
fully account for these differences.>%¢0]

Crystalline silicon cells experience a sharp decline in fill
factor (FF) under indoor low-light conditions due to current
shunting losses (FF can drop below 60% when power density
falls below 1 W/mz), whereas perovskite devices maintain a
high FF exceeding 75% under identical conditions, as shown
in Fig. 5(f), demonstrating superior low-light performance. !
Furthermore, the open-circuit voltage in indoor environments
decreases significantly with declining light intensity, and the
device’s power response in low-light conditions exhibits non-
linear behavior. Therefore, the key performance indicators for
indoor photovoltaic systems should include Vpc retention rate
under low light conditions, maximum power point (MPP) effi-
ciency, and high parallel resistance characteristics, rather than
relying solely on the STC efficiency measured at outdoor user
locations.
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Fig. 5. (a) Common electronic devices and their power consumption. (b) Percentage growth and forecast till 2025 of IoT devices against non-IoT
devices. (c) Schematic illustration of working conditions and illuminance distribution for IPV. The left panel depicts an office/home environment
and the right panel a supermarket/retail environment, showing the variation in lighting intensity at different locations. Incident light levels can
exceed 1000 lux near windows with direct sunlight or be as low as ~ 50 lux on ceilings in corners, indicating that indoor photovoltaic materials
and devices must accommodate a wide range of spatially heterogeneous illumination conditions. (d) Schematic illustration of typical perovskite
solar cells interfaced with IoT devices. Panel (e) compares the spectra of white LED, fluorescent lamp (CFL), incandescent lamp, and the
AMI.5G standard solar spectrum. (f) While the PSCs keep a high FF of above 75% at even below 1 W/m? irradiance, the FF of the c-Si SC
drops below 60% compared to 78.5% under STC.(b) Reproduced with permission.>* Copyright 2022, Statista GmbH. (c) Reproduced with
permission. 5% Copyright 2025, Springer Nature. (d) Reproduced with permission.’®! Copyright 2019, Wiley-VCH GmbH. (e) Reproduced
with permission.[®01 Copyright 2014, IEEE. (f) Reproduced with permission.[®!] Copyright 2024, American Chemical Society.

4.2. Advantages of perovskite materials under indoor light

A diverse range of materials are utilized for IPV. The high
efficiency and low cost of perovskite materials have attracted
considerable attention. Perovskite cells exhibit superior con-
version efficiencies under indoor lighting conditions compared
to other materials. Indoor light sources (e.g., LEDs, fluores-
cent lamps) lack ultraviolet radiation, with spectral emission
primarily concentrated in the visible range (400-700 nm).
Therefore, precise regulation of the perovskite bandgap be-
comes crucial for matching indoor spectral conditions. To this
end, through the synergistic optimization of precise bandgap
tuning and interfacial defect passivation, perovskite solar cells

with different bandgaps can be effectively matched to the in-
door light spectrum, as shown in Fig. 6(a). Moreover, due
to the ABX3 structure of perovskites, their bandgap can be
easily adjusted by controlling the cation ratio at the A site
and/or the halide ratio at the X site.>"1 For perovskites, the
bandgap can be tuned from 1.48 eV to 2.3 eV as the iodide
content decreases. Studies show that a bandgap of 1.77 eV
achieved through precise control of the iodine-to-bromine ra-
tio (I:Br = 4:1) ensures both sufficient light absorption range
(with a cutoff wavelength of 700 nm) and maximized avail-
able photon energy under indoor spectra.[”! By optimizing
the bandgap, certification efficiencies exceeding 43% can be
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Fig. 6. (a) Normalized indoor (LED/CFL) and AM1.5G spectra overlaid with ideal perovskite EQEs, showing that the ~ 1.90 eV bandgap
better matches the LED emission (400—700 nm) than 1.55 eV MAPbI3, thereby reducing thermalization losses. (b) Schematic illustration of
spontaneous bifacial capping by MeOBABr on both top and bottom surfaces of the perovskite film. (c) Schematic illustration of the F-PSC
structure, and its PCE under low indoor light illumination. (d) Schematic illustration of light-induced phase segregation in wide-bandgap
perovskite, showing the migration of halide ions under illumination and the resulting phase-separated domains. (e) Evolution of PCEs for
wide-bandgap perovskite solar cells under low indoor light illumination in recent years. (f) Comparison of perovskite films under different
humidity conditions before and after optimization. (g) Schematic illustration of the lead-free perovskite structure and its photovoltaic performance
under weak indoor light conditions. (h) Schematic of the CH3NH3Pb(Ip 3Brg2)3 perovskite mini-module directly coupled with a sodium-ion
battery for indoor light harvesting and storage, showing module efficiencies of ~ 17% (AM1.5G) and 27%—-43% (LED), and overall system
efficiencies of 11.9% (AM1.5G), 26.4% (500 lux LED), and 29.1% (high-intensity LED). (b)—(d) Reproduced with permission.[%3] Copyright
2025, Springer Nature. (e) Reproduced with permission.!”?! Copyright 2025, Elsevier. (f) Reproduced with permission.!”3 Copyright 2025,
American Association for the Advancement of Science (AAAS). (g) Reproduced with permission.m] Copyright 2025, American Chemical
Society. (h) Reproduced with permission. 8] Copyright 2022, Cell Press.

attained at 1000 lux. In addition to bandgap engineering,
defect control and interface optimization of perovskite films
are equally crucial strategies for achieving high indoor pho-
tovoltaic efficiency. Under low-light conditions, the concen-
tration of photogenerated carriers is relatively low, render-
ing the impact of non-radiative recombination losses on de-
vice performance more pronounced; therefore, reducing de-
fect density through interface passivation is of paramount im-
portance. As shown in Fig. 6(b), Jin et al. introduced 4-
(methoxy)benzylamine hydrobromide (MeOBABr) into the

perovskite precursor solution, whereby spontaneous phase
segregation led to the formation of amorphous capping lay-
ers on both the top and bottom surfaces of the perovskite
film (bifacial capping).!®3] These bifacial capping layers can
effectively cover grain-boundary grooves and passivate sur-
face defects, while simultaneously alleviating interfacial resid-
ual strain and promoting charge extraction. This microscopic
structural optimization significantly suppresses non-radiative
recombination, enabling perovskite solar cells to achieve a
PCE of 42.46% under 1000 lux indoor illumination. Addi-
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tionally, indoor artificial light sources exhibit significantly dif-
ferent Shockley—Queisser theoretical limits compared to stan-
dard sunlight. Under the AM1.5G solar spectrum, the the-
oretical limit efficiency for single-junction cells is approxi-
mately 33%, corresponding to an optimal bandgap of around
1.34 eV.1 However, indoor light sources have narrow spec-
tra concentrated primarily in the visible region (400-700 nm),
with substantially reduced thermal and transmission losses,
enabling a substantial improvement in the limit efficiency of
single-junction devices. Wu et al. employed the S—Q model
to systematically calculate the efficiency limits of perovskite
solar cells under fluorescent lamps and white LEDs, identify-
ing an “anomalous bandgap region” (=~ 1.2-2.0 V) in indoor
lighting conditions. Within this range, the efficiency variation
with bandgap differs markedly from that under solar illumina-
tion. For typical indoor lighting, the optimal bandgap is ap-
proximately 1.9 eV, significantly higher than that of conven-
tional CH3NH;3Pbls. Ho et al. further demonstrated through
detailed equilibrium calculations that the theoretical limit ef-
ficiency of single-junction photovoltaic devices under various
indoor lighting conditions reaches 51%—57%, corresponding
to an optimal bandgap range of 1.82-1.96 eV.!%! Through
a combination of experiments and optical-electrical simula-
tions, Albishi et al. systematically compared the performance
of bandgaps of 1.55 eV, 1.72 eV, and 1.88 eV in indoor LEDs.
They confirmed that the 1.72 eV bandgap exhibits optimal
overall performance across various color temperatures and
light intensities, while the 1.88 eV bandgap achieves a peak
efficiency of 37.4% at 250 lux. The study also emphasized

that reducing trap-assisted recombination is key to approach-
ing the theoretical limit. (6]

4.3. Progress of typical device efficiency

In recent years, the efficiency of perovskite indoor photo-
voltaic devices has improved remarkably rapidly, making them
the most efficient system among all indoor photovoltaic tech-
nologies.

The highest certified efficiency reported to date was
achieved by Ma et al., who employed an oil amine io-
dide trichloromethane solution as a dual additive to passi-
vate bulk defects in the 1.71 €V wide-bandgap perovskite,
achieving a certified efficiency of 44.72% (certified by the Na-
tional Photovoltaic-Industry Measurement and Testing Cen-
ter (NPVM), China; measured under 1000 lux illumination
from U30 fluorescent lamps, corresponding to an irradiance
of 338.2 uW-cm~?) under 1000 lux illumination from U30
fluorescent lamps, with an open-circuit voltage of 1.069 V
and a fill factor of 82.3%.°7l In modular applications, Ma
et al. fabricated a 1.77 eV bandgap perovskite mini-module
by precisely controlling the iodine/bromine ratio, achieving
over 43% certified efficiency under 1000 lux LED illumina-
tion, demonstrating the significant potential of perovskites for
large-area indoor photovoltaic applications. Zhang et al. de-
veloped perovskite indoor photovoltaic modules using an in-
situ bromine vacancy defect repair strategy, achieving over
36% certified efficiency at 1000 lux illumination, providing
crucial validation for the efficiency and reliability of large-area

devices.[08]

Table 1. Summary of indoor photovoltaic performance of state-of-the-art IPVs.

Strategies Eq (eV) Illumination Light intensity (lux) iVoc (V) iJsc (uA-cm~2) iFF (%) iPCE (%) Certified Refs.

OAmI:CHCIl3 1.71 U30 FL 1000 1.069 171.91 823 4472 Yes (NPVM) [67]

OAml (module) 1.71 3000 K LED 1000 6.49 25.3 80 43.54 No [62]

KI (module) 1.77 TL84 FL 1000 6.425 22.5 72.65 36.36  Yes (NPVM) [68]

KI (cell) .77 3000K LED 1000 1.05 121.9 81.6 34.60 No [68]

CMC: ICBA 1.72 4000K LED 308 3.19 49.6 63.2 27.6 No [80]

CMC: ICBA 1.72  4000K LED (unfiltered) ~176 700 3.85 3370 83.4 44 No [80]

ClI doping (triple anion) 1.65 2700 K FL 1000 1.028 123.7 78.4 36.2 No [70]

Br substitution (Sn-based)  1.65 2900K LED 1000 0.58 80 72 11.1 No [79]
Ininterface engineering, Orwat et al. employed ies demonstrate that bandgap engineering, defect passivation,

peryleneimide-based sulfobetaine zwitterionic compounds as
the cathode interface layer, optimizing conductivity and work
function by regulating alkyl chain length, achieving an ef-
ficiency of 40.72% under a 3000 K LED (1000 lux).[®!
In halide engineering, Cheng et al. developed the trianionic
perovskite MAPbI,_,BrCl,, where chloride ion doping sup-
pressed halide phase separation and reduced bulk defect den-
sity, yielding an efficiency of 36.2% under a 1000 lux fluo-
rescent lamp while maintaining 95% of the initial efficiency
after 2000 hours of continuous illumination.!”®! These stud-

and interface optimization are effective strategies for improv-
ing the efficiency and operational stability of perovskite IPV
devices under low-light conditions. Few of the indoor efficien-
cies listed in Table 1 are certified. Only the 44.72% cell and the
36.36% module have NPVM certification, while most other re-
ported values come from in-house measurements. At the same
illuminance of 1000 lux, irradiance ranges from 275 uW~crn_2
to 338 uW-cm 2 depending on the light source. The data also
suggest that low-light performance is limited mainly by the

fill factor rather than absorption. For example, the fill factor
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of the same module drops from 83.4% to 63.2% at 300 lux.
The efficiency gap of about 8§ percentage points between small
cells (44.72%) and mini modules (36.36%) also highlights the
difficulty of scaling up devices. These results point to a need
for better module performance and standardized testing, rather
than a focus solely on small-cell efficiency records

4.3.1. Stability and industrialization challenges

The primary challenge in indoor applications of per-
ovskite solar cells lies in their stability. A key issue is the
phase separation phenomenon observed in wide-bandgap per-
ovskites under light exposure, as shown in Fig. 6(d).[®3] For
instance, Han et al. proposed adding melamine as an additive
to rubidium-alloyed perovskites. However, rubidium-alloyed
perovskites exhibit the formation of flaky secondary phases
(0-Rbpbl3) during film deposition, severely compromising the
lattice integrity of the film surface and creating an insulating
layer that degrades both film quality and photovoltaic per-
formance. In contrast, melamine iodide’s strong coordina-
tion effect reduces the formation energy and nucleation bar-
rier of rubidium-alloyed perovskites, enabling rubidium ions
to preferentially participate in perovskite film formation over
secondary phase hybrids during deposition. This approach
not only eliminates surface-accumulated secondary phases but
also significantly reduces defect state density and suppresses
non-radiative recombination, markedly enhancing film qual-
ity. Consequently, the improved devices demonstrate sub-
stantially higher carrier diffusion coefficients and mobility.[”!!
Their I-V characteristics reveal enhanced shunt resistance,
reduced series resistance, and lower leakage current, further
confirming superior overall charge transport and reduced non-
radiative recombination losses.!”!! The device achieved a max-
imum efficiency of 25.03%, which far exceeds the PCEs pre-
viously reported in the literature within the bandgap range
of 1.64-1.69 eV, and the long-term stability was also sig-
nificantly improved. Thus, research on additive-based phase
separation suppression has yielded numerous effective solu-
tions.. These studies have significantly boosted the efficiency
of wide-bandgap perovskite solar cells under low-light condi-
tions in recent years, as shown in Fig. 6(e).[”?

Indoor photovoltaic systems face additional challenges
related to indoor humidity and thermal cycling. The relative
humidity indoors typically ranges from 30% to 70%, while ar-
eas such as bathrooms and kitchens can exceed 80%. High-
humidity environments are the primary cause of perovskite
decomposition; suppressing the impact of humidity on per-
ovskites can significantly improve the film quality and stabil-
ity of perovskite thin films, as shown in Fig. 6(f).[3] Addi-
tionally, indoor temperature fluctuations are relatively mild,
typically ranging from 15% to 35%, but frequent on/off light-
ing cycles are also present.[”*! Regarding high indoor humid-

ity, Wang et al. recommend specific encapsulation techniques
that meet water vapor transmission rate (WVTR) standards
below 103 g/(m?-day), including glass-glass encapsulation,
multilayer polymer/oxide stacks, and atomic layer deposition
(ALD) Al,03.17%1 These encapsulation methods effectively
suppress perovskite film degradation caused by high humidity.
Moreover, ensuring proper matching of thermal expansion co-
efficients during device design helps mitigate accelerated ion
migration due to thermal cycling.!7®!

Indoor perovskite PV systems also require specialized
stability testing protocols, including dedicated aging tests un-
der indoor lighting conditions (LED/fluorescent lamps) using
white LEDs (color temperature 2700-6500 K) at light inten-
sities of 200—1000Tux at 25 °C or constant temperatures. ]
Device T80/T90 lifespans under indoor conditions must be re-
ported, not merely under outdoor 1-hour sunlight exposure.
Consequently, devices must also be tested for their long-term
stability under changes in indoor humidity and temperature.

In" addition,.to address the toxicity bottleneck of lead-
based perovskites, the development of lead-free perovskite
materials is regarded as an important strategy to fundamen-
tally resolve environmental safety concerns./’®! Among these,
tin-based perovskites are considered one of the most promis-
ing alternative systems due to their photoelectric proper-
ties similar to lead-based counterparts and suitable bandgaps.
However, Sn’t in tin-based perovskites is highly suscep-
tible to oxidation into Sn*t, and the dimethyl sulfoxide
(DMSO) solvent commonly used in traditional preparation
processes significantly aggravates this oxidation, leading to
severe self-p-doping and device performance degradation.
Recently, Panda et al. proposed a tin halide perovskite
FASnI;_,Br, strategy based on a DMSO-free solvent sys-
tem (N,N-diethylformamide/1,3-dimethyl-2-imidazolidinone,
DEF:DMPU), as shown in Fig. 6(g).I””) Through halide en-
gineering (Br~ substitution for I7), the bandgap was tuned
while simultaneously suppressing Sn>* oxidation. X-ray pho-
toelectron spectroscopy (XPS) confirmed that no Sn** signal
was detected in this system, indicating that eliminating DMSO
can effectively solve the oxidation problem of tin-based per-
ovskites. Indoor photovoltaic devices fabricated based on this
system achieved a PCE of 11.1% under 1000 lux illumina-
tion. Moreover, without adding any reduced agents or an-
tioxidants, the indoor PCE of the device increased to 11.9%
after storage in a nitrogen atmosphere for 6 months, demon-
strating excellent intrinsic stability. Furthermore, to evaluate
the performance of this DMSO-free tin-based perovskite un-
der different indoor lighting scenarios, Panda et al. systemati-
cally characterized the photovoltaic output of the optimal com-
position FASnI,Br devices under typical LED color tempera-
tures (warm white 2900 K) and various illumination intensities

108801-13



Chin. Phys. B 35, 108801 (2026)

(1000 lux, 500 lux, and 200 lux). As shown in Fig. 6(g), under
the 2900 K light source, the device PCE gradually decreased
from 11.1% at 1000 lux to 10.0% at 200 lux as the light in-
tensity weakened.[””! These results indicate that DMSO-free
tin-based perovskites can maintain a high efficiency retention
rate under indoor weak-light environments and exhibit supe-
rior spectral matching with warm-white light sources, provid-
ing experimental evidence for their practical application un-
der common indoor IoT lighting conditions. This work offers
important insights for the development of high-performance,
environmentally friendly lead-free perovskite materials.

In addition to the indoor photovoltaic performance of
individual devices, direct coupling of perovskite modules
with energy storage batteries represents an important strat-
egy for efficient indoor light energy utilization. As shown in
Fig. 6(h), Kin et al. constructed an indoor light harvesting—
storage system based on the direct integration of a wide-
bandgap CH3NH3Pb(Iy §Brg.2)3 perovskite mini-module and a
high-rate-capable sodium-ion battery. The perovskite module
achieved an efficiency of approximately 17% under AM1.5G
illumination, whereas under LED lighting, the module ef-
ficiency was substantially enhanced to 27% (300 lux) and
43% (high intensity LED) owing to superior spectral match-
ing. Furthermore, through direct coupling with the sodium-ion
battery, the system attained overall efficiencies of 26.4% un-
der dim LED light (500 lux) and 29.1% under high intensity
LED, significantly surpassing its overall efficiency under so-
lar illumination (11.9%).13" This work provides an important
paradigm for the integrated coupling of IPV and energy stor-
age systems, demonstrating broad prospects for self-powered
IoT applications.

As one of the most promising industrial applications for
perovskite solar cells, IPV stands-at a critical juncture transi-
tioning from laboratory research to commercial deployment.
Nevertheless, comparison of indoor photovoltaic performance
across different studies remains challenging because a univer-
sally-harmonized testing protocol has not yet been established.
In'particular, the same illuminance expressed in lux can corre-
spond to different spectral power distributions and irradiances
for LEDs with different color temperatures or for fluorescent
lamps, while perovskite devices with different bandgaps re-
spond differently to these spectra. Reported efficiencies may
therefore depend strongly on the light-source spectrum, il-
luminance, irradiance, device area, and measurement proce-
dure. For meaningful comparison, future studies should report
the spectral power distribution and color temperature of the
light source, both illuminance and irradiance, active or aper-
ture area, stabilized power output, and T80/T90 lifetime under
clearly defined indoor environmental conditions. Such har-
monized reporting would enable more reliable comparison of

IPV performance and facilitate the development of scenario-
specific certification standards. In summary, perovskite in-
door photovoltaic technology has demonstrated unparalleled
efficiency advantages and application potential. However, its
successful industrialization hinges on establishing standard-
ized stability testing protocols tailored for indoor environ-
ments, overcoming challenges in thin-film quality control dur-
ing large-scale production, and achieving seamless energy in-
tegration with IoT ecosystems.

5. Semi-transparent perovskite photovoltaic de-
vices

With the acceleration of the global energy transition, pho-
tovoltaic technology is gradually developing towards the in-
tegration of energy and scenarios. In dense urban environ-
ments, traditional photovoltaic modules require a large amount
of land or roof space, which limits their application in densely
built areas.®! In order to effectively utilize urban space with-
out changing the design of buildings, semi-transparent per-
ovskite solar cells (ST-PSCs) have been developed.

The application of ST-PSC devices is very extensive
(Fig. 7(a)). Photovoltaic devices are applied to building mate-
rials or shells, such as roofs, windows or curtain walls, to gen-
erate electricity on building facades without affecting natural
lighting. This is usually classified as building integrated pho-
tovoltaic (BIPV).[8%] Semi-transparent BIPV structures can al-
low natural light to enter indoor spaces and control solar ab-
sorption without affecting indoor visibility. Of course, semi-
transparent photovoltaics can also be applied to other fields.
Agricultural photovoltaics is another important application di-
rection of semi-transparent photovoltaics. By using semi-
transparent photovoltaic modules with selective light transmis-
sion to cover greenhouses, some light energy can be converted
into electrical energy while ensuring the photosynthetic radia-

(831 In addition, with the popular-

tion required for crop growth.
ization of new energy vehicles and smart mobile devices, the
demand for transparency of vehicle photovoltaics and mobile
electronic devices is increasing. Applying ST-PSC devices to
vehicle sunroofs, side windows or mobile device screens can
achieve continuous power generation without changing the ap-
pearance design.®*! The development of flexible ST-PSC de-
vices has further expanded their application prospects in wear-

able electronic devices. 8]

5.1. Performance evaluation of semi-transparent photo-
voltaic devices

Unlike traditional photovoltaic devices, ST-PSC systems
require consideration not only of device performance but also
of transmittance and aesthetic appearance.
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Fig. 7. (a) Schematic illustrating representative application scenarios of semi-transparent photovoltaics, including building-integrated windows,
automobile glazing, electronic-device displays, and greenhouses. ' (b) Schematic of the different light-transmission strategies used in semi-
transparent solar cells, including wavelength-selective absorption (UV/NIR-harvesting) and spatially segmented approaches. (c) Comparison
between low and high color rendering indexes (CRI), illustrating how the spectral profile of the transmitted light affects the perceived color fidelity
of objects viewed through the device. (d) Positions of representative semi-transparent solar cells in the CIE 1931 chromaticity diagram, with the
Planckian locus indicating the chromaticity coordinates of an ideal blackbody radiator and the surrounding region defining neutral/daylight-like
transmission colors. Panels (a)—(c) are reproduced with permission from Ref. [88]. Panel (d) is reproduced with permission from Ref. [88].

Average visible transmittance (AVT): AVT is a core indi-
cator for evaluating the light transmittance of transparent pho-
tovoltaics. It is closely related to the photosensitivity of the
human eye and can be expressed as%®

JT(A)-V(R)- AML5G (1) dA
AT = TV A)- AMISG () dA

ey

where T (A)is the transmittance, V (A1) represents the human
eye’s response to visible light, and AM1.5G is the solar pho-
ton flux under illumination. The integration is performed over
asufficiently long wavelength range to completely cover vis-
ible light. AVT reflects the device transparency perceived by
the human eye and is a quantitative standard for measuring
the transparency of transparent photovoltaics. Usually, 60%
AVT is used as the dividing line between TPV and ST-PSCs,
because glass with an AVT value of more than 60% appears
transparent, while glass with an AVT value of less than 50%
begins to appear dark, colored, or reflective.[37-88]

CRI is used to evaluate the color fidelity of light passing
through semi-transparent photovoltaic devices. For architec-
tural window applications, CRI is a particularly important test
indicator. If the light passing through the window has a seri-
ous color deviation, it will affect the visual comfort and work-
ing environment of the people inside. The CRI value ranges

from 0 to 100, where higher values indicate that the transmit-
ted light renders colors more accurately, and lower values indi-
cate poorer color reproduction capability (Fig. 7(b)).®8) Gen-
erally speaking, light sources or transparent media with a CRI
of at least 70 are considered to be of good quality, while those
with a CRI higher than 85 are considered to be of the highest

quality. CRI is calculated as follows: 890!
1 8 2 2 2
CRlzgzizl 100 —4.61/ (Ai)* 4 (A%)” + (Ax)* | .(2)

There is an inherent trade-off between AVT and PCE: in-
creasing transmittance will inevitably reduce light absorption,
thereby reducing device efficiency. In order to comprehen-
sively evaluate the performance of transparent devices, Tra-
verse et al. introduced a new performance index called light
utilization efficiency (LUE),3¢!

LUE = PCE x AVT. 3)

Devices with high transmittance but low conversion efficiency,
or high conversion efficiency but low transmittance, typically
have low LUE. Therefore, LUE comprehensively reflects a de-
vice’s performance in both power generation and light trans-
mission, providing a clear picture of its overall performance
after the trade-off between the two.
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Color temperature assessment is mainly used to reflect the
aesthetics and visual comfort of devices and to help determine
whether the light is neutral.®!! Correlated color temperature
(CCT) mainly characterizes the perception of the warmth or
coolness of the light source. The CCT of cool colors exceeds
5000 K, while the CCT of warm colors is between 2700 K and
3000 K.[9293] In addition, CCT is one of the most critical and
widely used colorimetric measurement indicators.*%!

For the application of semi-transparent photovoltaic de-
vices, the human eye’s perception of color and transparency
is crucial, as recognition is highly dependent on the spectral
response of the target. To evaluate the perception of semi-
transparent planar heterojunction perovskite solar cells, we
can estimate it using the CIE 1931 chromaticity diagram. (%3
Based on the CIE 1931 XYZ color system (see Fig. 7(c)), we
calculate the tristimulus values (X,Y,Z) by measuring spec-
tral transmittance, the spectral distribution of the D65 stan-
dard light source, and the color matching function, and then
convert them into chromaticity coordinates (x,y). Commonly
used incident light sources are D65 (0.3128, 0.3290) or AM
1.5G (0.3202, 0.3324), as both are close to white light (0.33,

0.33) and have good color neutrality. 8]

5.2. Semi-transparent photovoltaic technology

Semi-transparent photovoltaics (STPV) have developed
rapidly and can be mainly divided into traditional. thin film

(9] Among

technology and emerging photovoltaic technology.
them, emerging photovoltaic technologies have significantly
improved PCE."”’! The chemical formula of perovskite is
ABX3, where A is a small cation, B is a divalent metal cation,
and X is a halide. Changing these elements in the composi-
tion of perovskite can affect its properties, such as bandgap,
stability, and diffusion length.[°8! PSCs possess high absorp-
tion coefficients, high carrier mobility, and long charge diffu-

.1 The core

sion lengths, making them of great research valu
challenge for ST-PSCs is the contradiction between PCE and
AVT. The following discussion will focus on ST-PSCs, with an
emphasis on the balance between efficiency and transparency.
The discussion will focus on three aspects: controlling the film
thickness, adjusting the bandgap, and microstructure engineer-

ing.
5.2.1. Microstructure regulation

ST-PSCs must balance power conversion efficiency with
light transmittance. Microstructure engineering addresses this
challenge through spatial or optical partitioning. Instead of
relying solely on a thinner perovskite layer, it assigns differ-
ent regions or components of incident light to power gener-
ation and transmission. This design aims to achieve semi-

transparency while maintaining efficiency. Based on this prin-

ciple, researchers have developed strategies that modify the
perovskite layer, electrodes, or optical polarization layer.

The first technical approach involves spatial partitioning
within the perovskite layer. For example, Wang!!% regulated
the perovskite crystallization process through a supramolecu-
lar dynamic coordination strategy, inducing it to grow in seg-
ments, and finally formed island nanocrystals composed of
low-dimensional structures. Unlike the preparation of dense
films, this strategy aims to induce the formation of discon-
tinuous, nanoscale island perovskite crystals on the substrate.
Light can pass directly through the gaps between the island
structures, thereby significantly improving the AVT of the de-
vice without significantly reducing the light absorption effi-
ciency (because the island structure can enhance light scatter-
ing and reabsorption). The essence of this method lies in parti-
tioning the perovskite layer into regions for power generation
and light-transmitting voids; however, light transmittance re-
mains influenced to some extent by the perovskite coverage
area and its absorption characteristics.

In addition to the aforementioned method of inducing the
formation of island nanocrystals, the bottom electrode can also
be engineered with a three-dimensional mesh or nanomesh
structure; this approach transfers the compartmentalization of
the perovskite layer to the electrode, further decoupling light
transmittance from the intrinsic absorption characteristics of
the perovskite itself. Of course, compared to standard devices,
the light-transmitting areas of the grid do not contribute to
power generation; consequently, the power output per unit area
remains lower than that of opaque devices of the same type.
The three-dimensional mesh strategy uses a conductive mesh
(such as metal nanomesh) as the bottom electrode and frame-
work, and perovskite material fills the pores of the mesh. The
device will be divided into active areas (within the mesh, gen-
erating electricity) and a transparent area (between the mesh,
transmitting light). The transmittance is mainly determined
by the geometry of the mesh (such as pore size and line width)
(Fig. 8(a)) and has little correlation with the absorption char-
acteristics of the perovskite material itself. For example, Shao
et al.!"% used nickel mesh as the structural framework and
bottom electrode, and achieved light transmission by using a
micropore array (pore size 40 pm, porosity 19.8%) as the op-
tical control area (Fig. 8(b)). At the same time, the surface
of the nickel mesh and the inner wall of the pores are used as
photoelectric conversion areas to deposit the functional layer
of the device. The structure separates the light-transmitting
region from the photoelectric conversion region, so that AVT
is no longer limited by the perovskite absorption layer, and
finally achieves 4.48% PCE, 16.5% AVT and a high CRI of
98.35%. For the study of nanogrid structures, Wang et al.[19]
used the high surface tension of MoOj3 to induce the metal film
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to form an ultrathin and highly conductive nanogrid structure,
and used it as a transparent electrode. In the nanogrid, gold
particles are interconnected to form a continuous conductive
path, which overcomes the common discontinuity problem of
The pores in the grid allow light to
pass through, avoiding the strong reflection and absorption of
dense metal films. The nanogrid structure achieves both high
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conductivity and high light transmittance, providing a feasi-
ble solution for the development of ST-PSCs. Compared to
the island nanocrystals, the grid scheme achieves a more com-
plete physical separation between the light-transmitting and
power-generating regions; consequently, light transmittance is
no longer dominated by the perovskite layer but is instead de-
termined by the geometric parameters of the grid.
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Fig. 8. (a) Schematic diagram and structural characteristics of a three-dimensional mesh structure and micro hole. (b) Nickel mesh substrate
SEM including surface and local enlarged views. (c) Schematic of the semi-transparent PSC with a grating-based photonic crystal structure.
(d) Dependence of LUE values on perovskite film thickness. (e) Photographs of ST-PSCs with different perovskite thicknesses prepared using
different spin speeds. (f) J=V characteristics of the champion semi-transparent CsPbl; PSC with MAM buffer layer (aperture area: 0.076 cm?).
Inset: photographs of small-size semi-transparent CsPblz PSCs. (g) Crystal structures illustrating lattice deformation. (h) Full device structure.
(i) Schematic illustration of the inverted PSC with an enlarged view of the transparent top electrode. (j) PSCs and glasses with MoO3/Ag/MoO3
electrodes. Panels (a) and (b) are reproduced with permission from Ref. [101]. Panel (c) is reproduced with permission from Ref. [103]. Panel (d)
is reproduced with permission from Ref. [105]. Panel (e) is reproduced with permission from Ref. [106]. Panel (f) is reproduced with permission
from Ref. [107]. Panel (g) is reproduced with permission from Ref. [108]. Panels (h)—(j) are reproduced with permission from Ref. [120].

The third approach no longer relies on partitioning in
physical area but instead achieves partitioning along the op-
tical path by exploiting polarization selectivity. This method
does not change the perovskite layer itself but etches into
a grating structure on the glass substrate. By leveraging
the selective absorption characteristics of photonic crystals
regarding polarized light, the incident light can be modu-

lated (Fig. 8(c)); this allows light that would otherwise be

reflected or blocked by opaque electrodes to pass through,
thereby achieving semi-transparency without sacrificing ef-
ficiency. For example, Zhou et al.!'! etched a micron-
scale grating on the glass side and directly deposited a high-
efficiency opaque FAPbI; solar cell in the grating trench.
Utilizing a grating to exhibit different optical responses to
the two orthogonal components inherently present in unpo-

larized sunlight: TM-polarized light (aligned parallel to the
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grating) triggers a strong microcavity resonance effect, caus-
ing the light to undergo multiple reflections and absorption
within the grooves — thereby enhancing absorption and re-
ducing transmission to ensure cell efficiency. In contrast, for
TE-polarized light (aligned perpendicular to the grating), the
electric field is perpendicular to the grating’s periodicity; this
results in weak coupling with the grating structure and fails
to excite strong microcavity resonance, significantly reducing
light localization and the absorption path within the perovskite
layer. Consequently, the majority of visible light is efficiently
transmitted through the semi-transparent cell, maintaining a
flat transmission spectrum and resulting in white transmitted
light. Based on the high-efficiency opaque cell, the balance
between PCE and AVT is achieved through optical model op-
timization. Compared to the first two approaches, the grating-
based scheme shifts the division between power-generating
and light-transmitting regions from physical space to the op-
tical dimension; it relies less on the perovskite material itself
and allows for a more refined and controllable trade-off be-
tween efficiency and transparency.

5.2.2. Thickness control of the perovskite layer

The most direct way to achieve ST-PSCs is to reduce the
thickness of the perovskite light-absorbing layer. When the
thickness of the perovskite layer is reduced to below 300 nm,
the film can be semi-transparent.!'% Yu er al. 1'% investi-
gated the effects of perovskite composition on the combina-
tion of Cs, FA, MA, I, and Br. They fabricated perovskites
with bandgaps of 1.73 eV and 1.82 eV and reported improved
efficiency and stability of ST-PSCs (Fig. 8(d)). ST-PSCs with
thicknesses ranging from 100 nm to 400 nm achieved PCE
values of 4.2% to 15.4% and AVT values between 52.4% and
20.8%. Images of ST-PSCs of different thicknesses are shown
in Fig. 8(e). Reducing the thickness of the perovskite layer
will worsen its surface coverage and generate a large num-
ber of pinholes. Excessive thinning will also introduce lattice
strain. To solve these problems, scientists have conducted the
following studies. (10!

Interface buffer layer optimization: The pinholes are cov-
ered by a dense buffer layer deposited on the perovskite layer,
and the device is protected from subsequent process damage.
For example, Zhang et al.!'%” formed a MAM sandwich struc-
ture buffer layer by embedding an ultrathin silver layer (about
1 nm) between two layers of molybdenum oxide (MoO,). The
key to this structure is that silver reacts in-sifu with molyb-
denum oxide at the interface to generate AgryMoQy4, which
can not only resist the plasma bombardment generated dur-
ing magnetron sputtering deposition of transparent electrode
(IZO) and protect the lower perovskite and hole transport

layer, but also significantly improve the carrier transport and

collection efficiency due to its high light transmittance and en-
ergy level matching. As shown in Fig. 8(f), the pure MoO,
blocking layer could effectively shield the perovskite layer
from ITO sputter-induced damage. For the MAM structure,
Ag ions are mainly distributed in the middle between the two
MoO, layers, further confirming its MoO,/AgyMo0O4/MoO,
sandwich configuration. Since thinning the perovskite will
lead to poor coverage of the perovskite on the hole transport
layer, resulting in increased interface defects and severe heat
accumulation, Wang et al.l'% proposed a pharmacophore-
guided molecular design strategy, using dexamethasone (Dex)
as the interface ligand. Dex achieves multi-point synergistic
anchoring at the buried interface of the perovskite/hole trans-
port Fig. 8(g), while achieving defect passivation, band mod-
ulation and reduction of interface thermal resistance. Finally,
the optimized device with an absorption layer of about 150 nm
thick achieved a PCE of 15.26% under the condition of an
average AVT of 20.88%, corresponding to a LUE of about
3:19%.

Crystallization regulation: During the thinning process,
excessively thin films not only have difficulty forming a dense
capping layer but also introduce lattice strain due to interface
constraints. To address this issue, researchers have developed
various strategies aimed at improving crystal quality and re-

1091 ysed an in-situ strain

lieving stress. For example, Ghosh!
control strategy, adding different amounts of formamidinium
hydrochloride (FACI) to the MAPbI; precursor solution. The
addition of FACI increased the grain size, improved crys-
tallinity, and transformed the intrinsic compressive strain of
the film into tensile strain, eliminating inhomogeneities within
the film. This paper demonstrates the key role of compressive
strain in stabilizing lattice rigidity and suppressing photoin-

duced ion migration.

5.2.3. Bandgap control

Band engineering is the core strategy for ST-PSCs to
achieve spectrally selective absorption. By adjusting the halo-
gen composition of perovskite, the absorption edge can be
tuned to outside the visible light range, so that the device
mainly absorbs ultraviolet and near-infrared light, while allow-

101 Transparency is mainly

ing visible light to pass through.!
adjusted by adjusting the halide composition of the X site. The
higher the Br content, the wider the bandgap, the enhanced
absorption of short-wavelength light and the increased trans-
mission of long-wavelength light (the sensitive area of the hu-

(111} gystematically studied the

man eye).!!%! Jin Choi’s team.
(FA0.85Cs0.15)Pb(I1_Bry)3 system, where x =0, 1, and 2 cor-
respond to bandgaps of 1.56 eV, 1.75 eV, and 1.95 eV, respec-
tively. They found that the optimal light utilization efficiency
(LUE) balance was achieved at a thickness of 65 nm for a wide

bandgap perovskite with a bandgap of 1.75 eV.
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Wide bandgap perovskites usually refer to perovskite ma-
terials with a bandgap greater than 1.65 eV.[!!2 Although
bromine-rich perovskites are beneficial for light transmission,
they face severe halide phase separation, ion migration and
open-circuit voltage loss.![!13 Therefore, scientists are shifting
their research focus from traditional halogen component regu-
lation to the development of multifunctional molecular passi-
vation, dipole molecular interface modification and bromine-
Chen et al."'"! introduced

sodium formate (NaFo) to modify the buried interface between

free direction transformation.

the electron transport layer SnO, and the perovskite to ad-
dress the photostability problem of wide bandgap perovskites,
which suppressed the photoinduced halide phase separation of
the bromine-rich system and improved the efficiency and pho-
tostability of wide bandgap perovskites. To effectively con-
trol the crystallization process, Jin et al.!''>! introduced a bi-
functional dipole molecular additive, 3,5-difluorobenzamidine
hydrochloride (DFBA). DFBA forms multi-point synergistic
passivation with perovskite through the coordination bond be-
tween F~ and Pb?>* and the hydrogen bond of NH- - -I/Br. By
simultaneously passivating defects and optimizing energy lev-
els through molecular dipole engineering, battery efficiency
and light transmittance can be balanced. Yoon et al.!''®! pro-
posed a bandgap adjustment strategy that does not depend on
halogen composition. Instead of increasing the bromine con-
tent, they introduced dimethylamine (DMA) at the A site to
partially replace formamidinium (FA) and used lattice expan-
sion to widen the bandgap. This method provides a new idea
for wide bandgap control.

5.3. Transparent electrode

The transparent electrode. occupies a uniquely con-
strained position'within the device stack, because it is required
to transmit incident photons and to collect and laterally con-
duct the photogenerated carriers at the same physical inter-
face. .These two functions are not independently adjustable.
Both are governed by the free-carrier concentration and the
thickness of the film. Increasing either lowers the sheet resis-
tance, yet a higher free-carrier concentration intensifies free-
carrier absorption in the near-infrared following the Drude
model, while a greater thickness attenuates transmittance di-
rectly through the Beer—Lambert relation. The top transparent
electrode must balance the requirements of high conductiv-
ity, high transmittance, appropriate work function, and com-
patibility with the underlying material. Therefore, the mate-
rial selection and structural design have a decisive impact on
the device’s efficiency, transparency, color rendering, cost, and
stability.!''”l Common TCOs such as indium tin oxide (ITO)
have excellent optoelectronic properties, but they can damage
the sensitive perovskite layer and reduce device performance

when deposited.!'!8] The Henk J. Bolink team!' " used a full
vacuum deposition process to prepare ST-PSCs. By optimiz-
ing the thickness of the perovskite layer (about 100 nm) and
the back electrode ITO structure, they achieved a highly ef-
ficient and transparent top electrode without introducing an
additional buffer layer. The paper proposes an interface reac-
tive sputtering strategy, introducing polyethyleneimine (PEI)
as a reactive interface layer between the Cg electron trans-
port layer and ITO. PEI reacts with sputtered ITO nanoparti-
cles to form coordination compounds, which mitigate the im-
pact of high-energy particles, protect the integrity of the un-
derlying Cgp and perovskite layers, and promote carrier trans-
port at the Cgo/PEI/ITO interface. In addition to introducing
a buffer layer, scientists have also found alternative electrode
materials, such'as: (1) dielectric/metal/dielectric (DMD) mul-
tilayer electrodes; (2) carbon nanotube (CNT) electrodes; and
(3) conductive polymers and emerging materials.

The DMD structure adopts a sandwich configuration of
transparent dielectric layer/ultrathin metal layer/transparent
dielectric layer. Through the optical interference effect, the
ultrathin metal layer (usually Ag, Au or Cu) can achieve high
conductivity, while the dielectric layer (such as MoO3, WO3,
ZnO) plays the role of anti-reflection and metal protection. By
adjusting the thickness of each layer, the transmission spec-
trum and color can be effectively controlled.!!!”] Carbon nan-
otubes (CNTs) have excellent conductivity, high light trans-
mittance, good flexibility and chemical stability. Moreover,
the preparation process does not require harsh conditions such
as high temperature or sputtering, which can completely avoid
the use of metal electrodes, thereby reducing manufacturing
costs and eliminating device instability caused by metal diffu-

1201 first intro-

sion. Based on these advantages, Yoon et al.l
duced CNTs synthesized by floating catalyst into all-inorganic
PSC as top electrodes, as shown in Fig. 8(h). They com-
bined hydrophobic CNTs with polymer hole transport materi-
als to form a nano-hybrid film, which has both efficient charge
collection and moisture protection functions. The conduc-
tive polymer has solution processability, good flexibility and
light transmittance, and can achieve low-cost and large-area
preparation. In addition, emerging materials such as metal
nanowires and graphene have also shown potential in ST-PSCs
top electrodes.

To address the issues of island-like growth, poor conduc-
tivity, energy level mismatch, low back-side efficiency, and
monotonous appearance associated with ultrathin Ag transpar-
ent electrodes in p—i—n bifacial PSC, our team designed and
fabricated a MoO3/Ni/Ag/MoQO3 (DMD) transparent top elec-
trode (Fig. 8(i)). MoOs3 enhances the wettability of Ag, and
the 1 nm Ni seed layer modulates the electrode work func-

tion from 4.62 eV to 4.31 eV, eliminating the Schottky barrier
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between MoO3; and Ag and forming an ohmic contact, sig-
nificantly improving charge extraction efficiency. Simultane-
ously, Ni improves the continuity and flatness of the Ag film.
Ultimately, the front-side efficiency reaches 20.8%, approach-
ing the 22.1% of a 100 nm Ag reference device. Building upon
this, as shown in Fig. 8(g), color modulation of reflected light
is achieved by varying the thickness of the top MoOj3 layer
(20-220 nm), while simultaneously increasing the back-side
transmittance at 20-50 nm, raising the back-side efficiency
from 11.95% to a maximum of 14.56%, achieving a bifacial
factor of 57.6%—74.4%, and a bifacial equivalent efficiency of
24.95%. The top MoOs layer also provides protection, sig-
nificantly improving the device’s storage stability. This work
offers a low-cost, easily evaporable transparent electrode so-
lution for efficient, aesthetically pleasing, and stable bifacial
PSC.1121]

Despite significant progress in efficiency, transmittance,
and stability, ST-PSCs still face multiple challenges in tran-
sitioning from laboratory applications to practical use. First,
there is the challenge of balancing PCE and AVT. Due to the
physical repulsion between light absorption and visible light
transmission in the active layer, increasing transparency can
lead to insufficient photon capture and decreased photocur-
rent, and high transmittance is often accompanied by signif-
icant color shift. Second, large-area fabrication is constrained
by process techniques; ultrathin perovskite films are prone to
pinholes and discontinuities, and the large-scale, reproducible
deposition of transparent electrodes (especially the top elec-
trode) also faces bottlenecks. Third, long-term. stability de-
pends on the development of high-transmittance, high-barrier
encapsulation materials, and the performance degradation of
devices under complex environments such as high tempera-
ture, humidity, and-ultraviolet irradiation urgently needs to be
addressed. Finally, color control to meet the aesthetic require-
ments of BIPV remains challenging. Although methods exist
to achieve full-spectrum color coverage, such optical control
often comes at the cost of sacrificing some light absorption.
Achieving precise color control without significantly reducing
efficiency remains a key area requiring further exploration.

6. Recent progress of our group in PSCs
6.1. Efficiency promotion strategies in our group

Our group has achieved the development of high-
efficiency perovskite solar cells through the implementation
of several technical strategies, including nucleation-induced
grain growth, energy level regulation, and defect passivation.
In the context of heteronuclear-induced crystallization, we in-
troduced zinc ions as heteronuclear to inductively grow high-
quality inorganic perovskite thin films with grain sizes exceed-
ing 5 pm, which significantly reduced grain boundary density

and suppressed non-radiative recombination (Fig. 9(a)).!1??]

Furthermore, we constructed heteronuclear at the buried inter-
face, achieving dual functionalities of induced crystallization
and interfacial defect passivation (Fig. 9(b)). [123,124]

In terms of energy level regulation in perovskites, our
team employed an aliovalent ion doping strategy to effectively
modulate the built-in electric field of the devices, thereby en-
hancing charge carrier separation efficiency. Specifically, alio-
valent Sb°* doping on Pb sites in MAPbI3 enabled n-type
doping and elevated the Fermi level at'the perovskite/electron
transport layer interface, leading to an enhanced built-in elec-
tric field.!'>! By incorporating the smallest metal ion Li*,
we achieved dynamic modulation of the n/p-type doping of
perovskites via mobile ions.[!>6! The application of graphene
quantum dots bearing electronegative chlorine atoms to the in-
terface of FAg ¢MAg.4Sng ¢Pbg 413 narrow-bandgap perovskite
enabled a synergistic effect of efficient charge extraction and
defect passivation.!'”’ In our most recent study on Sn—Pb
narrow-bandgap.perovskite photovoltaic devices (Fig. 9(c)),
we innovatively proposed a grain boundary dipole modulation
strategy, which reconfigures the grain boundaries from “re-
combination centers” into “charge separation channels.” This
strategy overcomes the conventional single-function paradigm
of additive-based defect passivation, realizing a benign role of
grain boundaries and demonstrating our team’s capability in
multiscale energy level regulation. 28]

6.2. Our work toward device stability

Although the photovoltaic efficiency of organic—
inorganic hybrid perovskite solar cells (PSCs) has made
tremendous progress, the intrinsic instability of volatile or-
ganic cations in hybrid perovskites under external stimuli
seriously restricts their commercial application. One alter-
native to address this issue is the use of cesium (Cs) to fab-
ricate all-inorganic perovskites CsPbX3 (X = I, Br), which
present superior thermal stability and optoelectronic proper-
ties. However, due to the rapid and difficult-to-control crystal-
lization of inorganic perovskites, the resulting crystals usually
exhibit suboptimal quality and morphology with numerous
surface defects, leading to poor stability of thin films and
devices. Employing self-polymerizing acrylate monomers
(DPHA) during thermal treatment forms a network polymer
that simultaneously passivates undercoordinated Pb>* defects
and serves as a hydrophobic protective barrier. The DPHA-
based device achieved a record-high fill factor of 85.05%
and a PCE of 20.05% (Fig. 9(d)). Crucially, DPHA-based
films exhibited significantly enhanced phase and ambient-
air stability, attributed to improved hydrophobicity and re-
duced defect density.!'””! By introducing a hydrolysable 3-
iodopropyltrimethoxysilane IPTMS) additive into the CsPbl3
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precursor, we found that IPTMS can undergo in-situ poly-
merization via hydrolysis to form a hydrophobic polysiloxane
network at grain boundaries during annealing (Fig. 9(e)). This
process slows crystallization, consumes moisture, and passi-
vates defects via [-Pb interactions, achieving the highest PCE
of 20.36% for inverted PSCs with enhanced moisture stability.
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Even under high-humidity fabrication (80% RH), it retained
an efficiency of 19.50%, demonstrating a broad processing
window.[13% These results collectively demonstrate that ra-
tional interfacial engineering and molecular additive design
are effective strategies for simultaneously improving the effi-
ciency and stability of inorganic PSCs.
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Fig. 9. (a) Schematic diagram of the mechanism of Zn ion doping.!'??! (b) Grazing incidence x-ray diffraction (GIXRD) patterns of the control
and target perovskite films. Macroscopic residual-strain distribution analysis by linear fitting for the control and target film.!'?3! (c) The scheme of
total effects of FBH in perovskite film and numerical simulations of the device performance under different Ni_gg and AWgi_gg in the perovskite
film.'?8] (d) PCE and FF distributions of this study and reported efficient inverted CsPblz PSCs.[!?] (e) Schematic diagram of CsPbl3 perovskite
grain growth without and with an IPTMS additive. '3 (f) Shadowing effect: solar panel partially shaded by vegetation, cloud, and snow from the
sunlight."3!! (g) Schematic and equivalent circuit diagram of the module when one cell is under a shadow. (h) Current output of two minimodules

connected in series when one cell was shaded and the shade was remove

Most present research on the stability of PSCs focuses
on the effects of temperature, humidity, oxygen, and ultravi-
olet light, while stability under reverse bias has been rarely
studied among the many factors. When large-area applica-
tion of PSC panels occurs, the shading effect and local hot

spots of PSC modules in real scenarios all indicate that the

d [133]

research on reverse bias stability of PSCs is urgently needed
(Fig. 9(f)).

reverse bias stability issue, and the reverse bias behavior of

We have reviewed the recent advances on the

PSCs is obtained, and the related mechanisms behind that
have been proposed so far are reviewed and discussed. Fur-

thermore, future directions are provided for further improving
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the reverse bias stability of PSCs via increasing the reverse
breakdown voltage (Vgp).['3113%! As shown in Fig. 9(g), we
have significantly improved the reverse bias stability of PSCs
and the shadow effect tolerance of their small module using
the tandem concept. We firstly elucidate the mechanism that
reverse tunnelling in organic solar cells (OSCs), fundamen-
tally dominated by deep trap state within a bulk heterojunc-
tion, triggering reversible/irreversible breakdowns under re-
verse bias. Then, high-performance OSCs with superior ir-
reversible breakdown voltage exceeding —35 V were demon-
strated. Moreover, through strategically shielding perovskite
by OSC with suppressed reverse tunnelling, n—i—p perovskite-
organic tandem solar cells maintain over 90% of the initial effi-
ciency when subjected to —40 V. These tandem devices retain
90% and 97% of the initial efficiency after stressing at —20 V
for 12 h and —4.5 V for 2000 h, respectively, outperform-
ing all existing thin-film solar technologies. The exceptional
reverse-bias stability under shadowing conditions was further
demonstrated in scalable perovskite-organic tandem solar cell
minimodules (Fig. 9(h)).[!33!

7. Summary and outlook

Perovskite photovoltaics have entered a stage in which
single-junction efficiency on rigid glass substrates is no longer
the only relevant metric, and scenario-driven deployment has
become the central question shaping the field. In this review,
we have organized recent progress on perovskite solar cells
around three application scenarios where the technology offers
properties that conventional silicon photovoltaics cannot eas-
ily match. These are flexible and wearable PSCs, IPV, and ST-
PSCs. For each scenario, we have summarized the dominant
performance metrics, the materials.and interface strategies de-
veloped to meet them, and representative device demonstra-
tions, while identifying three recurring bottlenecks, namely
defect-state regulation, interface engineering, and operational
stability, that currently constrain the transition from laboratory
cells to commercial modules.

Despite this progress, most scenario-specific PSC demon-
strations remain at the proof-of-concept stage. Champion
single-junction efficiencies have approached 27%, indoor PCE
under 1000 lux LED illumination has surpassed 40%, and
AVT values above 60% have been demonstrated for semi-
transparent devices, yet the gap between champion-cell met-
rics and module-level performance under realistic conditions
remains considerable. To close this gap, we propose the fol-
lowing directions for future research.

Scenario-specific testing protocols Standardized condi-
tions are needed beyond AM 1.5G testing, including agreed
bending radii and cycle counts for F-PSCs, LED and fluo-
rescent spectra with T80/T90 lifetimes under continuous low-

flux illumination for indoor PSCs, and consistent definitions of
AVT, CRI, and light utilization efficiency for semi-transparent
PSCs. Without such protocols, scenario-relevant figures of
merit cannot enter standard photovoltaic certification routes.

Coupled treatment of defects, interface, and stability
bottlenecks Halide segregation under low-flux illumination,
mechanical delamination under repeated bending, and para-
sitic absorption at transparent electrode interfaces all trace
back to ionic mobility and weak chemical adhesion within
the perovskite stack. Mitigation strategies such as Lewis-base
passivation, self-assembled monolayer contacts, and atomic-
layer-deposited moisture barriers should.be screened for trans-
ferability across scenarios rather than redeveloped in isolation.

Substrate, interface, and electrode co-design Materi-
als advances optimized for rigid, opaque cells often fail to
transfer to flexible, indoor, or transparent platforms. Low-
temperature processing rules out several high-efficiency trans-
port layers, wide-bandgap absorbers suffer phase instability
rarely encountered at 1.5 eV, and ITO-free transparent elec-
trodes impose optical and mechanical constraints absent from
standard architectures. These elements should be treated as a
coupled design problem from the outset of materials screen-
ing.

Lead management, cost, and recyclability in paral-
lel with efficiency Encapsulation must be matched to sce-
nario stress, with sweat and abrasion considered for wearables,
long-term weathering for BIPV, and user contact for indoor
modules. Lead-sequestering layers, low-lead or lead-free ab-
sorbers, and closed-loop recycling for lead halides and trans-
parent substrates should advance alongside efficiency rather
than as downstream concerns.

Table 2. Technical requests upon three scenarios.

Application Main metrics  Focus Challenge
F-PSCs High mechan- Low- Flexural stabil-
ical durability temperature ity, lead leak-
and specific fabrication pro- age
power; stability cess, flexible
of  optoelec- substrates and
tronic ~ prop- electrodes
erties under
deformation
PV Low-light PCE Wide bandgap, Lack of testing
and stability low  leakage standards,
current phase separa-
tion
ST-PSCs Average visible Selective Large-area uni-

light transmit- absorption,
tance, light transparent
utilization ef- electrode
ficiency, color
rendering index

formity, pack-
aging

Our group has focused on PSCs for 13 years and has de-
veloped special methods for efficiency improvement and sta-
bility enhancement. We will also focus on the commercial re-
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alization of PSCs related to their special properties. With coor-
dinated progress along the directions above, perovskite photo-
voltaics will mature over the coming decade from scenario-
specific demonstrations into commercially deployable sys-
tems, occupying roles in flexible electronics, indoor IoT, and
building- or vehicle-integrated power generation that silicon
cannot reach.
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