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Progress in perovskite indoor photovoltaics

@ Diksha Thakur,?
d

Jie Xu,?® Abhisek Chakraborty,® Zeynab Skafi,? Vaibhav Singh,
Ebin Joseph,? Shanyue Hou,® Zhoucheng Xu,? Xiang Liu, 2 ¢ Xueging Xu,
Minggao Ouyang® and Thomas M. Brown (2 *@

The rapid growth of the internet of things (IoT) and artificial intelligence (Al) has created strong demand for
efficient indoor photovoltaics (IPVs). Photovoltaic materials with bandgaps of 1.8-2.0 eV can theoretically
achieve power conversion efficiencies (PCEs) of 53—-56% under artificial light sources. Among competing
technologies, perovskite solar cells (PSCs) stand out due to their low-cost fabrication, adjustable bandgap,
mechanical flexibility, and outstanding performance under low-light conditions. State-of-the-art PSCs have
achieved experimentally-measured indoor power conversion efficiencies exceeding 45% (42%) on rigid
substrates and 42% (35%) on flexible substrates under 1000 [x (200 Ix) indoor light. Even though meaningful
comparison across studies remains challenging due to the lack of standardized indoor photovoltaic
characterization protocols, these advances have attracted substantial industrial interest, with emerging
companies actively developing PSC-based self-powered |oT devices. To accelerate industrialization,
a comprehensive understanding of PSC development, challenges, and opportunities is essential. This review
systematically examines six key areas: rigid devices, flexible devices, lead-free PSCs, perovskite modules,
applications in self-powered indoor devices, and related patents. We summarize recent progress, highlight
current limitations, and discuss potential strategies, while also creating visual maps of the scientific landscape
in this arena, aiming to provide an integrated perspective on the future of perovskite IPV.

The rapid expansion of the Internet-of-Things (I0T), wireless sensor networks, and smart home technologies has connected about 18.6 billion devices worldwide

in 2024, a number expected to more than double in the next decade. The surge in connected electronics has created an urgent demand for sustainable,

maintenance-free power sources capable of efficiently harvesting indoor illumination that is already present in building environments. Conventional batteries

face limitations in lifetime, maintenance, and waste management, highlighting the need for alternative energy solutions. Indoor photovoltaics (IPV) provide

a promising route toward self-powered electronic systems that harvest ambient light. Among available technologies, perovskite solar cells stand out due to their

tunable bandgaps, flexibility, and low-cost fabrication. The demonstration of exceptional low-light efficiencies exceeding 45%, outperforming both silicon and

organic photovoltaics, positions perovskite PVs as a leading candidate for powering electronic devices indoors. This review highlights recent advances in

perovskite IPV, spanning rigid and flexible devices, lead-free materials, scalable module designs, and applications in self-powered electronics. It also analyzes

emerging commercial products, industrial activity, and global patent trends, using visual maps to connect research areas. The review concludes by identifying

key challenges and outlining clear strategies to accelerate the next phase of perovskite IPV development.

1 Introduction

next decade (Fig. 1a).'® Improving the sustainability of the
energy supply for IoT sensors to make them more resilient,

The rapid expansion of the Internet of Things (IoT), wireless
sensor networks (WSNs), and smart home technologies has
connected approximately 18.6 billion devices worldwide in
2024, and this number is expected to more than double in the
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affordable, dependable, and energy-efficient faces significant
challenges."* Many IoT devices need to operate autonomously
without a grid connection, and current mainstream approaches
rely on primary batteries (non-rechargeable) or secondary
batteries (rechargeable) to power these devices. However,
numerous IoT applications impose strict restrictions on battery
size, often requiring them to be in the centimeter range or
smaller, complicating battery use.® Furthermore, the use and
replacement of batteries can significantly impact the lifespan of
IoT products. The typical power consumption of household and
personal electronics and wireless devices ranges from micro-
watts (W) to watts (W) (Fig. 1b).*® Environmentally friendly
indoor photovoltaic (IPV) cells offer one of the best solutions to

EES Sol.


CrossMark:http://crossmark.crossref.org/dialog/?doi=10.1039/d5el00210a&domain=pdf&date_stamp=2026-04-17
http://orcid.org/0009-0005-5219-5852
http://orcid.org/0000-0003-3293-9373
http://orcid.org/0000-0002-9790-7092
http://orcid.org/0000-0003-2141-3587
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00210a
https://pubs.rsc.org/en/journals/journal/EL

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 12:48:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Solar

power these electronic products without batteries, as they can
convert ambient low light into electricity.>***

The fundamental difference between indoor and outdoor
photovoltaics lies in the type of light absorbed. Outdoor
photovoltaics mainly absorb sunlight, which spans a wide
spectral range from 300 to 4000 nm, comprising about 2%
ultraviolet (UV), 47% visible, and 51% infrared (IR) light.** In
contrast, indoor photovoltaics primarily absorb light from
indoor sources, such as commonly used light-emitting diode
(LED) lights, which have a spectrum mainly in the visible light
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the Tor Vergata University of Rome has pioneered indoor photo-
voltaics (iPV), publishing its first study in 2015 and its first
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flexible substrates.
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range (400-750 nm) (Fig. 2a)."* This difference leads to varying
requirements for the optimal bandgap of the absorber material
under different conditions. For outdoor photovoltaics, the
optimal bandgap is 1.1-1.5 eV, while for indoor PV, it is 1.8-2 eV
(Fig. 2d). Furthermore, the irradiance of light found indoors
(~0.1-10 W m™2) is typically 100 to 10 000 times lower than that
of the outdoor light (1000 W m™? at peak),*® leading to much
lower photogenerated currents. As a result of different optimal
bandgaps and the larger effect of recombination on perfor-
mance, photovoltaic devices that perform efficiently in sunlight
do not always work well under indoor lighting and vice versa, as
illustrated in Fig. 2b."”*® Moreover, the maximum Shockley-
Queisser (S-Q) limit for power conversion efficiency (PCE) is
significantly higher for indoor photovoltaics (~55-56%)
compared to outdoor photovoltaics (~33%)." This is because
no single-junction cell can fully capture the broad AM 1.5 G
solar spectrum and retain a significant voltage, leading to
significant losses due to non-absorption and thermalization. In
contrast, a single-junction cell allows better utilization of the
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narrow emission spectrum of indoor lamps (typically LED or
fluorescent).?

Over the past decade, indoor photovoltaics have garnered
significant interest from the research community. This interest is
driven by their potential as a renewable energy source for IoT-
based devices and the variety of materials that can utilize the
visible spectrum of artificial light sources.”* Consequently, the
number of publications on different PV materials for indoor light
harvesting has increased substantially during this period (Fig. 2c).
Perovskite solar cells (PSCs) have received the most attention in the
indoor PV field due to their advantages, including simple
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manufacturing technology, low cost, adjustable bandgap,
mechanical flexibility, and high defect tolerance.”*”® Given these
benefits, it is not surprising that perovskites are leading the race
for the highest efficiency and output power among all indoor PV
technologies. Perovskites, with a bandgap of 1.67 eV, have already
achieved an indoor efficiency of around 45% (Fig. 2d).*>*® Large-
area devices have also shown impressive performance, achieving
PCE:s of 43% and 31% on rigid and flexible substrates, respectively,
both with an active area of 12 cm?3"* These promising results
have drawn significant attention from industry, prompting
emerging companies to pursue the development of PSC-based self-
powered IoT devices. To further drive industrial adoption, a thor-
ough understanding of the progress, challenges, and prospects in
PSC technology is crucial.

In this review, we focus on the field of perovskite indoor
photovoltaics and subdivide it into six main aspects, including
rigid devices (Section 2), flexible devices (Section 3), lead-free
perovskite devices (Section 4), perovskite solar modules
(Section 5), PV-powered indoor device applications (Section 6),
patent landscape (Section 7). Finally, we discuss the state of the
art of perovskite photovoltaics under various aspects and the
challenges faced by this field (Section 8), before coming to the
conclusions (Section 9).

2 Rigid lead-halide perovskite solar
cells for indoor photovoltaics

The earliest reports on the indoor PV performance of lead-
halide perovskites date back to 2015-2016."7** Both regular (n-
i-p) and inverted (p-i-n) architecture devices achieved high
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Fig. 1
consumption. Reproduced from ref. 6 with permission from Wiley-VCH

indoor efficiency, exceeding 25%,'** highlighting the signifi-
cant potential of PSCs in indoor PV applications. However, this
efficiency was about half of the theoretically optimal efficiency
(~56% for commonly used LED light). Since then, increasing
attention and research efforts have been directed towards
enhancing efficiency.***® Within a decade, efficiency has surged
by over 60%, reaching an impressive PCE of ~45% under 1000
Ix indoor light (Fig. 3a).>® Recently, Wang et al. achieved a PCE of
45.5% with a V¢ of 1.15 V under extreme conditions of low
temperature (198 K) at 1000 Ix (Fig. 3a and b) and a PCE of
42.0% with a Vo of 1.09 V at 200 1x.%°

In the pursuit of improving efficiency, substantial research
has been undertaken in the field of composition and bandgap
engineering to match the bandgap of perovskites with the
spectra of light sources.?***%”*” Xu et al. studied the indoor
performance of PSCs with bandgaps ranging from 1.5 to 2.3 eV
and found that the bandgap is not the main parameter, but
there are others that influence performance more, such as film
quality.*® Wide bandgap perovskites, e.g. 1.7-2.0 eV, theoreti-
cally better suited for indoor light harvesting, often exhibit

EES Sol.

(a) Current and future trends of the global internet of things (loT) market;* (b) common indoor electronic devices and their power

GmbH, copyright 2021.

suboptimal film quality, high defect density, and phase segre-
gation, among other challenges (Fig. 3c).>>** Zhang et al. re-
ported suppressed Voc in high-bromine-content PSCs based on
the Csg 17FAq g3Pbl;_,Bry, 0.6 =< x =< 1.6, perovskite. In partic-
ular, for compositions with x > 1.2, they attributed the reduced
Voc hot only to the commonly recognized halide segregation
but also to the high density of bromine vacancy defects
(Fig. 3d).** The combination of bandgap engineering and defect
passivation is one of the effective strategies to improve the poor
indoor efficiency of wide bandgap perovskites. For example,
Cheng et al demonstrated this approach by introducing
a triple-anion CH3;NH,PblI, ,BrCl, perovskite, raising the
bandgap from 1.61 eV (MAPDIL;) to 1.8 eV (Fig. 3e). Simulta-
neously, the incorporation of chloride ions successfully
restrained halide segregation of iodide and bromide, leading to
suppressed trap states and nonradiative recombination loss.
This innovative strategy resulted in a remarkable indoor effi-
ciency of 36% under a fluorescent lamp at 1000 Ix, setting
a record at the time (Fig. 3f).*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) Emission spectra of sunlight, a white light-emitting diode (LED) and compact fluorescent light (CFL). (b) Comparison of power

conversion efficiency (PCE) of the same batch devices measured under AM 1.5 G (1000 W m~2) and a CFL lamp at 200 Ix. Reproduced from ref. 17
with permission from Elsevier, copyright 2016. (c) Number of publications on indoor light harvesting from 2015 to 2025 according to photo-
voltaic technology. (d) Theoretical efficiency limit under 1 sun, LED, and CFL and the respective highest reported efficiencies of various PV

technologies under 1000 Ix with respect to bandgap.

Structural engineering of the electron transport layer (ETL)
has been shown to effectively enhance device performance.>>*
Dagar et al. demonstrated that a solution-processed tin oxide
(SnO,)/magnesium oxide (MgO) composite ETL improved effi-
ciency by ~20% compared with devices using only SnO,. The
thin MgO capping layer promoted film uniformity, suppressed
interfacial carrier recombination, and enhanced device stability
(Fig. 4a).>® Trap passivation, including additive engineering and
interface engineering, has emerged as a crucial strategy for
enhancing the indoor PV efficiency, for both narrow bandgap
and wide bandgap PSCs.**"** He et al. incorporated guanidinium
ions into the (FAPbIL)o,(MAPDbBrI3)y 03 perovskite (with
a bandgap of 1.59 eV) and employed the CH;0-PEABTr interface
for perovskite surface passivation. These approaches effectively
mitigated defects at the grain boundaries of the perovskite film,
resulting in a tenfold and fivefold increase in the charge carrier
lifetime at the crystal surface and in the bulk, respectively. As
a result, indoor PV efficiency was enhanced to 40.1% (Fig. 4b).
This marks the first instance of indoor efficiency surpassing the

© 2026 The Author(s). Published by the Royal Society of Chemistry

40% threshold.** Remarkably, this efficiency corresponds to
~80% of the theoretical maximum (~50%) for 1.59 eV narrow
bandgap cells.*® Wang et al. fabricated devices with FAgo,-
MAg0sPbl; (E; = 1.53 eV) perovskite using 6-methoxy-
nicotinamide hydrochloride (APO) as an additive to passivate
intrinsic defects within the perovskite. The devices achieved
arecord PCE of 45.5% with a high V¢ of 1.15 V and FF of 85.2%
measured under 1000 Ix LED illumination and low-temperature
extreme conditions (198 K) (Fig. 4e), demonstrating the capa-
bility of this type of perovskite for energy conversion applica-
tions in harsh environments such as outer space and polar
regions.* It should be noted that indoor PCE values are strongly
dependent on spectral irradiance, illuminance, calibration
methodology, device type, and testing environments, and
therefore are not directly comparable across different
studies.>**® Nevertheless, these results demonstrate the strong
capability of PSCs to achieve high efficiency under specific
artificial lighting conditions. In October 2025, Li et al. reported
an asymmetric isothiourea-guanidine hybrid dihydrochloride

EES Sol.
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Fig. 4 (a) Current density—voltage (J-V) curves for the CHzNH3zPbls based perovskite solar cells (PSCs) with/without MgO as a composite SnO,-
based electron transport layer (ETL), measured under 200 and 400 Ix LED illumination. Adapted from ref. 25 with permission from Elsevier,
copyright 2018. (b) J-V curves for the (FAPblz)g o7(MAPbBr3)g o3 (Eg = 1.59 eV) PSCs with/without GA incorporation in the perovskite bulk and
CH3O-PEABr as the interface, measured under 824.5 x LED illumination (301.6 pW cm~2). The inset shows the device architecture. Adapted from
ref. 39 with permission from Wiley-VCH GmbH, copyright 2021. (c) J-V curves of the CsPblsz (Eg = 1.69 eV) PSCs with/without the 4A1N molecule
as a buried interface. The inset shows a schematic diagram of perovskite grown on TiO,. Adapted from ref. 42 with permission from Wiley-VCH
GmbH, copyright 2023. (d) Indoor current-voltage (/-V) curves of the Csg o5FAg 70MAg 25Pbl, 25Brg 75 (Eg = 1.71 eV) PSCs with oleylammonium
iodide and trichloromethane as dual additives under 1000 [x U30 light, certified by the Chinese National PV Industry Measurement and Testing
Center (NPVM). Adapted from ref. 29 with permission from RSC Publishing, copyright 2024. (e) J-V curves of the FAg goMAg ogPbls (Eg = 1.53 eV)
PSCs with a 6-methoxynicotinamide hydrochloride (APO) additive, measured under 1000 Ix LED illumination and low-temperature conditions
(198 K). Adapted from ref. 30 with permission from Wiley-VCH GmbH, copyright 2024. (f) J-V curves for the FAg 6aMAg 36Pb(lg 64Bro s6)3 (Eg =
1.75 eV) PSCs with/without a triple synergistic passivation strategy combining RobCl, DMOAI, and PEACL, measured under 1000 Ix LED illumination.
Reproduced from ref. 50 with permission from Wiley-VCH GmbH, copyright 2025.

© 2026 The Author(s). Published by the Royal Society of Chemistry EES Sol.
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(a) B-Alaninamide hydrochloride (AHC) is utilized to spontaneously form a layer of 2D perovskite nucleation seeds for improved film

uniformity, crystallization quality, and solar cell performance. Reproduced from ref. 41 with permission from Wiley-VCH GmbH, copyright 2023.
(b) Anti-reflection coatings, up and down conversions, plasmonic phenomena, and device structure adjustment have been used to ensure the
effectiveness and potential of PSCs for optimum device operation. Reproduced from ref. 70 with permission from Elsevier, copyright 2023. (c)
Employing PCBM:DTPTCY as the ETL results in passivation perovskite defects, facilitation of energy alignment at the ETL/perovskite interface,
and enhancement of carrier transport efficiency. Reproduced from ref. 94 with permission from Wiley-VCH GmbH, copyright 2023. (d)
Schematic diagram of the configuration of the SAM on the perovskite surface. Reproduced from ref. 92 with permission from Wiley-VCH GmbH,

copyright 2022.

additive for FA, oCs,1Pbl; perovskite (with a bandgap of 1.53
eV). The isothiourea moieties selectively directed crystal growth
along the (001) plane and suppressed the formation of dimethyl
sulfoxide-PbI, and other undesirable intermediate phases.
Meanwhile, the guanidine groups anchored iodide ions
through N-H---I hydrogen bonding, thereby reducing the acti-
vation energy for ion migration. As a result, the perovskite films
exhibited lower defect density and relieved residual stress,
leading to a PCE of 44.60% under 1000 Ix LED illumination
(3000 K).” Moreover, optimization of the hole transport layer
(HTL) is critical for improving device performance. In 2026,
Chen et al. compared NiO, films deposited by DC magnetron
sputtering (DCMS) and high-power pulsed magnetron sputter-
ing (HiPIMS) at different oxygen flow ratios (fp ). Optimal
performance was achieved at 70% (DCMS) and 50% (HiPIMS),
with HiPIMS showing slightly superior results due to reduced
interfacial defects, enhanced charge transport and suppressed
recombination, delivering a PCE of 40.5% under 1000 1x LED
illumination (3000 K).** In 2026, it was reported that incorpo-
rating a phthalocyanine interlayer between the self-assembled
monolayer (SAM) and the perovskite in a p-i-n device
increased efficiency by ~10%, reaching a PCE of 30% under
1250 Ix white LED illumination.®*

Advancement of wide bandgap PSC-based technology is
crucial for attaining elevated indoor photovoltaic efficiencies

EES Sol.

(e.g, close or beyond the threshold of 50%).***>** Wang et al.
employed wide bandgap (1.69 eV) all-inorganic CsPbl; as an
absorber and functionalized the titanium oxide (TiO,) layer
using amino naphthalene sulfonates. High-quality perovskite
films with large-sized grains were obtained by anchoring the
CsPbl; perovskite crystal grains with a strong ion-dipole inter-
action, and the device achieved a high indoor PCE of up to
41.2% under 1062 Ix LED illumination (Fig. 4c).*> Minimizing
bulk trap defects in bromine-enriched wide-bandgap perov-
skites is essential for elevating both Vi and fill factor (FF)
towards high-performance indoor photovoltaics.®* Ma et al. re-
ported an effective defect passivation strategy by introducing
oleylammonium iodide solution in trichloromethane as a dual
additive to the wide-bandgap Csg. ¢5FA¢.70MAg 25PbI; 25Br 75
perovskite (1.71 eV) precursors.” This approach facilitates the
formation of a high quality and less-defective perovskite film
with mitigated halide segregation, leading to suppression of
non-radiative recombination losses. As a result, the cell ach-
ieved a certified record PCE of 44.7% with a high V¢ of 1.07 V
and FF of 82.3% under 1000 Ix U30 light (338.2 pW cm?)
(Fig. 4d) and a record PCE of 42.9% under 1000 1x LED (3000 K)
illumination (301.9 uW c¢cm™?). Subsequently, the same group
introduced chloroform (CHCI;) surface treatment for the NiO,
layer, which optimized its surface morphology and electrical
conductivity while reducing trap-assisted recombination at the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of device stability under continuous indoor illumination

FTO/c-TiO,/mTiO,/Li,CO;/perovskite/
DTAQTPPO/spiro-OMeTAD/Au

perovskite/Spiro-OMeTAD/Ag
ITO/MeO-2PACz/

ITO/NiO,/perovskite/

PCBM/BCP)/Ag
perovskite/Spiro-OMeTAD/Au

Glass/ITO/PTAA/
perovskite/PEACI/C4o/BCP/Ag

Glass/ITO/SnO,/
perovskite/Spiro-OMeTAD/Au

Glass/ITO/SnO,/
perovskite/Spiro-OMeTAD/Au

Device architecture
Glass/FTO/SnO,-PbO/Sn0,/
2D perovskite/PCs BM/BCP/Ag

FTO/TiO,/4A1N/
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NiO,/perovskite interface. This interfacial engineering further
enabled an outstanding indoor PCE of 44.74% under LED illu-
mination (1000 Ix, 301.9 pW cm 2, 3000 K).** Notably, this
efficiency of ~45% corresponds to nearly 80% of the theoretical
maximum efficiency (56.4%) for 1.71 eV wide bandgap PSCs.*
Huang et al. developed a triple synergistic passivation strategy
combining rubidium chloride (RbCI), N,N-di-
methyloctylammonium iodide (DMOAI), and phenethyl-
ammonium chloride (PEACI) to enhance wide-bandgap
FAq 6sMAg 36Pb(Io 64Brg 36); solar cells (E; = 1.75 eV). RbCl
facilitated uniform crystal growth, relieved lattice strain, and
reduced interfacial energy barriers, while DMOAI and PEACI
suppressed bulk and surface defects and photoinduced halide
segregation. Collectively, these improvements yielded a 110 mV
increase in V¢ under 1000 Ix and a PCE of 37.6% (Fig. 4f).°
Among the many strategies for improving indoor PV
performance, low-dimensional perovskites (e.g., quasi-two
dimensional (2D) Ruddlesden-Popper phases) have shown
promise in both widening the bandgap and improving intrinsic
material stability under ambient conditions (Fig. 5a).**
Another important design consideration is minimizing voltage
losses associated with increased bandgap, which tend to
amplify non-radiative recombination. Strategies such as opti-
mizing energy-level alignment at the interfaces and using
surface passivation layers have proven effective in suppressing
trap-assisted recombination, thereby preserving Voc and fill
factor.***® Furthermore, light management techniques such as
photon recycling, photonic crystals, or reflective back electrodes
(e.g., ITO/Ag multilayers) can be integrated to enhance light
absorption, compensating for the lower irradiance in indoor
settings (Fig. 5b).”°”> Under indoor light, the impact of defects
is significantly amplified because the rate of photogenerated
carrier generation is much lower than that under outdoor
conditions. This makes defect-induced non-radiative recombi-
nation a primary limiting factor for device performance.
Therefore, managing both bulk and interfacial defects is crucial
for high-performance indoor perovskite devices.**”*%
Improving the crystallinity and morphology of the perovskite
films is a key approach to reducing bulk defects.”**” Advanced

73-77

film formation techniques—such as antisolvent dripping with
thermal control, gas-assisted crystallization, or vacuum-flash-
assisted solution processing—enable the formation of large-
grain, high-purity films with fewer grain boundaries and lower
trap density.*®* In addition, mild annealing processes under
controlled ambient conditions can reduce halide vacancies and
Pb-related defects that otherwise serve as recombination
centers. Interfacial defect passivation is equally critical, espe-
cially since carrier extraction is more sensitive to energy-level
mismatches and traps under low-light operation.®®** Incorpo-
ration of self-assembled monolayers (SAMs)**** or Lewis base
molecules has been shown to effectively passivate under-
coordinated Pb** sites and improve charge transfer across
interfaces (Fig. 5d).”” Recent studies have also demonstrated the
use of multifunctional small molecules containing both
ammonium and carboxylic groups (Fig. 5c), which can simul-
taneously passivate surface and grain boundary defects.*

Although the theoretical gains in developing tandem
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architectures under the narrower spectra of artificial light are
smaller compared to standard test conditions (1 sun), they
could enable to reach the 60% efficiency threshold.”>** The first
experimental tandem cell for indoors was demonstrated in 2026
delivering a PCE of 30.1% under cold white LED light at 1000
x.%

Research on stability of indoor PSCs should be conducted
using specific tests compared to those used for outdoors. Unlike
some of the harsher tests of the ISOS protocols, indoor PV cells
are usually operated in a milder environment, such as using
indoor lighting with lower light intensity and without ultraviolet
or infrared radiation.** However, there is limited research on
the stability of indoor PSCs. Some studies have shown that PSCs
demonstrate good operational stability under continuous light
soaking under indoor light sources. For instance, Cheng et al.*”
(Table 1) used a tailored triple-anion perovskite material in
a device with the structure ITO/NiO,/perovskite/PCBM/BCP/Ag.
The encapsulated device retained 95% of its initial efficiency
after over 2000 hours of continuous illumination under 1000 Ix
fluorescent light. Similarly, Li et al.*® reported that triple-cation
PSCs with the structure Glass/ITO/PTAA/perovskite/PEAC]/Cgo/
BCP/Ag showed good stability during light exposure, with an
unencapsulated device retaining 96% of its initial efficiency
after 1000 hours of 1000 Ix continuous LED light in a nitrogen
atmosphere. Lee et al. constructed a 2D/3D bilayer by self-
assembling a BA,PbBr, layer beneath a wide-bandgap Csg 17~
FA(.g3Pb(I, 6Bry.4)3 perovskite on SnO,, boosting efficiency from
38.2% to 43.7% and markedly improving stability. The unen-
capsulated device retained 83% of its initial efficiency after 1200
hours of continuous irradiation under 1000 Ix LED light.*®* On
the other hand, studies have indicated that indoor PV devices
are more sensitive to defects, with the creation of defects in the
PV devices leading to faster performance degradation compared
to the very same device but tested under standard test condi-
tions (STC).*>*>*” In addition, since there is no widely accepted
testing method for indoor PV stability assessment, it is difficult
to compare test results from different laboratories. Even under
continuous illumination test conditions, different test envi-
ronments, such as temperature and humidity during device
testing, can have a significant impact on the test results.”®
Therefore, it is crucial to standardize indoor PV stability testing
methods and systematically study the performance of PSCs in
the future and to consider conducting tests under real indoor
environmental conditions.*®

3 Flexible lead-halide perovskite solar
cells for indoor photovoltaics

Using plastic films in PV products offers several advantages,
such as making them light weight, increasing their specific
power per unit of mass, and allowing easy integration with
various surfaces.'”*'** PSCs are especially well-suited for new-
generation PV applications due to their ability to be printed
and integrated on a variety of thin flexible substrates in
different forms and material types. This enables applications in
both outdoor and indoor settings that are not achievable with
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% including smart buildings,

197 wireless sensor networks

106 wearable

108

traditional PV devices,
and portable electronic devices,
and self-powered IoT.*>"° Additionally, the manufacturing
process of flexible PSCs is relatively simple and cost-effective
compared to flexible silicon PVs, which is currently the main
PV technology commercially considered for indoor applica-
tions."™* However, most literature on flexible perovskite PVs has
primarily focused on a few indoor lighting cases, mostly under
AM 1.5 G, 1000 W m 2, conditions.

Highlights of reports on indoor flexible PSCs from 2017 to
2024 are shown in Fig. 6. A 2017 study by Lucarelli et al
developed the first-ever flexible PSCs for indoor light-harvest-
ing.** They used a low-temperature atomic-layer (AL)-deposited
compact TiO, layer combined with a UV-sintered mesoporous
TiO,, fabricated on a flexible plastic polyethylene terephthalate
(PET) substrate highlighting the importance of low-temperature
processes. Under white LED (WLED) light, the fabricated
mesoscopic flexible indoor PSCs delivered efficiencies of 10.8%
at 200 Ix and 12.1% at 400 Ix, with Maximum Power Densities
(MPDs) of 7.2 and 16.0 uyW cm 2, respectively (Fig. 6a). They also
observed that both mesoscopic and planar devices based on
a sol-gel deposited compact layer exhibited poor indoor
performance, even under AM 1.5 G illumination. The same
group in 2018 reported*** a fully solution-processed SnO,/meso-
TiO, ETL in flexible PSCs using a PET/ITO substrate. These
flexible PSCs achieved an indoor PCE of 12.8% (MPD = 9.77 pyW
em2) and 13.3% (MPD = 19.2 pW cm ™ 2) under 200 and 400 Ix
WLED illumination. The UV lamp-heated TiO, scaffold
provided a low-temperature, efficient method to enhance the
wettability of flexible substrates, improve rectification ratios,
increase shunt resistance, and reduce series resistance.
Through this bilayer ETL strategy, they fabricated the first laser-
patterned flexible perovskite module with a PCE of 8.8% under
1 sun illumination. Consistent with this concept, Castro-
Hermosa et al.?” used ultra-thin (100 um) flexible glass (FG)
substrates coated with sputtered ITO through roll-to-roll pro-
cessing and rotatable magnetron sputtering, as a novel flexible
substrate for indoor PSCs. These FG/ITO substrates showed
sheet resistances as low as 13 Ohm per sq and an impressive
transparency level of around 81%, comparable to standard ITO
coatings on glass and PET substrates. Additionally, they
demonstrated flexibility, enduring over 1600 bending cycles at
a curvature of 20.5 mm. Consequently, efficiencies of 20.6%
(MPD = 16.7 uW cm ™) and 22.6% (MPD = 35.0 uW cm ™ %) were
achieved under 200 and 400 1x WLED illumination (Fig. 6b),
setting a record for indoor flexible solar cell technology effi-
ciency in May 2020.

Solvent engineering is essential for achieving the ideal
perovskite morphology with high crystallinity, which is crucial
for efficient devices. Following that, Kim et al.**® substituted
toxic chlorobenzene (CB) with a novel green anti-solvent, butyl
acetate (BA), to fabricate high-quality perovskite layers with
enhanced grain size, improved charge carrier mobility, and
reduced trap densities. As a result, their flexible indoor devices
on polyethylene naphthalate (PEN)/ITO substrates exhibited
efficiencies of 23.3% (with a MPD of 63 pyW ¢cm™?) under 400 Ix
and 25.7% (MPD of 175 uW cm *) under 1000 Ix WLED

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Power conversion efficiencies and maximum power densities of the first indoor flexible PSCs for planar and mesoscopic flexible solar
cells based on two different compact layers that consist of compact TiO, deposited by atomic layer deposition (ALD) or by spin coating a TiO, sol,
measured under 200 Ix cold LED illumination. The inset shows an image of the fabricated flexible PSC. Adapted from ref. 24 with permission from
Springer Nature, copyright 2017. (b) Current density—voltage (J-V) curve of the first flexible PSCs on an ultra-thin flexible glass (FG) substrate with
device architecture FG/ITO/SnO,/m-TiO,/CH3sNHzPblz/Spiro-MeOTAD/Au, measured under 400 Ix cold LED illumination. The inset shows an
image of the fabricated flexible PSC. Adapted from ref. 27 with permission from Elsevier, copyright 2020. (c) J-V curves of the champion flexible
PSC fabricated by the van der Waals (vdWS)-induced lift-off process/oleylamine (OLA) perovskite treatment/vacuum process, measured under
1000 Ix cold LED illumination. The inset shows a schematic of the annealing behavior in the conventional tape-holding process (control) and the
vdWS-induced lift-off process, highlighting their effects on perovskite crystallization. Adapted from ref. 113 with permission from American
Chemical Society, copyright 2022. (d) Box charts of the PCE obtained using Csg 0g(FAg78MAg 16)Pb(lg g4Bry)s (x = 0 and 0.16) perovskites without
(W/0) and with TBAB treatment with device architecture PET/ITO/SnO,/triple-cation perovskite/Spiro-MeOTAD/Au, measured under a 230 + 30
x cold LED lamp. The inset shows an image of the fabricated flexible PSC. Adapted from ref. 26 with permission from Wiley-VCH GmbH,
copyright 2023. (e) J-V curves of the champion flexible PSC with a 2-cyanoacetate (SZC) additive at the perovskite-buried interface, measured
under a warm LED lamp at 200, 500, and 1000 Ix. The inset shows a schematic of the fabricated device architecture. Adapted from ref. 114 with
permission from Wiley-VCH GmbH, copyright 2024. (f) J-V curves of the champion flexible PSCs fabricated without (control) and with 1,1,3,3-
tetramethylguanidine hydrochloride (TMG) slat incorporation, measured under a warm LED lamp at 1000 Ix. The inset shows a schematic of the
fabricated device architecture. Reproduced from ref. 115 with permission from AIP Publishing, copyright 2025.

illumination. In another report from November 2021, a 3,4-
ethylenedioxythiophene (EDOT)-assisted green anti-solvent
strategy was used to create annealing-free rigid and flexible
PSCs for both indoor and outdoor applications, aiming to
accelerate the commercialization of PSCs. The flexible devices
demonstrated excellent indoor performance with an efficiency
of 22.8% at 1000 Ix, thanks to enlarged crystal grain size and
fewer defects in the synthesized triple-cation perovskite film.
Given the importance of mechanical stability in flexible
devices for various indoor applications, research is increasingly
focusing on enhancing mechanical flexibility. In the study
conducted by Chen et al in 2022,"® they improved the
mechanical and phase stabilities of perovskite films using a 3D
crosslinking borax-grain boundary penetration treatment
strategy, inspired by balloon glue, to achieve full-dimensional
stress release in the perovskite film. This treatment resulted

© 2026 The Author(s). Published by the Royal Society of Chemistry

in lower trap states under weaker illumination from a warm
WLED lamp, leading to a new record indoor efficiency of 30.7%
(MPD = 20.5 uW cm2) at 212 Ix and 31.9% (MPD = 106 uW
em™?) at 1062 Ix for flexible PSCs on a PEN/ITO substrate.

The annealing process critically affects the crystallization of
perovskite films on flexible substrates, but air gaps caused by
substrate warping can hinder heat transfer and lead to irregular
phase change and crystallinity of perovskite films."** To over-
come this drawback and enhance the performance of flexible
PSCs under indoor and outdoor illumination, Gong et al'*?
developed a van der Waals stacking (vdWS)-induced lift-off
process through a polydimethylsiloxane (PDMS) layer. This
strategy created an air-gap-free interface in the glass/PDMS/ITO/
PEN substrate, ensuring uniform heat transfer. The best-
performing flexible devices achieved a PCE of 41.3% under
1000 1x WLED illumination (Fig. 6c), achieving a record
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Table 2 Summary of indoor flexible PSCs with reported PCE. Given the diversity of indoor lighting conditions and measurement protocols, the
reported efficiencies are intended to illustrate overall progress rather than enable direct comparison

Relevant  Reported PCE ~ Maximum power Active area Iluminance
Layer structure literature ~ [%)] density [u4W em™®]  [em?] Light source  [Ix]
PET/ITO/c-TiO,/m-TiO,/PVSK/Spiro-OMeTAD/Au 24 10.8 7.2 0.2 Cold WLED 200
12.1 16.0 400
PET/ITO/SnO,/m-TiO,/PVSK/Spiro-OMeTAD/Au 112 12.8 9.8 0.1 Cold WLED 200
13.3 19.2 400
FG/ITO/SnO,/m-TiO,/PVSK/Spiro-OMeTAD/Au 27 20.6 16.7 0.1 Cold WLED 200
22.6 35.0 400
PEN/ITO/SnO,/PVSK/Spiro-OMeTAD/Au 116 23.3 63.0 0.12 Cold WLED 400
25.7 175.0 1000
Plastic/ITO/SnO,/PVSK/M0O;/Ag 117 22.8 0.1 1000
PEN/ITO/SnO,/PVSK/Mo0O;/Ag 118 30.7 20.5 Warm WLED 212
31.9 106 1062
PEN/ITO/vdWS/KCl-doped SnO,/ 113 41.2 0.14 Cold WLED 1000
PVSK/OLA/Spiro-OMeTAD/Au
PET/IZO/SnO,/PVSK/Spiro-OMeTAD/Au 120 30.0 22.9 0.64 Warm WLED 200
30.9 121.8 1000
PET/1ZO/SnO,/PVSK/P3HT/Carbon 120 24.7 18.9 0.64 Warm WLED 200
25.4 100 1000
PET/IZO/SnO,/PVSK/Carbon 120 22.3 171 0.64 Warm WLED 200
23.1 90.9 1000
PET/ITO/Sn0O,/3D PVSK/ 121 18.6 ~70.0 0.64 Warm WLED 1000
2D PVSK/OAI/Carbon
PET/ITO/SnO,/3D PVSK/ 26 28.9 23.2 0.09 Cold WLED 200
1D PVSK/TBAB/Spiro-OMeTAD/Au 32.5 127.8 1000
PEN/ITO/NiO,/PTAA/PVSK/Cg/SnO,/Ag 122 36.1 0.09 Warm WLED 1000
PET/ITO/SnO,/SZC/PVSK/Spiro-OMeTAD/Au 114 35.5 19.9 0.07 Warm WLED 200
39.0 53.7 500
41.3 115.3 1000
PET/ITO/SnO,/KCl/PVSK/PTAA/ITO 106 18.8 0.3 Cold WLED 1200
Light-function sticker/PEN/ITO/ 123 36.7 192.2 0.09 Warm WLED 1000
PTAA/ALLO5/PVSK/Cq/SnO,/Ag
PET/ITO/NiO/SAM/PVSK/Cg0/SnO,/Cu 104 36.3 0.08 Warm WLED 1000
PEN/ITO/SnO,/PVSK/Spiro-OMeTAD/Au 115 42.8 119 0.07 Warm WLED 1000

efficiency of indoor flexible PSCs based on the PEN substrate in
June 2022.

Great efforts have been made recently into improving the
indoor performance of flexible PSCs on PET substrates. PET is
preferred over PEN for flexible PSCs because it is cheaper, more
widely available, and benefits from mature recycling
methods.”® In July 2022, Teixeira et al'*® reported devices
fabricated on PET/indium zinc oxide (IZO) substrates with
efficiencies of 30.0% (MPD = 22.9 uW cm %) and 30.9% (MPD =
121.8 uW c¢m™?) under a warm WLED at 200 and 1000 Ix,
respectively. Additionally, a maximum efficiency of 25.4%
(24.7%) and 23.1% (22.3%) was achieved for the first carbon-
based indoor flexible devices with and without the hole trans-
port layer (HTL) under 1000 Ix (200 Ix), respectively. This
advancement opens opportunities for fabricating indoor PSCs
using roll-to-roll manufacturing processes.

To ensure the stability and efficiency of indoor PSCs, it is
important to suppress defects at the interface between the
absorber layer and the charge transport layer. The same
research group later published a study detailing the use of
a one-step slot-die coating technique, emphasizing mass
production, to fabricate a 2D/3D hybrid perovskite device with
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an n-octylammonium iodide (OAI) 2D capping layer.”* By
optimizing the manufacturing process, the flexible device
produced by slot-die coating a SnO, and perovskite layer and
blade-coating a carbon electrode layer achieved a significant
PCE of 18.6% under 1000 Ix WLED illumination. In August
2023, Skafi et al. achieved a new indoor performance record for
flexible PSCs on PET/ITO substrates using a dual low-
temperature approach.”® They first optimized the perovskite
layer bandgap through anion mixing (a 42% PCE improvement)
and then passivated the trap states of the perovskite film by
incorporating tetrabutylammonium bromide (TBAB) as a low-
dimensional interfacial layer at the perovskite-HTL interface
(a further 26% enhancement) (Fig. 6d). This resulted in effi-
ciencies of 28.9% (MPD = 23.3 uW cm™ ) and a record 32.5%
(MPD = 127.8 uW cm™>) under 230 + 30 Ix and 1150 % 150 Ix
WLED illumination, respectively. In December 2023, Zhang
et al."” demonstrated an efficiency of 36.1% under 1000 Ix warm
WLED illumination by optimizing interfacial adhesion using
a mechanically robust porous NiO, nanoparticle layer on PEN/
ITO substrates, which improved energy level alignment and
reduced carrier recombination at the interface. Focusing on
interfacial energy level alignment, Liu et al'** (March 2024)

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00210a

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 12:48:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

employed a molecular bridge strategy using sodium 2-cyanoa-
cetate (SZC) at the buried perovskite interface. This approach
enabled simultaneous passivation of interfacial defects
(bonding between the SnO, transport layer and perovskite,
suppression of oxygen vacancies, and mitigation of under-
coordinated Pb defects) while promoting bottom-up crystalli-
zation during flexible PSC fabrication. The resulting devices
achieved efficiencies of 35.5% (MPD = 19.9 uW cm ™ ?) at 200 Ix
and 41.3% (MPD = 115.3 uW cm™2) under 1000 Ix warm LED
illumination (Fig. 6e). In April 2024, Jafarzadeh et al.**® reported
bifacial and flexible PSCs for indoor applications using a fully
bromide FAPbBr; absorber. The optimized devices, featuring
a potassium-treated SnO,/perovskite interface and PTAA as the
HTL, achieved front- and back-illuminated efficiencies of 18.7%
and 17.8%, respectively, under 1200 Ix cold LED illumination.

To overcome the persistent optical losses in flexible PSCs
caused by the plastic substrate, researchers have explored
strategies that extend light absorption and reduce reflection,
aiming to boost photocurrent and overall efficiency. In this
context, He et al.*** in January 2025 introduced a dual-function
film sticker combining light-trapping and light-shifting capa-
bilities. A fluorescence down-conversion material (V570) doped
in PDMS converted UV photons (<380 nm) into visible photons
capable of penetrating the PEN substrate, while the low-
refractive-index PDMS with an inverted pyramid structure
minimized reflectivity. This approach improved the jsc by =6%
(from 121.63 to 129.23 pA cm2), yielding a PCE of 36.65%
(certified 34.03%) with an MPD of 192.2 uW cm™ > under 1000 Ix
artificial light.

Although several perovskite PV devices have achieved record
indoor PCEs, many still suffer from relatively low Voc, which
limits their practical use, as higher V¢ reduces the number of
cells needed to power indoor electronics. Previous efforts to
address this have included triple-anion perovskites, wide-
bandgap tuning, and interface passivation, yielding PCEs
above 40% but often with compromised Vc. Moreover, flexible
PSCs remain less explored, with reported PCEs up to 41.3% but
Voc below 1 V. To address this challenge, in July 2025 Datt
et al.*** developed dual-cation, mixed-halide FACsPbIBr-based
PSCs, targeting a balance between a high Voc of 1.11 V
(=14% higher than that reported in the literature for flexible
indoor PSCs) and high PCE of 36.3% under 1000 Ix
illumination.

In 2025, Ma et al.**®* demonstrated the critical role of film
growth modulation in flexible fabrication. By employing 1,1,3,3-
tetramethylguanidine hydrochloride (TMG) as a crystallization
mediator, they achieved ordered perovskite growth with
enlarged grain sizes, reduced grain boundary density, and
improved interfacial contact. The resulting devices delivered
the highest reported PCE to date for flexible PSCs on PEN/ITO
substrates, 42.8% (MPD = 119 uW cm ™) under 1000 Ix (Fig. 6f),
and retained over 80% of their initial efficiency after 16 000
bending cycles, highlighting crystallization control as a key
strategy to simultaneously enhance mechanical durability and
carrier dynamics in flexible PSCs. More details of the published
studies are provided in Table 2. It is worth noting that due to the
lack of standardized indoor photovoltaic testing protocols, the
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reported PCEs in Table 2 offer an indicative overview of
performance progress rather than precisely comparable
benchmarks.*

These advancements result from efforts to enhance the
crystal structure of perovskite films, implement interface engi-
neering to passivate defects at the perovskite/carrier transport
material interface, and improve the mechanical properties of
the perovskite films. Despite these achievements, there is still
room to further improve the stability and efficiency of indoor
flexible PSCs through appropriate material stack combinations
and effective encapsulation (such as ultra-high permeation
barriers and passivation) strategies.’* Such improvements are
crucial for practical use in indoor environments, powering
devices like wearable electronics, IoT devices, and indoor
sensors. Furthermore, developing a manufacturing process
using scalable roll-to-roll printing techniques will be vital in
accelerating market entry.

4 Lead-free perovskites and
perovskite-inspired derivatives for
indoor photovoltaics

The development of lead-halide perovskites (LHPs) with excel-
lent optoelectronic properties, such as outstanding charge
mobility, long carrier diffusion length and lifetime, high
absorption coefficient and low exciton binding energies, has
shown great promise for indoor and outdoor photovoltaic
applications.” ™' A major hurdle to their commercialization
has been the potential toxicity of lead and the poor stability of
LHP devices under ambient conditions.**>** However, recent
life-cycle assessment studies suggest that the environmental
sustainability of perovskite photovoltaics depends on multiple
factors beyond elemental considerations alone, with some lead-
free alternatives exhibiting comparable or even higher envi-
ronmental impacts than lead-based materials."**** For
instance, CH3;NH;I alone accounts for 62.31% of human toxicity
potential in perovskite devices, whereas Pbl, contributes only
3.68%."* From cost and Global Warming Potential (GWP)
perspectives, lead is significantly cheaper with the lowest GWP
of just 1.3 kg CO,-eq. per kg, compared to some of the proposed
lead-free alternatives such as Sn, Sb, Bi, and Ag.*** Nevertheless,
the search for lead-free materials that could replicate or exceed
the optoelectronic properties of LHPs continues, driven by both
regulatory considerations and the goal of developing diverse
material platforms for indoor photovoltaic applications.*3%*3414¢
Homovalent substitution of Pb by tin (Sn) led to the introduc-
tion of lead-free perovskites (LFPs) which exhibit similar
structural and electronic symmetry to LHPs. These materials
offer excellent optoelectronic properties such as a tunable
bandgap (~1.3-1.7 eV), low exciton binding energy and long
carrier diffusion lengths. However, the poor stability of Sn
under ambient conditions was not as promising for long-term
commercial use. The heterovalent substitution of Pb>* by elec-
tronically similar trivalent metals such as bismuth (Bi**) and
antimony (Sb**) led to perovskite-inspired materials (PIMs),
which exhibit lower structural or electronic dimensionality than
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Fig. 7 Schematic showing the two strategies for finding lead-free alternatives (LFAs), based on the crystal structure and arrangement of metal-
halide octahedra (LFP), or based on identifying materials that could mimic the perovskite electronic structure like in a perovskite inspired material

(PIM).

LHPs but are environment-friendly and stable under ambient
conditions.”*>"** These materials usually offer direct optical
bandgaps tunable in the range of 1.6-2.8 eV and can be solution
processed, making them potentially suitable for indoor photo-
voltaics." Unlike Sn-based perovskites that possess the same
structural and electronic symmetry as LHPs, PIMs lack the
perovskite crystal structure but the trivalent metals (Bi*" and
Sb*") offer similar electronic symmetry to Pb>".™* It has been
proposed that such an electronic structure is conducive to
defect tolerance that is highly desirable for various optoelec-
tronic applications.'””*** In fact, such defect tolerance has been
observed in LHPs (Fig. 7), which is composed of Pb-s lone pair
electrons hybridized with the I-p electrons that form the anti-
bonding state at the valence band maximum and the Pb-p
orbital hybridized with the I-p orbital forming an antibonding
state in the conduction band minimum.

For simplicity, we will refer to both LFPs and PIMs as lead-
free alternatives (LFAs) in the remainder of this section. The
unique tunable optoelectronic properties of LFAs, combined
with their compatibility with flexible substrates, have led several
research groups to investigate these lead-free alternatives for
indoor photovoltaics,*** as they are expected to play an impor-
tant role in emerging application areas such as smart sensors
and the IoT. In this section, we discuss the performance of these
LFAs under indoor lighting conditions and evaluate their ability
to compete with existing emerging technologies.

4.1 Tin-based lead-free perovskites

Yang et al. reported the first performance of tin-based perov-
skites under indoor light. They used mixed halides to increase
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the band gap to ~1.63 eV to make them more suitable for
indoor light utilization. Under 1000 Ix indoor LED light, the
mixed-halide tin perovskite (FAy;5MAg,5SnBrl,) delivered
a PCE of 10.45%, which was further improved to 12.81% by
using an antioxidant (catechin) to suppress the oxidation of
Sn** to Sn**.**¢ The devices with catechin showed improved hole
mobility and better stability in air when compared to the pris-
tine devices. However, it must be mentioned that the best device
was able to generate a Vo and FF of only 0.28 V and 67%,
respectively, and the stability of the device was generally poor,
as the normalized PCE dropped by 20% in only 400 min of dark
storage under ambient conditions. Later, Cao et al. improved
the performance of the tin-based perovskite with the same
composition (FA,75MA,,5SnBrl,) through interfacial engi-
neering. In their work, they used potassium thiocyanate (KSCN)
as an interfacial layer at the HTL/perovskite interface.”” The
interfacial engineering strategy upshifted the energy level of the
perovskite, while the work function of the HTL (PEDOT: PSS)
shifted downward, allowing for better energy alignment. In
addition, the modified perovskite film showed efficient charge
transfer, a 10-fold lower trap density of states (tDOS), and
improved electron-hole mobility. The resulting perovskite
device with KSCN modification delivered the highest PCE of
17.57% under 1062 Ix LED illumination corresponding to a Vo,
Jsc, FF, and MPD of 0.57 V, 162 pA cm ™2, 64%, and 59 pW cm 2,
respectively (Fig. 8a). The modified device also showed
improved stability, retaining 80% of its maximum PCE after
1200 h under dark storage. Wang et al. in 2026 found that for-
mamidine acetate, as a vapor-deposited additive, enabled better
film quality of evaporated FASnI,Br perovskite films.** Abdel-
Shakour et al'* presented a new method for precisely

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 J-V characteristic of (a) FAg75MAg 25SnBrl, device under 1062 Ix LED light. Reproduced from ref. 147 with permission from Elsevier,
copyright 2021; (b) Ag,Bils device under 1000 Ix LED light. Reproduced from ref. 152 with permission from American Chemical Society, copyright
2023; (c) CABI and CABI-SB devices under 1000 Ix LED light. Reproduced from ref. 153 with permission from Wiley-VCH GmbH, copyright 2023;
(d) CsMAFA-Sb:Bi devices and (e) their stabilized PCE under LED light at varying indoor light intensity (50, 200, and 1000 [x). Reproduced from ref.
130 with permission from American Chemical Society, copyright 2025; (f) Cs3Sb,lg/ITIC device under LED light at varying indoor light intensity
(200-1000 Ix). Reproduced from ref. 154 with permission from Elsevier, copyright 2021; (g) selenium iPV devices at varying indoor light intensity
(200, 500, and 1000 x). Reproduced from ref. 155 with permission from American Association for the Advancement of Science, copyright 2022;
(h) Se-based devices under 1000 Ix LED light. Reproduced from ref. 156 with permission from Elsevier, copyright 2024; (i) D149 dye coated
double perovskite Cs,AgBiBre devices with and without MXene TizC, T, at varying indoor light intensity. Reproduced from ref. 157 with permission

from Elsevier, copyright 2022.

controlling FASnI,Br perovskite crystallization through stra-
tegic 6H-intermediate phase formation, achieved by leveraging
the mesomeric (+M) interaction effect of 4-aminopyridine
hydrochloride (4APCI) in the precursor solution. This controlled
crystallization pathway resulted in superior perovskite films
with substantially fewer defects. The optimized devices (IPVs)
demonstrated a PCE of 21.55% under 1000 Ix indoor lighting
conditions, surpassing the performance of all previously re-
ported lead-free perovskite IPVs. Panda et al.'* recently
improved the stability of tin-based perovskites by replacing the
commonly used DMSO solvent with an N,N-diethylformamide
(DEF) and N,N'-dimethylpropyleneurea (DMPU) (DEF:DMPU)
solvent system. Under 200 and 1000 Ix indoor illumination, the
DMSO-free FASnI,Br based PV devices achieved an efficiency of

© 2026 The Author(s). Published by the Royal Society of Chemistry

10% and 11.1%. After six months of storage under a nitrogen
atmosphere, it achieved 11.9% efficiency under 1000 Ix,
demonstrating that DMSO-free processing enhances tin perov-
skite intrinsic stability. In 2026, Xiao et al. engineered the
perovskite/Cqo interface using a piperazine-functionalized
fullerene derivative (TPPC), where the molecule's dipole
moment of 1.97 debye served as the critical factor in optimizing
interfacial energy level alignment through a cascade gradient.
This dipole-driven modification effectively modulated hot
carrier dynamics at the interface, yielding a champion PCE of
22.49% (active area of 0.1225 cm?®) and an output power density
of 64.1 W cm™? under 1000 Ix white LED illumination, with
large-area devices (1.21 cm?®) achieving a certified PCE of
15.93%."*
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4.2 Bi/Sb-based perovskite-inspired materials

Rudorffites with the chemical formula of A,B X3, (Where A is
Ag'/Cu’, B> is Bi*'/Sb*", and X~ is I, Br~ or Cl~) were one of
the first LFAs to be tested under indoor light.***** Turkevych
et al. fabricated an indoor PV device using FTO/c-TiO,/AgBil,/
spiro-OMeTAD/Au which delivered efficiencies of 5.2% and
4.8% under 1000 Ix and 500 Ix LED light and a corresponding
output power of 1.8 pW cm > and 0.8 uW cm ™2, respectively.'*®
Among all PIMs, these materials offer a 3D network while the
other PIMs offer lower structural dimensionality. Moreover,
these materials have the highest reported efficiency to date
(~6%) under 1 sun.'® Guerrero et al'** fabricated another
member of the rudorffite family - Ag,Bils - with a bandgap of
1.89 eV for harnessing the indoor light spectrum. The semi-
transparent silver pnictohalide solar cell delivered a PCE of
~3.3% for a 100 nm film and ~5% for a 300 nm film under 1000
Ix LED light (Fig. 8b). Optoelectronic investigation of the films
revealed that trap-assisted recombination dominated in thinner
films, while biomolecular recombination predominated in
thicker films. Park et al. optimized AgBil, thin films with
a bandgap of 1.97 eV via hot air processing, which reduced
metallic Bi® content and suppressed trap-assisted recombina-
tion, as evidenced by a reduced ideality factor from 1.96 to 1.04.
The optimized device achieved a stabilized PCE of 3.4% (11.1
uW cm2) under 1000 Ix and retained 88.9% of its initial effi-
ciency after 35 days under ambient conditions without
encapsulation.*®

Mixed cation rudorffites such as Cu,AgBils (CABI) have
shown improved charge transfer and reduced trap sites but
have performed poorly under 1 sun owing to their large
bandgap (~2 eV).'**'** However, for indoor photovoltaics, this
material has an ideal bandgap and was first studied by Grandhi
et al. under 1000 Ix LED light.*** Using hydroiodic acid (HI) as an
additive, the CABI devices were able to achieve an efficiency of
about 4.7%. The same group further improved the performance
of the CABI devices under 1000 Ix by using mesoporous TiO,,
which improved the performance of the CABI devices to 5.5%.'%
The mesoporous device structure showed improved shunt
resistance from 6 kQ cm” for planar devices to 12 kQ cm? for
mesoporous devices, improving the FF from 63% to 69% and Jsc
and Vo from 36 pA em ™2 to 73 pA em ™2 and 0.49 V to 0.54 V,
respectively. Anesi et al. fabricated antimony-doped CABI (CABI-
Sb) devices in which the bismuth was partially replaced by
antimony. Under 1000 and 200 Ix LED light, the CABI-Sb devices
yielded an impressive PCE of 9.53% and 5.52%, respectively.***
The antimony-doped films exhibited improved film morphology
and reduced intrinsic defects in the CABI structure, which
reduced self-trapping, leading to an improvement in Jsc from 72
to 128 puA cm™? (Fig. 8c). Interestingly, even at a very low illu-
mination of 50 1x, the device delivered an impressive PCE of
~4.3% (with a Vo of 0.38 V). Lamminen et al. further improved
the performance of CABI-Sb devices by replacing the A-site
cations (Cu and Ag) with caesium (Cs), methylammonium
(MA), and formamidium (FA), CSMAFA-Sb:Bi, and an interfacial

layer (LFA/HTL) of dimethylphenethylsulfonium iodide
(DMPESI). The champion device delivered efficiencies
EES Sol.
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(stabilized PCE) of 7.94% (6.5%), 8.69% (7.9%), and 10.11%
(9.6%) under 50, 200, and 1000 Ix illumination (Fig. 8d and e)."**

In addition to rudorffites, there are other LFAs that have
been studied under indoor light. The most common of them
has the chemical formula A;B,Xs (Where A is a monovalent
cation, B is a trivalent cation Bi/Sb, and X is a halide)."**"*®* Peng
et al. reported the first indoor PV performance of this material
(Cs3Sb,ClIy_,) together with bismuth oxoiodide (BiOI). Both
materials had an ideal bandgap of 1.95 eV and 1.93 eV and
delivered a PCE around 4-5% under 1000 Ix FL and LED light.'*®
They analyzed the performance of these materials and reported
that Cs;Sb,Cl Iy, suffered from poor morphology leading to
trap-assisted recombination, while improper energy alignment
of the BiOI devices limited their performance. Singh et al.*>**
improved the performance of Cs;Sb,Iy based solar cells under
indoor light by replacing the commonly used ETLs with an
organic non-fullerene acceptor molecule indacenodithiophene
(ITIC), which improved the energy alignment and absorption
intensity and formed a heterojunction with the LFA that
enabled efficient charge transfer. Compared to fullerene based
ETLs (PCs;BM/PC;;BM), the ITIC-based devices delivered better
performance in a p-i-n device architecture, achieving a PCE of
9.2 and 5.2% under 1000 and 200 Ix LED light, respectively
(Fig. 8f). Lamminen et al.'’® partially replaced the cesium in
Cs3Sb,Cl Iy, with MA and formadinium (FA) cations to form
Cs,.4MA 5FA( 1Sb,Ig 5Clg 5. The triple cation PIM yielded a PCE
of 6.37% with a Jsc, Voc, and FF of 102 pA cm ™2, 0.55 V, and 52%
under 1000 Ix LED light due to the suppressed trap-induced
recombination compared to double cation mixed halides
((CsMA)/(CsFA)SbICI). Nevertheless, the authors pointed out
that these materials still suffer from intrinsic defects leading to
a significant drop in Vo from 0.8 V (under 1 sun) to 0.55 V. A.
The more stable FF was attributed to improved shunt resistance
from 390 Q cm” (1-sun) to 32 000 (1000 Ix) and 81 000 Q cm? (200
1x) and lower dark current (1 pA ecm™?). They further compared
devices based on different HTL materials such as P3HT, Spiro-
OMeTAD, PTAA, and HTL-free and reported that P3HT offered
the best energy alignment and superior performance among the
HTL materials. The low stability of the P3HT based devices was
improved by doping the P3HT layer with 2,3,5,6-tetrafluoro-
7,7,8,8 tetracyanoquinodimethane (F4-TCNQ), which retained
its original efficiency even after 149 days of storage under
ambient dark conditions. It should be noted that the HTL-free
devices performed better than Spiro-OMeTAD and PTAA.
Furthermore, for Cs;Sb,I;Cls based solar cells, Jie et al'®®
introduced a mesoporous TiO, scaffold and optimized its
thickness, enhancing the electron transport layer and yielding
a tenfold PCE increase under LED illumination. Further incor-
poration of MA and cesium (Cs) ions in devices with structure
FTO/c-TiO,/m-TiO,/MA,Cs;3_,Sb,15Clg (x = 0-3)/Spiro-OMeTAD/
Au led to an additional 50% PCE improvement. The optimized
MA; 5Cs; 5Sb,13Cls composition achieved 2% efficiency at 250 Ix
and 3% at 1250 Ix.'*® LFAs with the configuration A;B,Xo
generally have a 0D structure and require chlorine incorpora-
tion to achieve a more favorable 2D structure.*®® Recently, Guo
et al. elucidated the role of chlorine doping in such LFAs, which,
while facilitating 2D structure formation, simultaneously

© 2026 The Author(s). Published by the Royal Society of Chemistry
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intensifies electron-phonon interactions, causing increased
carrier localization and non-radiative loss.””* By using the MA
cation and high-temperature annealing at 240 °C, they were
able to get phase-pure Cs;Sb,l, (2D). Under 1000 Ix WLED light,
the 2D-Cs;3;Sb,lI, device exhibited a record indoor PCE of 8.2%
with Jsc = 102.87 pA ecm ™2, Voc = 0.70 V, and FF = 0.52.
Krishnaiah et al. partially replaced Cs with Ag to form Cs,-
AgBi, I, that showed smaller exciton binding energy and weaker
exciton-phonon coupling, delivering a PCE of 4.61% and 7.6%
under 200 and 1000 Ix illumination.*”® In 2026, Kamppinen
et al. determined, for the first time, the optical constants of
bismuth-based LFAs via spectroscopic ellipsometry, enabling
realistic indoor device simulations (1000 Ix). The optoelectronic
study combined with simulation revealed a significant gap
between the theoretical limits and actual performance owing to
nonradiative recombination and poor charge transport,
providing clear directions for future optimization.***

Selenium (Se, a p-type semiconductor), which has a bandgap
of 1.9 eV, was recently investigated as a potential material for
indoor PVs. The selenium-based iPV device delivered a PCE of
15.1% and 14.3% under 1000 and 200 Ix LED light by using
a telluride interlayer, which enabled improved adhesion of the
selenium film to the substrate and helped suppress defects
(Fig. 8g).*® In addition to impressive device performance,
selenium also offers low-temperature processing, a high
absorption coefficient (>10° em™"), low toxicity, and excellent
stability.’® Lu et al.**® further improved the performance of Se-
based devices to 18.0% efficiency under 1000 Ix indoor illumi-
nation through a critical melting-annealing strategy (Fig. 8h).
This approach provides sufficient energy to overcome the high
activation barrier of disordered Se chains, enabling their
incorporation into the lattice—a consequence of trigonal Se's
unique one-dimensional crystal structure. The resulting films
exhibited 2.3-fold lower trap density than conventional Se
films.*® One of the primary challenges in fabricating efficient Se
indoor photovoltaics is the unavoidable presence of Te impu-
rities originating from commercially available Se feedstocks.
Leveraging selenium's intrinsic antioxidative properties arising
from lanthanide-like contraction, a selective oxidation strategy
was employed to eliminate these narrow-bandgap Te impurities
during thermal evaporation, yielding high-purity Se films with
a wide bandgap of 1.88 eV ideally suited for indoor photovol-
taics. The resulting devices delivered a PCE of 20.1% under 1000
Ix illumination, outperforming amorphous silicon and all lead-
free perovskite indoor photovoltaics, while demonstrating
exceptional stability with no efficiency degradation after 20 000
hours under ambient conditions without encapsulation.'”

Yang et al.'*’ fabricated an iPV device based on a double
perovskite (Cs,AgBiBrg) and improved its performance by using
an organic dye D149 at the ETL/PIM interface and doping the
double perovskite with MXene (Ti;C,T,). The engineering
strategy resulted in suppression of non-radiative recombination
and improved charge collection, which improved the efficiency
from 6.48% to 7.23% under 200 Ix LED light. Under 1000 Ix LED
light, the device delivered a lower PCE of 7.18%, as the FF
dropped from 78% (under 200 Ix) to 76.9% (1000 Ix). The
authors hypothesized that the poor energy alignment of the dye

© 2026 The Author(s). Published by the Royal Society of Chemistry
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led to additional recombination pathways, reducing the shunt
resistance. A similar effect of the dye was also observed under 1-
sun illumination, where the V¢ improved slightly from 0.946 V
to 0.955 V when Cs,AgBiBr, was doped with MXene, but then
dropped to 0.72 V when the dye was added (Fig. 8i).

5 Perovskite modules for indoor
photovoltaics

At the low light intensities characteristic of indoor environ-
ments, the parallel resistance (R,, in Q cm®) represents the
dominant parasitic resistance governing the efficiency of indoor
PV devices. The total parallel resistance can be expressed as
a function of the specific bulk shunt resistance of the absorber
material (Rg,, in Q em?®) and the specific shunt resistances
associated with localized point defects (rp, in Q cm?®).77>7* With
the transition from small-area to large-area devices, the rp
typically increases with device area (Fig. 9a), resulting in
a reduction of the parallel resistance and, consequently,
a deterioration of photovoltaic performance.’”>'”> As the cell
area increases, the R, decreases significantly (Fig. 9b).
Enhancing R, can be achieved by mitigating the effective
density of point defects, for instance, through the segmentation
of a monolithic device into smaller sub-cells within a module,
thereby spatially redistributing the defects. Alternatively, the
incorporation of chemical additives or the engineering of
interfacial layers can further improve the parallel resistance and
suppress defect-induced recombination pathways.*>*>'”* To
integrate photovoltaics into electronic products and generate
enough power, as well as reach the voltages at which many
power management integrated circuits operate efficiently, it is
imperative to manufacture large-area modules with series-
interconnected cells. Currently, only a limited number of
studies have effectively showcased the successful development
of large-area indoor perovskite modules.””*"’” De Rossi et al.'”®
fabricated a module through screen printing, using commer-
cially available screen printable pastes, on an A4-sized
conductive glass substrate. The module featured an effective
active area of 198 cm?, an aperture area of 435.6 cm”, and a low
geometric fill factor (GFF) of 45.5%. Notably, this module ach-
ieved a good PCE of 11% and 18% under 200 Ix and 1000 Ix
fluorescent lighting (Fig. 9c¢), respectively,’”® demonstrating the
potential of perovskite modules for indoor applications. Zhang
et al. fabricated perovskite modules comprising six sub-cells
with an active area of 12.18 cm”, an aperture area of 12.96
cm? and a high geometric FF of 94% (Fig. 9d), leading to a small
cell-to-module (CTM) efficiency loss.** The module achieved an
active area efficiency of 31.0% (Isc = 235.5 pA, Voc = 6.0 V, and
FF = 80.6%) under 1000 Ix LED (3000 K) illumination and
a certificated indoor PCE of 36.4% (by the Chinese National
Photovoltaic Industry Measurement and Testing Center) under
1000 Ix TL84 light (Fig. 9d). Notably, this is the first report on
indoor PV certification for perovskite modules, holding signif-
icant importance in advancing the standardization and
sustainable progress of this field.*® From the same research
group, Ma et al developed efficient 2D-3D bulk
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Fig.9 (a) Scaling of point defects with device area. Reproduced from*”* with permission from IOP Publishing, copyright 2025. (b) The variation of
parallel resistance with device area. Reproduced from*”* with permission from IOP Publishing, copyright 2025. (c) Maximum output power and
PCE of the best module at different illumination levels under a fluorescent lamp. The inset shows a photograph of the perovskite module,
featuring an aperture area of 435.6 cm? (an effective active area of 198 cm?) and a geometric fill factor (FF) of 45.5%. Adapted from ref. 178 with
permission from John Wiley and Sons, copyright 2018. (d) Certificated current—voltage (/-V) curves of perovskite modules measured under TL84
light (1000 Ix) according to IEC60904 and SEMI PV89 test standards, measured at the Chinese National Photovoltaic Industry Measurement and
Testing Center (NPVM). The inset shows a photograph of the perovskite module, comprising six sub-cells with an aperture area of 12.96 cm?
(active area of 12.18 cm?) and a geometric FF of 94%. Adapted from ref. 31 with permission from Wiley-VCH GmbH, copyright 2022. (e) I-V
curves of oleylammonium iodide treated perovskite solar module measured under 1000 Ix LED light. The inset shows a photograph of the
perovskite module, comprising six sub-cells with an aperture area of 12.96 cm? (active area of 12.18 cm?) and a geometric FF of 94%. Adapted
from ref. 32 with permission from Elsevier, copyright 2023. (f) /-V curves for the MA; 5Cs; 5Sb,I3Clg module measured under 250 Ix and 1250 [x
LED illumination. The inset shows a photo of the module, comprising three sub-cells with an aperture area of 2.6 cm? (active area of 2.52 cm?)
and a geometric FF of 97%. Adapted from ref. 166 with permission from Elsevier, copyright 2025.
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Fig. 10 (a) Photograph of CsFAMA lead halide flexible perovskite module comprising eight sub-cells with an active area of 24 cm? and
a geometric fill factor (GFF) of 88.3%, and (b) current density—voltage (J-V) curves of the flexible modules with/without a benzyl acrylate (BzA)
interface layer, measured under 1000 Ix white LED (6600 K) illumination. Adapted from ref. 179 with permission from Wiley-VCH GmbH,
copyright 2022. (c) Schematic illustration for a flexible ITO/NiO,/PTAA/Csg 17FAq 83Pbl2Br/Cgo/SNO,/Ag device, and (d) J-V curves of the flexible
module, comprising six sub-cells with an active area of 12.18 cm? and GFF of 94%, measured under 1000 Ix LED illumination (3000 K). Adapted
from ref. 122 with permission from Wiley-VCH GmbH, copyright 2024. (e) Photograph of flexible (BAg sPEAg 5)2FAzSN4li3 perovskite module
containing eight sub-cells with an active area of 12 cm?, and (f) J-V forward scans for the (BAg sPEAq 5),FAsSn.l;s module, measured under 1000
and 2000 Ix LED (~3280 K) illumination, respectively. Adapted from ref. 180 with permission from American Chemical Society, copyright 2023.

heterostructures by introducing oleylammonium iodide into
wide-bandgap perovskites, which effectively passivated defects
and suppressed halide phase segregation.*” By employing this

© 2026 The Author(s). Published by the Royal Society of Chemistry

approach, they fabricated perovskite modules with the same
size as previously reported, containing six sub-cells with an
active area of 12.18 cm” and a geometric FF of 94%. The module
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achieved a record indoor PCE of 43.5% with a V¢ of 6.49 V
(average Vo of 1.08 V for each sub-cell), Igc = 328.2 pA, and FF
of 80% (Fig. 9¢).** Notably, this value is close to the record
indoor PCE of small-area cells maintained by this research
group.”

Reports on flexible indoor perovskite modules are even
fewer. The development of high-efficiency indoor flexible
perovskite modules enables the self-powering of indoor IoT on
many types of surfaces, even curved ones, as well as wearable
devices. Zhu et al.'” reported a flexible perovskite module
comprising eight sub-cells with an active area of 24 cm” and
a geometric FF of 88.3% (Fig. 10a). The module delivered an
active area efficiency of 30.7% (Isc = 411.4 pA, Voc = 7.7 V, FF =
72.4%, and maximum power output = 2.29 mW) under 1000 Ix
white LED (6600 K) illumination (Fig. 10b).””® This implies that

Reverse gravure coating
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it can be integrated with some wearable sensors and provide
them with the necessary power."*°

Zhang et al.*** employed a wide bandgap perovskite Csg ;-
FA, 53PbL,Br (E; = 1.74 eV) as an absorber and optimized the
interfacial adhesion properties through a porous NiO, nano-
particle layer on PEN/ITO substrates (Fig. 10c). With this
strategy, the laboratory flexible cell achieved a record indoor
PCE of 36.1% (Js¢ = 121.5 uA cm %, Voc = 1.06 V, and FF =
84.6%) under 1000 Ix warm WLED light and a record indoor
PCE of 31.7% (Isc = 249.6 UA, Voc = 6.4 V, and FF = 73.3%) for
a12.18 cm” (active area) module (Fig. 10d).}>* The efficiency loss
observed when scaling from small-area cells to large-area
modules primarily arises from film non-uniformity, a higher
density of defects, and increased resistance and interconnec-
tion losses.’”'”® Although such high efficiency has surpassed
that of any other PV technology,”® the development of high-
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Fig.11 (a) The configuration with a cross-section view of a flexible module with high efficiency under indoor 1000 Ix LED light. Reproduced from
ref. 183 with permission from Elsevier, copyright 2025; (b) schematic illustration of roll-to-roll production of a module meant for the outdoors.
Reproduced from ref. 184 with permission from Springer Nature, copyright 2024; (c) schematic illustrations showing the strains in module layers
in different bending states (left panel) and the film states after bending cycles (right panel). Reproduced from ref. 186 with permission from
Springer Nature, copyright 2021.
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efficiency indoor flexible modules requires intensified research
efforts directed towards narrowing the efficiency disparity with
rigid counterparts.

Lead-free perovskites have recently come to the fore because
they aim to address a main issue with perovskite technology, the
potential toxicity of lead (Pb).**"'®> Currently, only two research
reports on lead-free perovskite modules have been found.******
One is on the first lead-free antimony-based perovskite PV
modules, comprising three sub-cells with an active area of 2.52
cm?® and a geometric FF of 97%.'%? The module has an archi-
tecture of Glass/FTO/c-TiO,/m-TiO,/MA, 5Cs; 5Sb,15Clg/Spiro-
OMeTAD/Au and achieved an indoor PCE of 1.7% and 2.8%
under 250 Ix and 1250 1x LED illumination (Fig. 9f).**® The other
one was published by Zuraw et al. who reported the first flexible
lead-free tin-based perovskite PV modules, containing eight
sub-cells with an active area of 12 cm” (Fig. 10e).** Modules
were fabricated in a p-i-n configuration with an architecture:
PET/ITO/PEDOT/AL,O; bilayer/(BAo sPEA, 5),FA;Sn,I;3/Ceo/
bathocuproine (BCP)/Ag and achieved a PCE of 7.0% (366 pW
em™?) and 9.4% (738 uW cm ™) measured under 1000 and 2000
Ix LED (~3280 K) illumination, respectively (Fig. 10f).'*

Scalable fabrication of high-performance indoor perovskite
photovoltaics is essential to meet the demands of real-world
applications, particularly in the context of powering distrib-
uted IoT devices. In recent years, a variety of solution-based
deposition techniques, such as slot-die coating, blade coating,
and spray coating, have been widely explored for the scalable
formation of uniform perovskite films. These methods offer
excellent control over film thickness, are compatible with
ambient or low-temperature processing, and are particularly
well-suited to flexible or large-area substrates. For instance, Xu
et al. developed a flexible perovskite photovoltaic module
incorporating a photopolymerized network, which demon-
strated a record indoor PCE of 30.2% under 1000 Ix WLED
illumination on an 18 cm” device. They also demonstrated that
slot-die-coated flexible perovskite modules with a triethylene
glycol dimethacrylate polymer interlayer achieved outstanding
humidity resistance and bending stability, delivering a PCE of
42.1% over 0.07 cm” area and 40.1% over 23.25 cm? area under
1000 Ix WLED illumination,'™ as shown in Fig. 11a. Building
upon these techniques, roll-to-roll (R2R) processing has
emerged as a potential industrial solution for manufacturing
flexible IPVs. R2R systems integrate scalable coating methods
with continuous substrate handling, enabling layer-by-layer
printing in a high-throughput, cost-effective fashion.'®*'%
Weerasinghe et al.® reported the first fully roll-to-roll fabri-
cated perovskite solar cell module, including all functional
layers and carbon electrodes, achieving 11.0% PCE under 1-sun
illumination in large-area serially interconnected modules,
entirely printed under room conditions without vacuum pro-
cessing of metal electrodes (Fig. 11b)."®* Nevertheless, high-
throughput scalable fabrication of indoor perovskite photovol-
taics is still in its early stages with no relevant data found for
fully R2R process fabrication of PV devices for indoors, leaving
ample room for innovation in module design, materials engi-
neering, and process integration.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

EES Solar

Despite the progress made in the field of indoor perovskite
photovoltaics, there remains a critical lack of standardized
protocols for mechanical testing of indoor devices. While
outdoor PVs benefit from well-established stability tests (e.g.,
IEC 61215),"”'% there is no consensus regarding durability
metrics for indoor-specific modules. This gap hampers repro-
ducibility and hinders fair performance comparison. It is
needed to develop dedicated protocols for flexible IPVs, partic-
ularly at indoor light intensities and under real-use mechanical
cycles.’® On the other hand, in addition to the intrinsic material
design, encapsulation and post-treatment strategies are pivotal
in enhancing the mechanical durability of IPVs, especially for
flexible or wearable applications. Unlike rigid modules, IPV
devices are more susceptible to delamination, cracking, and
degradation under repeated bending or compression, as illus-
trated in Fig. 11c.*®® To address this, advanced encapsulation
architectures—including multilayer polymer barriers, atomic
layer deposition (ALD) of metal oxides, and UV-curable epoxy
coatings—have shown significant effectiveness in providing
both environmental and mechanical protection.™® For example,
Sutherland et al. reported that pre-conditioned flexible encap-
sulant materials can significantly reduce interfacial degradation
and improve long-term stability of IPV devices.™*

6 Device applications powered by
indoor perovskite photovoltaics

Within indoor energy harvesting, photovoltaics represents the
most mature technology, though the optimal type of energy
scavenging depends on the environment.” Driven by the
continuous knowledge exchange between chemistry, physics,
materials science and engineering, perovskite solar cells are
witnessing significant advancement with ever improving
processibility, mechanical flexibility and weight reduction.
These features allow them to be used in many different appli-
cations with little dependence on shape or design.'*?

Although aspects such as device architecture, production
strategies, large-area modularization, application scope, and
long-term stability are still under development, we present

below several approaches for their potential use across different
fields.3%8999:114,115,121,193-195

6.1 Internet of Things

The integration of photovoltaic cells with IoT devices has
revolutionized data management, enabling cognitive buildings
that seamlessly interact with smart grids.*® The role of build-
ings is evolving from mere consumers to prosumers.*’” Indoor
perovskite photovoltaics can play a crucial role in this trans-
formation."™* As both IoT and indoor perovskite photovoltaics
advance technologically, their applications is expected to
expand significantly, thereby increasing their competitiveness.
The future lies in integrated device segments with diverse
applications.''"'**! To ensure longevity and efficiency, focus
must be on material selection and optimizing under indoor
environments. Prioritizing a higher voltage output from indi-
vidual cells enhances junction quality and minimizes the need
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Fig. 12

(a) Flexible perovskite solar cell module powered 24 h self-sustaining flexible nodes. Reproduced from ref. 204 with permission from

Wiley-VCH GmbH, copyright 2025. (b) Prototype of a commercial Tuya temperature-humidity sensor powered by a wide-bandgap perovskite
solar cell. Reproduced from ref. 205 with permission from AIP Publishing, copyright 2025. (c) Electronic price tag powered by perovskite solar
module. Reproduced from ref. 195 with permission from Oxford University Press, copyright 2025. (d) Self-sufficient loT device with a remarkable
75% efficient light energy harvesting method. Reproduced from ref. 206 with permission from IEEE, copyright 2024. (e) Pictures of the indoor
perovskite PV powered radio frequency identification (RFID) temperature sensor. Reproduced from ref. 202 with permission from John Wiley and
Sons, copyright 2019. (f) Hybrid bifurcated structure of a flexible perovskite minimodule combined with a paper based ultra-flexible carbon
printed supercapacitor. Reproduced from ref. 207 with permission from Wiley-VCH GmbH, copyright 2024. (g) Illustration of the energy
autonomous wearable device that is powered under both outdoor and indoor illumination. Reproduced from ref. 110 with permission from
Springer Nature, copyright 2023. (h) Systematic diagram of an artificial photon harvesting system. Reproduced from ref. 208 with permission

from John Wiley and Sons, copyright 2020.

for multiple series connections, thereby reducing the overall
risk of system failure.”®> Emerging technologies like RF back-
scatter, which operates on minimal energy (W), are promising
for integration for wireless communication.>*® Various sensors,
including temperature, humidity, smoke, pressure and other
sensing devices, are widely used in people's lives and work-
places. Using photovoltaic cells to power these sensors can
avoid battery replacement and the use of cables. Table 3
provides an overview of demonstrations of IoT applications
powered by PSCs.

Han et al** introduced a hybrid (indoor/outdoor), flexible
perovskite solar cell module (FPSM)-powered 24 h self-
sustaining flexible node (SSN) integrated with sensors
(temperature and humidity sensor), an energy management
unit (BQ25570, Texas Instruments), energy storage (70 F
capacitor), and wireless data transmission through a low-power
Zigbee module (Fig. 12a). The FPSM-SSN exhibited uninter-
rupted operation under varying illuminance (100-1000 Ix)
across different light conditions (2700 K, 4000 K, and 6500 K).
The foldable 24 cm? system comprised a 3-cell module with an
effective area of 15 (5 x 3) cm?, connected to the SSN using
conductive adhesive in steps. Under warm light (2700 K, 1000

EES Sol.

1x), the PCE reached 31.98% with ~1.4 mW output, while under
standard indoor light (4000 K, 1000 1x), the PCE was 25.76%
with ~1.2 mW output. The FPSM instantaneous power output at
lower irradiances (0.1 mW cm ™ at 100 Ix) was compensated for
by the capacitor module. The SSN system was power-optimized
by periodically waking up (for =0.15 s) from deep sleep at =200
A to transmit signals at =300 pA (at a working voltage of 1.8 V),
thus sustaining 24 h of operation with just 10 h of low-light
exposure. The internal MPPT function monitored every 16 s
and set the MPP at 80% of the open-circuit voltage. The
PEDOT:PSS integrated with a carbon nanotube temperature
sensor exhibited stable and sensitive temperature responses
within 25-41 °C, and the PEDOT:PSS combined with a Tiz;C,T,
humidity sensor showed stable and sensitive humidity
responses with a sensitivity of 0.616% RH ' at 1000 Ix-LED
illumination.?**

Sun et al.**® developed PSCs using a Csg0sMA osPbBr,I;_, as
an absorber, achieving a PCE of 36% (0.078 cm”) under warm
white LED light. They designed an integrated system for energy
harvesting and storage. This system powered by indoor PSCs
under practical conditions could run devices such as calcula-
tors, quartz clocks, and environmental monitoring equipment.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00210a

Open Access Article. Published on 20 April 2026. Downloaded on 4/21/2026 12:48:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Under LED light illumination, it continuously powered an
MX2202 environmental recorder (temperature and light logger)
for over 24 h without any battery power loss (Fig. 12h), where
power management was performed using a dynamic MPPT
module based on a BQ25504 (Texas Instruments) and sodium-
ion battery based storage element.**®

Ursic et al.?*® presented the development of a self-sufficient
IoT device with a remarkable 75% efficient light energy har-
vesting method at an input current in the microampere range
(Fig. 12d). The IoT device acquired environmental data (irradi-
ance, temperature, and humidity) and solar cell electrical
parameters, including IV curves for long-term self-monitoring,
which were transmitted over a Bluetooth Low Energy (BLE)
connection to a nearby access point. A 1 cm” perovskite solar
cell was deployed with a 1 F supercapacitor as charge storage to
meet the low-power demand (6 pW). Energy harvesting under
a combination of artificial and diffused light was performed in
short bursts, complemented by periodic JV curve scanning at
favourable illuminance levels (with MPPT tracking paused at
low illuminance to save power). The high-capacitance input
storage of the supercapacitor retained voltage in the vicinity of
the MPP operational point, while a secondary supercapacitor
was used for additional charge storage. The microcontroller
unit was based on a system-on-chip (nRF52 series) by Nordic
Semiconductor, which also supervised the generic MAX17220
boost converter to retain system voltage (upwards from 400 mV).
Using illumination measurements from an RGB+IR sensor, the
microcontroller unit (MCU) allocated energy between IoT
functionality and energy harvesting, while also monitoring and
tracking electrical parameters throughout its lifespan. Energy
harvesting occured only 40% of the time, with the system in
reduced operation or sleep mode for the remaining 60% (when
the illumination or the PV cell output power fell below
a minimum threshold, the cell was isolated). Quick charge
transfer resulted in a ~75% boost in efficiency, with an average
of 70 s boost per day. On average, the device harvested
approximately 26 pyW from the solar cell when active. A signif-
icant portion of the collected energy was consumed as quiescent
current, while only about 30% was utilized for IoT functional-
ities, including environmental data collection (irradiance,
temperature, and humidity), wireless communication, and
maximum power point tracking. Task scheduling enabled ~2
tasks per min during sleep and ~25 during operation, while
intelligent illumination tracking yielded 8-30 IV scans per day.
Overall, the device consumed 6 UW on average, dropping to 3.5
uW under dark conditions.>*®

Chen et al.**® showcased the reliable operation of a yellow
LED directly connected to a perovskite solar module, func-
tioning only under illuminated conditions, followed by an
electronic price tag (operating voltage is 2.4-3.6 V) powered
through an integrated circuit combining lithium-ion batteries
with a 6-cell series-connected perovskite solar module (a 3-cell
connection was sufficient to meet the requirement). A superior
efficiency of 42.01% was achieved at 1000 Ix under a 3000 K LED
on a 1 cm® device. Accelerated diurnal cycling indicated
a promising Ty, lifetime approaching 6000 h. Linear extrapo-
lation of lifetime predictions for a 5-cell, 16.12 cm® ISOS-D-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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photocycle device suggested a Ts, of approximately 3.5 years
(Fig. 12¢).*®

Milyutin et al.>* presented a prototype of a commercial Tuya
temperature-humidity sensor powered by a wide-bandgap
perovskite solar cell integrated with a BQ25504 boost
converter and a supercapacitor (Fig. 12b). To mitigate power
drops during peak load, a secondary capacitor was deployed,
which also reduced power fluctuations through a custom-
designed energy management circuit. A 1.75 eV bandgap PSC
(Cs0.17FA¢.83Pb(I5 6Brg 4)3) was used to operate the sensor under
the ZigBee 3.0 protocol via a hub gateway. Autonomous func-
tionality was demonstrated for 58-87 h under 500-1000 Ix of
4000 K white LED illumination, with long-term stable operation
at =3000 Ix limited only by the PSC lifespan, expected to be
around 2 years (longer than a typical single-use Li-ion battery).
The integration consisted of six cells (2 cm?® each) connected in
series. After integration, the power density was 274 uW cm ™2 at
1000 Ix, while the PCE reached 22.1% at 800 Ix. The sensor,
operating between 2.5-3 V, was programmed with Arduino. Its
power consumption was 9.6 pW in sleep mode and 150 mW in
active mode, with a 300 s interval cycle. The weighted average
energy consumption was calculated to be 1509.5 pW per cycle.”®*
In 2026 Valastro et al. showed an IoT node, integrating high-
precision temperature and humidity sensors, that was powered
by a bifacial PSC architecture envisaged for vertical applications
where light comes from both sides.?*

6.2 Wearable biosensors

Wearable medical devices have advanced significantly, trans-
itioning from simple step trackers to sophisticated tools capable
of scientific health and environmental monitoring. These
improvements have made sensors more portable and streamlined
the interaction with medical services by enabling efficient data
transfer.”* Perovskite indoor photovoltaics can offer a superior
alternative to some of the bulky and unsustainable power sources
currently used in biosensors. For instance, Min et al.''® studied
a self-powered wearable biosensor that demonstrated the use of
highly efficient quasi-2D flexible perovskite modules consisting of
two cells joined in series with an active area of 2 cm” and a PCE of
30% under 600 Ix LED light to generate electrical power from
ambient light (Fig. 12g). This system included a similarly flexible
and efficient circuit board for signal processing and wireless
Bluetooth communication, dual carbagel-coated iontophoresis
electrodes to stimulate sweat, a microfluidic module with inter-
digitated electrodes to sample and monitor sweat, and an
electrochemical sweat biosensor array positioned closest to the
skin. The compact device, measuring 20 mm x 27 mm x 4 mm,
actively extracted sweat to monitor physicochemical markers
using a range of electrochemical techniques. The data were then
transmitted and displayed on a mobile application, showcasing
the potential of integrated wearable technology for continuous
and comprehensive health monitoring.**’

6.3 Other integration prospects

Mathews et al.*** demonstrated the use of low-cost indoor

perovskite PV cells as an external power source for
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backscattering sensors. They developed perovskite PV modules
using a wide-bandgap perovskite with a composition of
(MA, 5FA, 5)Pb(Bry 51p5)5, which comprised three
connected cells with a total combined active area of 0.7 cm?.
Under compact fluorescent lighting at an intensity of 0.16 mW
cm 2, the module achieved an output power of 14.5 pW and an
efficiency of 13.2%. This module was employed to power
a Dbattery-assisted radio frequency identification (RFID)
temperature sensor, which had a read range of 5.1 meters and
retained a high measurement frequency of every 1.24 seconds
(Fig. 12e). Their research illustrated the potential of integrating
PSCs with sensors in a cost-effective manner for high-frequency
data collection under indoor lighting conditions.>*

Lomeri et al.,”” through a hybrid bifurcated structure
combined in series, fabricated a flexible perovskite minimodule
with paper based ultra-flexible carbon printed supercapacitor
(Fig. 12f). The series connected 5 cell solar minimodule with an
active area of 4.15 cm” was strategically placed on top for
seamless integration delivering a PSC module efficiency and
power of 9.34% and 25 uW cm > respectively, under 200 Ix -
white LED light. The quasi solid state supercapacitors with
a total area of 3.6 cm” were connected in both parallel and series
on a sheet of paper and then attached in stacked configuration.
The integrated system assembled on a single sheet of paper was
connected through a diode (positive terminal connected to the
solar module while the negative terminal is connected to the
supercapacitor) to prevent any unwanted discharge. The system
while testing functionality was able to power the calculator for
over a minute and LEDs for more than 30 seconds. 2.8% of
overall efficiency was achieved with a wide potential window of
3.8V, 100% capacitance retention and coulombic efficiency over
10 000 repetitive GCD cycles. Under 200 Ix white LED light, the
power and voltage of the capacitor varied from 0.4 V, 1.6 uyW to
0.18 V, 0.7 uW in resistances from 100 kQ to 40 kQ.?*”

series-

6.4 Industrial applications

The commercialization of perovskite IPVs has accelerated in
recent years, driven by advances from several emerging

View Article Online
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companies across the globe. Table 4 provides a summary of the
companies developing perovskite PV specifically for indoors. In
mid-2025, Solaires (Canada), in collaboration with Genesis
Technology (China), delivered its first commercial batch of
perovskite IPV modules to a global electronics manufacturer
through their joint venture, SEI Energy, reporting efficiencies
exceeding 35%. Founded in 2020, Solaires claims to develop IPV
devices at approximately half the cost of conventional indoor
photovoltaic modules, while achieving twice the power output
and reducing greenhouse gas emissions by 50%. The demon-
strated module consists of three cells connected in series,
delivering a power density of 15-17 uW c¢cm™> and maximum
power point voltage (Vinpp) of 1.7-1.9 V under 200 Ix LED (4000
K) light, with overall dimensions of 75 x 35 mm® and an
aperture area of 58.3 x 27.5 mm” (Fig. 13a).2"

Saule Technologies, despite an uncertain commercialization
future, has been a pioneer in inkjet-printed perovskite solar
modules, characterized by their flexibility in shape and pattern
customization.?****” The company's product portfolio included
modules ranging from 25 x 66.2 mm?® to 105 x 158 mm?
delivering output powers between 170 uW and 2160 pW, with
a Vinpp Of 2.1 V in five of the eight available module configura-
tions under 500 Ix LED light (3200 K) (Fig. 13b).>*®

Perovskia has introduced digitally printed PSCs and modules,
available as prototype samples. These devices delivered over 80
UW cm 2 at 1000 Ix and can be adapted to various surface
geometries without loss of performance (Fig. 13c).* In June
2025, Perovskia Solar AG received CHF 1.05 million (=USD 1.3
million) from Innosuisse to automate its production line, tar-
geting an output of up to 1 million custom solar cells per year.
Over the past year, the company also raised USD 2.4 million in
seed funding, partnered with more than ten IoT clients, and
advanced its path toward industrial-scale commercialization.

In June 2023, Enecoat Technologies installed an integrated
IoT CO, sensor terminal powered by perovskite solar cells at the
Tokyo Metropolitan Government facilities for verification
testing. The company was subsequently listed in the 2025 For-
bes Asia “100 to Watch” ranking (Fig. 13d).>*°

Table 4 Summary of companies operating in the field of indoor perovskite photovoltaics and their technologies

Company Country Technological focus Stage Application stated
Enecoat Japan High efficiency, ultra thin Research and development Watches and wearables
film, lightweight, flexible, (R&D)
low temperature coating
Hallocell Australia Roll-to-roll manufacturing, Commercial production Small electronics, 10T, and
performance, and tandem drones (Fig. 13g)
Perovskia Switzerland Digital printing, design, and R&D IoT, consumer electronics
sustainability (Fig. 13i), wearables, retail,
tracking and sensors
Saule Technologies Poland Versatility, simplicity, and Test-integration ESLs (electronic shelf
low cost labels), IoT, and consumer
electronics (Fig. 13f)
Solaires Canada Versatility, simplicity, Commercial production Smart gadgets, IoT, and
affordable, and recyclable wireless energy transmission
(Fig. 13h)
Singfilm Singapore Junction, efficiency, stability, R&D Sensors, ESLs, and trackers
design, and scalability
EES Sol. © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Commercial players advancing indoor perovskite solar cells and modules. (a) 3-cell solar module by Solaires;?" (b) different shapes and
patterns by Saule Technologies;®*® (c) digitally printed solar cells by Perovskia;**° (d) module by Enecoat;?*® (e) module by Hallocell;?** (f)
photovoltaic module integrated price tag by Saule Technologies;?? (g) use cases by Hallocell;?* (h) use case by Solaires;?* (i) use cases by

Perovskia.?

By June 2025, Hallocell, in partnership with Sofab Inks,
launched its fully recyclable “Ambient Module” series based on
perovskite photovoltaic cells manufactured in its Australian
facility. Initially, the product line included a nine-cell module (116
x 57 x 0.6 mm”’, 6.8 g) delivering 1.22 mW at a Viypp Of 5.16 V
under 1000 Ix and a four-cell module (59.5 x 41 x 0.6 mm®, 2.8 g)
producing 0.55 mW at a Vp,p;, of 2.75 V (Fig. 13e).*** This lineup
was later supplemented by an additional four-cell module (60 x
22.5 x 0.6 mm®, 1.7 g) generating 0.25 mW at a Vpp, of 2.8 V under
the same illumination. The modules were priced at approximately
AUD 36.23, AUD 29.59, and AUD 25.67, respectively (product
pricing information was last accessed and verified in April 2026).

Finally, Singfilm introduced the Orchid Series, comprising
perovskite modules and cells exhibiting operational durability
beyond 10 years and storage stability exceeding 20 years, with
performance levels of =20 pW cm™> under 200 Ix indoor
illumination.>*®

7. Patents of perovskite photovoltaic
powered indoor electronic devices

The patent landscape for perovskite PVs is rapidly evolving,
showcasing emerging key trends, major players and techno-
logical advancements. Over the past decade, there has been
a significant increase in the number of patents related to
perovskite PVs for indoor applications, driven by the growing

© 2026 The Author(s). Published by the Royal Society of Chemistry

field of IoT and the need for sustainable, lightweight, flexible
and efficient power sources.

To analyse the patent trend over time, the patent data were
collected through the Espacenet Patent Search database using
the following query string: [Perovskite AND Indoor] for words
appearing in the title, abstract or claims of the patents. This
procedure yielded an initial sample of 3104 patents in February
2026, which were manually filtered to avoid the inclusion of
false positives. According to the time analysis, the annual
number of patents in this domain has grown exponentially,
particularly since 2015. This trend reflects intensified research
and development (R&D) efforts by both academic institutions
and commercial enterprises.

Geographically, China, South Korea, Japan and the US are the
primary hubs for patent activity in this area, with 56.8% of patents
and China leading in the number of patents filed (Fig. 14a).
Academic institutions such as the Shanghai Institute of Ceramics,
the Wuhan University of Technology, Semiconductor Energy Lab
(Japan), Suzhou University and Northwestern Polytechnical
University have been at the forefront of fundamental research,
resulting in numerous patent filings. Additionally, companies like
Ricoh Co. Ltd, Mitsubishi Chemical Corporation and Zeon
Corporation have played instrumental roles in translating
research into commercially viable technologies (Fig. 14b).

The patent analysis reveals several key technological inno-
vations in the field of perovskite PVs for indoor applications,
broadly categorized into material advancement, device
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applications, device structures and others). Patent data are sourced from the Espacenet database.

architectures, manufacturing processes and applications
(Fig. 14b). Advancing the technology for perovskite photovol-
taics for indoor electronic devices is essential for achieving
higher efficiencies and versatile applications. The analysis

EES Sol.

highlights that approximately 20% of the patents detail
methods for preparing high-quality materials for stable, low-
cost and efficient perovskite thin films and solar cell modules.
For instance, the creation of wide bandgap perovskite 2D-3D
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heterojunction composite films has facilitated the design of
low-light indoor solar cells, enhancing their efficiency in envi-
ronments where traditional photovoltaic materials are less
effective. And the use of sodium dodecyl sulfate (SDS) to treat
the interface of all inorganic perovskite (CsPbl;) thin films has
improved the short-circuit current density (Jsc) (Patent no.

CN117156930A, CN103903872A, CN104733617A,
CN106463625A, CN106463625B, US2019221692A1,
CN109755392A, CN109755392B, CN116487477A and
CN111877661A).

The patents filed for the indoor applications of perovskite
PVs are relatively few, spanning areas such as low-power
communication, sensors, displays and power storage devices.
Notable patents include indoor display devices capable of har-
vesting ambient light energy, featuring integration into elec-
tronic shelf labels and digital signage, which have been
proposed to enhance energy efficiency in retail environments
(Patent no. TWM647441U) (Fig. 15a). Photovoltaic chargers
designed to harness low-intensity indoor light have also been
developed, providing a sustainable power source for low-power
communication devices and sensors. These charges feature
a single solar cell unit with a porous light-absorbing layer that

(b)

Load Module

()
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includes perovskite along with other materials such as dyed
TiO,, silicon, CdTe, CIGS and GaAs. A boost converter is used to
step up the voltage while stepping down the current, ensuring
efficient energy transfer (Patent no. TW201947840A and
TWI780213B).

Self-sustaining indoor LED displays using perovskite solar
cells have also been patented (Patent no. W02022114776A1,
CN115241225A and CN219288074U) (Fig. 15b). Existing LED
displays generally rely on external power, have low flexibility
and show low light transmission performance. This invention,
however, is capable of transmitting various types of information
utilizing self-generated power, ensuring flexibility and high
light transmittance. The display can be installed on walls or
windows of buildings, and when positioned on a window, it can
generate its own electricity using sunlight. This makes it
economical and allows it to function like a curtain, conveying
information without obstructing light. The device not only ful-
fils the purpose of information transfer but also enhances
interior functionality, providing an economical and highly
practical display solution.

An RFID electronic tag powered by tin-based perovskite solar
cells is another notable application of perovskite PVs, finding
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Illustrations of patented technologies: (a) indoor display device capable of harvesting light energy (Patent no. TWM647441U), (b) self-

sustaining LED display (Patent no. WO2022114776A1), (c) RFID electronic tag powered by a tin-based perovskite solar cell (Patent no.
CN116245135A) and (d) self-powered intelligent medicine bottle (Patent no. CN215385942U).
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usage in various sectors such as logistics, supply chain
management, agriculture and environmental monitoring,
where long-term and sustainable solutions are crucial (Patent
no. CN116245135A) (Fig. 15c). Similarly, a portable notebook
computer based on a perovskite luminous energy hull cell effi-
ciently utilizes low light conditions, even in indoor environ-
ments, providing a sustainable and environmentally friendly
power source. This design reduces reliance on traditional
lithium batteries, enhancing portability and energy efficiency
(Patent no. CN206649383U).

Perovskite PVs are also envisaged in use for the health sector,
offering a sustainable power source for wearable devices that
monitor medication adherence, thereby improving healthcare
efficiency and outcomes (Patent no. WO02021079358A1).
Another patent describes a self-powered intelligent medicine
bottle utilizing perovskite solar cells (Patent no.
CN215385942U). The solar cells are arranged on the outer side
of the bottle body, with the bottom connected to auxiliary
batteries for storing solar power. This bottle is provided with the
control module, storage module and information prompt
module (Fig. 15d).

Patenting has also started to occur in lead-free sustainable
technologies in photovoltaics. For instance, a patent introduces
a lead-free, wide-band-gap double-perovskite solar cell, specifi-
cally tailored for electronic price tag applications (Patent no.
CN119907391A). This addresses environmental concerns asso-
ciated with lead-based materials while extending functionality
to low-power commercial displays. Similarly, a patent describes
an electronic communication cap embedded with multiple
solar cell modules across the crown, side, and visor. Designed to
sustain a built-in communication battery, this invention
exemplifies the integration of wearable photovoltaics into
energy-autonomous communication devices (Patent no.
CN119856817A). Lastly, a patent detailing a charging mouse
pad for indoor lighting conditions demonstrates the practical
deployment of indoor perovskite photovoltaics into workspace
accessories, enabling continuous wireless power for peripheral
devices (Patent no. CN222462038U).

In addition to consumer and wearable electronics,
applications are also emerging. For
instance, a railway track integrated with perovskite solar cells
has been proposed to enable distributed energy harvesting
along transportation networks, generating electricity even
under low-light conditions, such as indoor lighting and train
track illumination (Patent no. JP2025114996A). Similarly, in
November 2025, a perovskite photovoltaic-powered electronic
system designed for stable indoor operation under ambient
lighting was disclosed, integrating energy storage and control
modules for autonomous low-power devices (Patent no.
CN121025546A). These examples further demonstrate the
expanding scope of perovskite PV integration beyond conven-
tional device architectures.

These advancements underscore the versatility and potential
of perovskite solar cells in revolutionizing indoor energy solu-
tions, promoting sustainability and reducing the dependence
on external power sources. As research and development in this
field continue to accelerate, further innovations are anticipated,

infrastructure-level
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paving the way for more efficient and adaptable energy har-
vesting technologies tailored for indoor environments.

8 Current challenges and solutions
8.1 Standardized measurement protocols

In recent years, research on indoor photovoltaics has gained
significant attention. However, variations in light sources (e.g.,
LEDs and CFLs), color temperatures (e.g., 3000-6000 K), inci-
dent light power at different illuminance levels (e.g., 1000 Ix, 500
Ix, and 200 Ix), and calibration methods used in indoor
measurements make it challenging to ensure measurement
accuracy. Consequently, direct comparison of results across
different laboratories remains difficult. In July 2023, the Inter-
national Electrotechnical Commission (IEC), the leading global
authority on standards for electrical, electronic, and related
technologies, published a Technical Specification on nano-
enabled photovoltaics—Device Evaluation Method for Indoor
Light (IEC TS 62607-7-2:2023), which provides standardized
methodologies for measuring device efficiency and represents
a key step toward standardization.*®® Although experts have
collaborated to refine best practices for standardized indoor PV
measurements,®>**>3233 the field still needs to continue to
develop widely accepted protocols comparable to those meant
for outdoor applications. This will help accelerate the indus-
trialization of indoor photovoltaics.

8.2  Scaling up

Indoor solar modules typically range from 1 to 1000 c¢m?
depending on the size of the target electronic device, and are
much smaller than outdoor panels, which generally span 1.7-
1.9 m>.* Unlike outdoor modules, indoor designs differ not
only in overall module area but also in individual cell dimen-
sions. The photocurrents generated are in fact low, so geomet-
rical designs should be customized. When scaling from small
laboratory cells to modules, defects over larger areas and in cell
interconnects can cause performance losses more pronounced
than those observed under STC. This necessitates the optimi-
zation of deposition and patterning techniques. Furthermore,
indoor modules must be seamlessly integrated into consumer
products, making geometry, connectivity, aesthetics, and inte-
gration strategies (and their associated costs) critical design
considerations. Thin, flexible PV devices are often preferred for
indoor use, as they enable easier integration and do not require
the extended lifetimes demanded by outdoor applications.'® As
a result, indoor perovskite modules require dedicated design
and systematic research. Historically, studies on indoor
modules have represented only a small fraction of perovskite
solar cell research. However, publication trends from 2015 to
2025 indicate that research in this area is gaining increasing
attention (Fig. 16a).

8.3 Possible toxicity concerns

Indoo photovoltaic electronics are oriented to products that
people come into close contact with and wear in their daily lives.
Currently, high-efficiency IPVs based on perovskites usually use

© 2026 The Author(s). Published by the Royal Society of Chemistry
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absorbers containing the heavy metal lead. The EU Restriction 0.1 wt%.'**** While the amounts may not be high and
of Hazardous Substances (RoHS) directive stipulates that the companies industrializing the technology for application
lead content in electronic products must be limited to indoors affirm that they are below this threshold, there is
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interest in eliminating Pb from the materials used. Therefore,
focusing on improving the performance of lead-free, low-toxic
indoor photovoltaic alternatives and developing highly reli-
able external and internal encapsulation materials and tech-
nologies are also key research goals in the field.*****® However,
such alternatives have historically lagged behind lead-based
counterparts and have only recently begun to attract signifi-
cant attention from the research community (Fig. 16b). A recent
study conducted a LCA comparing lead-containing and lead-
free halide perovskite IPV devices to evaluate the environ-
mental sustainability of their absorber layers, precursors,
functional layers, and manufacturing processes."** The results
revealed comparable LCA outcomes among antimony-, tin-, and
lead-based IPV absorbers, particularly in terms of toxicity,
thereby challenging the widespread assumption that lead-free
IPVs are inherently more environmentally benign. Moreover,
the study found that the primary environmental impact at the
absorber level originates from organic and inorganic halide
salts rather than from lead or other metal halides, contradicting
the common belief that B-site metal halide toxicity is the main
source of environmental pollution. Consequently, future
research should prioritize assessing the environmental impacts
of frequently used organic and inorganic halide salts (e.g., FAIL,
FABr, MACI, MABr, Rbl, MAI, Csl, and AgI). Overall, while LCAs
provide essential insights into the environmental and safety
profiles of both lead-containing and lead-free halide perov-
skites, current research in this area remains limited and
warrants greater attention from the research community.***3*

8.4 Manufacturing costs

Recently, several startups have developed indoor self-powered
electronics integrating perovskite photovoltaics. In the long
term, market competitiveness will largely depend on cost, as
consumer acceptance is closely tied to product affordability.
Therefore, the price of perovskite-based indoor electronic
products must be comparable to that of silicon photovoltaic or
battery-powered alternatives. Achieving this requires perovskite
modules with low manufacturing costs. It has been projected
that perovskite modules could be produced using high-
throughput, solution-based fabrication methods with an
annual production capacity of approximately 10° m” year " and
a manufacturing cost below $0.01 cm™>, making them highly
competitive for indoor PV applications.® Previous studies have
shown that improving module efficiency can significantly
reduce overall production costs. Therefore, developing high-
efficiency modules through precise and scalable fabrication
processes represents a promising strategy for further cost
reduction. In the future, advancing the industrialization of
indoor perovskite photovoltaics will require continued efforts to
enhance device efficiency and lifetime while optimizing
manufacturing methods to achieve greater cost-
effectiveness.?**>*°

8.5 Stability

Compared to photovoltaics for outdoor applications, indoor
photovoltaics operate under milder conditions indoors and the
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lifespan of integrated electronics is usually not required to
exceed ten years. Therefore, their stability issues are considered
less acute than those of photovoltaics used under outdoor
conditions (usually require more than 25 years). However,
under low-light indoor conditions, efficiency is more sensitive
to defects. Therefore, in future research, it is necessary to
systematically study the degradation mechanism of device
performance indoors and develop reliable encapsulation tech-
nology to meet the life requirements of indoor electronic
products. Moreover, the field currently lacks standardized
protocols for stability testing, underscoring the need to estab-
lish guidelines analogous to ISOS for outdoor photovoltaics to
accelerate technological development. The increase in the
number of field study of PSCs under realistic indoor conditions
and applications will also be important to gauge lifetimes in the
variety of different real operational situations.**!

8.6 Recycling of photovoltaic devices

The end-of-life scenarios for PSCs generally fall into three
categories: recycling, landfill disposal, and module failure with
subsequent accidental release. Improper disposal of expired
devices can pose risks of environmental contamination. Effec-
tive recycling of spent PSC modules can mitigate these risks,
reduce the energy demand and environmental burden associ-
ated with their production, and promote sustainable deploy-
ment. In addition to minimizing soil pollution, recycling also
enables the recovery of valuable materials such as gold, silver,
and other electrode metals.>**>** Consequently, the develop-
ment of efficient and scalable recycling technologies represents
a critical consideration for the future of IPVs. Recent studies
have demonstrated that closed-loop recycling strategies can
further diminish the toxicological impacts associated with
hazardous constituents in IPVs. Nevertheless, additional
research is required to establish industrially viable recycling
processes tailored to PSCs with diverse architectures and active
layers, particularly those employing robust hydrophobic carbon
electrodes and compositionally complex mixed-cation or mixed-
halide absorbers. Future efforts should also prioritize the
advancement of energy-efficient and economically sustainable
recycling methodologies to enable the large-scale industriali-
zation of perovskite photovoltaic technologies.'3*2*>24¢

8.7 Research trends

Using keyword co-occurrence visualization of 29 terms extracted
from 430 references in SCOPUS (Fig. 16¢), several key insights
into indoor perovskite photovoltaics can be identified. In this
network, the size of each label and circle corresponds to the
weight of the keyword, indicating its relative importance, while
line thickness reflects the strength of connections; keywords
positioned closer together exhibit stronger relatedness. The first
cluster highlights device physics and performance optimiza-
tion, with a focus on defect passivation and charge transport
engineering as strategies to improve efficiency under low-
intensity indoor illumination. The second cluster emphasizes
sustainability and integration, where lead-free and perovskite-
inspired materials are investigated to address toxicity
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concerns, alongside efforts to translate laboratory-scale devices
into scalable modules. The third cluster represents advanced
architectures and functional devices, including wide-bandgap
absorbers, tandem cells, flexible electronics, and self-powered
systems designed for IoT, wearables, and consumer elec-
tronics. Clusters four and five address long-term performance,
focusing on stability and reliability using additives, all-
inorganic formulations, and interface engineering to suppress
ion migration and degradation, particularly in flexible devices.
The sixth cluster highlights interfacial chemistry and material
junctions, a unifying theme that connects fundamental device
physics with long-term reliability under weak illumination.
Collectively, these clusters outline a balanced research land-
scape where efficiency, sustainability, stability, and integration
are being advanced in parallel, reflecting the transition of
indoor perovskite photovoltaics from fundamental studies to
scalable and practical technologies.

9 Conclusion and outlook

The rapid development of the IoT is significantly advancing
IPVs. PSCs have emerged as the most promising candidates for
self-powered IoT devices due to their superior IPV performances
compared to other technologies. Researchers have achieved
over 45% (42%) indoor PCE at 1000 Ix (200 Ix) on rigid
substrates and over 42% (35%) on flexible substrates by
employing techniques such as composition and bandgap
engineering, device structure optimization, and defect passiv-
ation through additives and interface treatment.

Flexible devices, which are light weight and can be easily
integrated onto the irregular surfaces of indoor electronic
devices, meet the requirements for various indoor applications,
including powering wearable electronics. However, the best-
reported efficiency for large-area modules on flexible
substrates is 31%, significantly lower than the 43% efficiency of
rigid modules of the same size. Future research should focus on
developing large-area flexible modules.

The integration of IPV electronics into daily-use and wear-
able products raises concerns about the toxicity of lead in lead-
halide perovskites. Among lead-free alternatives, tin-based
perovskites have achieved the highest IPV efficiency of 17%,
but their poor air stability remains a critical issue. Sb/Bi-based
perovskite-inspired solar cells, with their high chemical
stability, low toxicity, and suitable bandgap (~2 eV), are ideal for
IPV applications. However, due to poor film quality and high
trap state density, their indoor efficiency is still below 10%.
Future research should prioritize improving the photovoltaic
performance of these new lead-free, low-toxicity alternatives for
indoor use.

There is an urgent need in the IPV field for a widely recog-
nized standardized measurement protocol, similar to the
outdoor AM 1.5 G, 1000 W m 2, standard test conditions.
Furthermore, research on recycling methods and technologies
for photovoltaic integrated electronic devices may become a key
consideration for the future of indoor photovoltaics. This review
paper offers a comprehensive introduction and discussion on
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indoor perovskite photovoltaics, providing constructive
suggestions for the development of this field.
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