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Perspectives for the conversion of perovskite
indoor photovoltaics into loT reality
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As a competitive candidate for powering low-power terminals in Internet of Things (IoT) systems, indoor
photovoltaic (IPV) technology has attracted much attention due to its effective power output under
indoor light illumination. One such emerging photovoltaic technology, perovskite cell, has become a hot
topic in the field of IPVs due to its outstanding theoretical performance limits and low manufacturing
costs. However, several elusive issues remain limiting their applications. In this review, the challenges for
perovskite IPVs are discussed in view of the bandgap tailoring to match indoor light spectra and the
defect trapping regulation throughout the devices. Then, we summarize up-to-date perovskite cells,
highlighting advanced strategies such as bandgap engineering, film engineering and interface engineering
to enhance indoor performance. The investigation of indoor applications of large and flexible perovskite
cells and integrated devices powered by perovskite cells is exhibited. Finally, the perspectives for the per-
ovskite IPV field are provided to help facilitate the further improvement of indoor performance.

Introduction

In recent years, with the rapid development of Big Data and
Internet of Things (IoT), numerous smart products such as
sensors, remote actuators and communication devices have
been fabricated and applied under different conditions to
meet the demands of data  monitoring and
transmission, almost half of which may be indoor."™ Though
these I0T devices have exhibited ultra-low power consumption,
effective power supply for billions of devices remains a
serious impediment for the deeper deployment of IoT, since
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Fig. 1 Various loT devices powered by photovoltaic devices under
indoor light illumination.

traditional battery power supply cannot meet the new
requirements regarding lightweight, high efficiency and low
cost.”” As shown in Fig. 1, considering the characteristics of
indoor conditions and the benefit of photovoltaics, it is
rational to replace the batteries with indoor photovoltaics
(IPVs) to achieve self-powered integrated products, which is
beneficial for the long-term working stability of IoT
systems.® ™

For IPV application, various materials as absorbing layers
have been employed to achieve good performance under
indoor conditions.’**® The earliest application may originate
from amorphous silicon, which powered pocket calculators.
However, Si-based cells exhibit inferior efficiency under indoor
light illumination due to the mismatch between their narrow
bandgaps and the spectrum of indoor lights."”'® As for the
III-V semiconductor-based cells, the better spectrum match
improves the indoor efficiency, but the high fabrication cost
and strict growth conditions of materials seriously restrict
their further commercial application."”' Due to the fast
development of photovoltaic technologies, the investigation of
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IPVs may focus more on third-generation photovoltaic techno-
logies including organic photovoltaics, dye-sensitized cells,
and perovskite cells.>*™>°

Among these, the perovskite cells exhibit tremendous
potential for high-indoor efficiency devices owing to the desir-
able optoelectronic characteristics such as tunable bandgap
(ranging from 1.2 eV to about 3.5 eV), high optical absorption
coefficients (10° cm™'), small exciton binding energy
(<100 meV) and long carrier diffusion length (over 1 pm).>”°
Nowadays, the record indoor power conversion efficiency (PCE)
of perovskite cells has exceeded 40% (under 1000 lux), which
far exceeds other types of cells.?***> Moreover, the low crystalli-
zation energy barrier of perovskites facilitates low-temperature
scalable fabrication processes including blade coating, slot-die
coating, spray printing and inkjet printing, which can easily
meet the demands of flexibility and practicality of different
smart products.’*° Based on the excellent indoor perform-
ance and convenient fabrication process, perovskite IPVs
exhibit promising prospects for further application in IoT
systems.>” 3

In this review, we discuss the underlying challenges for the
indoor application of perovskite cells, and then summarize
state-of-the-art strategies such as bandgap engineering of per-
ovskites, the film engineering of perovskites, and the interface
engineering of devices. Moreover, the current state of larger
area and flexible perovskite cells and their practical application
is introduced. Finally, this review provides an understanding
of the carrier dynamics mechanism under indoor light illumi-
nation and new approaches for the indoor performance
improvement of perovskite IPVs are suggested.

Characteristics of artificial lighting and
perovskite IPVs

A variety of artificial lighting sources including light-emitting
diodes (LED), incandescent lamps, halogen bulbs and fluo-
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Fig. 2 (a) CIE 1931 chromaticity diagram (the curved perimeter indicates monochromatic light colors and black dotted line shows the color of a

blackbody at different color temperatures). (b) Emission spectra of the solar spectrum (AM 1.5G), white LED, compact FL (CFL) and halogen bulb.
Reproduced with permission from ref. 42. Copyright 2014, IEEE. (c) SQ limited PCE vs. bandgap energy (E;) for the standard solar spectrum and
three different artificial indoor light sources. Reproduced with permission from ref. 40. Copyright 2020, Elsevier Ltd. (d) Schematic diagram of
carrier generation, recombination and transmission for outdoor and indoor perovskite cells.

rescent lamps (FL) have greatly promoted human civilization.
In general, for any indoor artificial lighting, we can obtain the
relative spectral power distributions, illuminance and color
coordinates (the color coordinate corresponds to a specific
color temperature, which is given by CIE 1931 chromaticity
diagram shown in Fig. 2a).*°

Under the irradiation of an artificial indoor light source,
perovskite cells can convert the input power (Py,) into electric
energy, which is expressed as output power (P,,). Since an
indoor artificial light source is usually quantified by illumi-
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nance L, P, can be obtained by a simple calculation. The
relationship between L and Py, is as follows:*!

830 nm

L= KPy J Soorm(2)V(2)dA (1)

360 nm

where K; = 683.002 Im W™, V(1) is the spectral light efficiency
function, and K; and V(1) represent the maximum spectral
light efficiency and spectral sensitivity of human vision,
respectively. Spectral distribution (S(4)) and illuminance (L)
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level can be measured using a spectrophotometer and a stan-
dard illuminance meter, respectively. According to eqn (1), we
can calculate Py, as a function of L and (S(4)), which is defined
as a fixed constant given an artificial light source.?®

The PCE of perovskite cells can be expressed as follows:

Pout

PCE =

x 100%. (2)

mn

Therefore, the following two aspects should be paid atten-
tion to improve the PCE of perovskite cells:

(1) From the optical spectral matching viewpoint, wide
bandgap perovskite materials should be chosen to maximize
the matching degree of the emission spectrum of the artificial
indoor light source, which makes the PCE closer to the
Shockley-Queisser (SQ) limited efficiency. Fig. 2b shows the
(S(2)) of the solar spectrum (AM 1.5G), white LED, CFL, and
halogen bulb.** The SQ-limited efficiencies for the standard
solar spectrum and three different artificial indoor light
sources are summarized in Fig. 2c. For these three artificial
indoor sources under 300 lux, the optimal E, value is
1.82-1.96 eV, and the maximum PCE reaches 57%.%° This is
due to the narrow and concentrated distribution of the artifi-
cial light spectrum.

(2) The illumination range of common artificial lighting is
100-1000 lux, and its incident power intensity (~100 pW cm™>)
is only 107 standard sunlight (~100 mW cm™2).** From the
perspective of the electrical behavior of the device, compared
with outdoor sunlight, indoor artificial light sources should
produce a lower concentration of free photogenerated carriers
(Fig. 2d), which significantly limits photogenerated current
density (Jpn)-

In general, the key device parameters are closely associated,
described as follows:***}

Jse :.]ph —Jo |:exp (M> — 1:|

o V 4 JscRs
Rsh
Jo= aneAEF/kBT + Jleak (4)
KT . (Ih(V V.
Voe = 127 ln{ pVoe) | 4 Ve } (5)
q Iy Rsnlp

where J, is the dark current density, g is the elementary
charge, kg is the Boltzmann constant, T is the cell temperature,
n is the ideal factor, S is the defect state density, AEg is the
potential difference between the quasi-Fermi levels, fieqr is the
leakage current density, I, is the photogenerated current and
I, is the dark saturation current.

The low series resistance (Rg) and extremely high shunt re-
sistance (Rgn) with ultra-low leakage current are the two main
factors to improve the short-circuit current density (Js.), as
observed from eqn (3) and (4), which are also related to the
density of defect states within the functional layer and the
different interfaces. According to eqn (5), the relatively fewer
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recombination losses and higher Ry, lead to increased open-
circuit voltage (V,), and hence a higher PCE.

Therefore, for perovskite cells operating under typical artifi-
cial light sources, the efficiency improvement is designed opti-
cally electrically with both behavioral regulations. The focus of
the relevant key issues differs from outdoor photovoltaic
devices. The currently reported indoor efficiency records for
perovskite cells are still far from the SQ theoretical limit. In
principle, the desired PCE can be obtained by tuning the
absorption spectrum, reducing V,. losses by reducing the trap
density and maximizing Ry, by reducing the leakage current.

Development of perovskite cells for
indoor applications

Due to the superior characteristics of perovskite materials,
great attention has been paid to the research of perovskite
cells.**™*” Though the early investigation may focus more on
the outdoor performance of devices, recent research shows
more concern for indoor performance owing to the rapid
development of 10T systems.*® > The first investigation on per-
ovskite IPVs was conducted by Kawata et al. in 2015, demon-
strating a device that achieved 19.8% PCE at 1000 lux.>! Soon
in a few years, the indoor PCE of perovskite cells has exceeded
40% under 1000 lux.*® As discussed in the previous part, the
desired PCE can be obtained by spectrum matching and non-
radiative recombination suppression.

In this section, we overview the development of perovskite
cells for indoor applications. As shown in Fig. 3, the bandgap
engineering strategy can effectively match the absorption spec-
trum of perovskite with the emission spectrum of indoor light,
and the film and interface engineering can concisely tailor the
perovskite crystallization, retard the nonradiative recombina-
tion and promote carrier transport of devices. Moreover,
further exploration of the potential applications of perovskite
IPVs is also summarized, which includes large-area and flex-
ible perovskite cells and integrated devices powered by perovs-
kite cells.

Bandgap engineering of perovskites

Based on the emission spectra of the indoor light sources, the
ideal bandgap for the perovskite was calculated to be 1.82-1.96
eV.">>> However, the optimal E, value of popular perovskite is
about 1.55 eV under AM 1.5G condition.>* Hence, it is vital to
broaden the perovskite bandgap to efficiently utilize the
photons generated from the indoor light source. Take MAPbI;
perovskite as an example, the electronic band structure mainly
originates from the Pb 6s orbital and I 5p orbital.>® Thus, the
strategy of halide anion exchanging can effectively generate
wider bandgap perovskites by varying the band edge states
(Fig. 4a and b).>*>° Lim et al. conducted concise control for
the concentration of Br (Br = 0 to 30%) in MAPbI, perovskite.>”
As shown in Fig. 4c, the bandgap for the Br content increases
linearly from 1.57 eV to 1.73 eV, with the Br content rising
from 0% to 30%, and the devices with 10% ratio of Br exhibi-

This journal is © The Royal Society of Chemistry 2023
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Developments of perovskite cells for indoor application
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Fig. 3 Schematic diagram of the development of perovskite cells for indoor applications.
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(a) Emission-wavelength tunability of CHzNHsPbX,Ys_,. Reproduced with permission from ref. 53. Copyright 2016, Springer Nature. (b)

Schematic of the bonding/antibonding orbitals of APbXs perovskite, exhibiting the formation of valence band and conduction band. Reproduced
with permission from ref. 55. Copyright 2016, American Chemical Society. (c) UV-vis absorption spectrum of MAPbls_,Br, films. Reproduced with
permission from ref. 57. Copyright 2020, Elsevier Ltd. (d) Energy diagram of perovskite MAPbls, MAPbI,Br, and MAPbI,_,BrCl, cells. Reproduced with
permission from ref. 58. Copyright 2019, WILEY-VCH. (e) Photoluminescence (PL) spectra of CsPb(l;_,Br,)s films. (f) J-V curves of the device with
different Br concentrations under 1000 lux FL illumination. Reproduced with permission from ref. 62. Copyright 2022, American Chemical Society.

ted the best performance (34.5%). However, the mixed halide
perovskite undergoes serious phase segregation when sub-
jected to visible light, which undermines the long work stabi-
lity of perovskite cells.”® To prevent phase segregation, Cheng
et al. further introduced Cl into mixed I/Br halide perovskite
(Fig. 4d).>® The involvement of Cl would cause shrinkage of
the crystal lattice, which can effectively retard the anion
migration and enhance the Pb-I and Pb-Br binding energy,
leading to restrained segregation and improved stability.
Hence, the triple anion perovskite cells exhibited good indoor
efficiency and long-term working stability.

It has been reported that the cation substitution can also
tailor the perovskite bandgap via the octahedral unit tilting.®°
Based on the calculated optimal E, value of perovskites under
indoor light illumination, Li et al. tailored the perovskite com-

This journal is © The Royal Society of Chemistry 2023

position to modify the bandgap of perovskite.®® The incorpor-
ation of Cs and Br could increase the E, value to be around
1.77 eV, i.e., FA; sCsy.,Pb(Iy.6Bro.4)s, which enhanced the device
performance under weak indoor light. Furthermore, the com-
plete substitution of organic cations (MA" or FA") by inorganic
cation Cs" can easily widen the perovskite bandgap, which can
tune the bandgap range from 1.73 eV (CsPbl;) to 2.3 eV
(CsPbBr;).°" Considering the weak phase stability of photo-
active a-phase CsPbl;, Wang et al. introduced Br~ to effectively
stabilize the Cs-based perovskite phase and further optimized
the perovskite bandgap, which significantly enhanced the
device performance under fluorescent lamp and white LED
illumination (Fig. 4e and f).*?

Though the ideal bandgap of perovskite can be tailored by
the composition exchange, the corresponding devices are
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reluctant to achieve comparable PCE based on the SQ theory,
which is restricted by the fabrication of films with smooth and
pinhole-free morphology and superior carrier transport. To
this end, investigating new perovskite materials may pave a
feasible way to overcome this obscure.

Film engineering of perovskites

The intensity of the indoor light source is three orders of mag-
nitude lower than that of AM 1.5G, thus leading to a lower con-
centration of photogenerated carriers, where a higher concen-
tration of carriers are trapped relative to photogenerated
carrier ratios.®*”® In addition, it has been reported that abun-
dant defects are formed due to the rapid crystal growth from
the solution process of perovskite films, which may cause
notorious nonradiative recombination and thus lower the
device performance (Fig. 5a).°°"°® Hence, the film engineering
of perovskites can be an ideal strategy to suppress the defect-
induced carrier recombination and further enhance the device
performance.

Composition engineering has been conducted to tailor the
perovskite crystallization process and passivate bulk defects of
perovskite films. Dong et al. modulated the perovskite precur-
sor composition to slow the nucleation of the perovskite, and
thus formed a large-grain size and pinhole-free perovskite
film by subtly replacing I” in the lead source with C,0,°7.%° As

(@)

{™ A*vacancy defects

O B vacancy defects

X-vacancy defects

View Article Online
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shown in Fig. 5b, the modified perovskite film showed fewer
defects and higher carrier mobility, allowing a high indoor
PCE of 34.86% under 1000 lux of the corresponding device.
Similarly, the changed cation source can also improve the per-
ovskite film quality.”® For the inorganic perovskite, the Cs pre-
cursor was changed from CsBr to cesium formate (CsFa), in
which complex HCOO-Pb" and HCOO-Cs" formed. The perovs-
kite crystallization was tailored by the volatilization of HCOOH
in the annealing process, which induced the larger grain size
and smoother surface of the perovskite film. Hence, the CsFa-
doped perovskite cells showed enhanced performance under
one sun and white LED illumination.

Apart from the composition substitution, the incorporation
of additives can also improve the film quality and device
characteristics. The additives can be categorized into few types
such as Lewis base/acid, low-dimensional perovskites,
ammonium salts and ionic liquids.”*””* For example, Yang
et al. introduced a Lewis base material, N,N-bis(dimethyl-
aminopropyl-N""-oxide)-perylene-3,4,9,10-tetracarboxidiimide
(PDINO), into the precursor solution.”* Owing to the great
photoelectric characteristics of PDINO and the strong inter-
action between carbonyl groups in PDINO with the uncoordi-
nated Pb atom in perovskites, the perovskite crystallinity and
exciton separation ability were enhanced, inducing the
improvement of indoor performance (Fig. 5¢ and d). Likewise,
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Fig. 5 (a) Schematic illustration of typical perovskite cells and detailed view of possible surface defects such as interstitials, substitutional and

vacancies on perovskite crystals. Reproduced with permission from ref. 66. Copyright 2019, WILEY-VCH. (b) Time-resolved PL spectra for pristine
and PbC,04-doped perovskite films. Reproduced with permission from ref. 69. Copyright 2020, American Chemical Society. (c) Model diagram of
the crystal alignment with/without PDINO. (d) J-V properties of the champion perovskite cells with/without PDINO obtained in indoor environ-
ments. Inset is the picture of the testing surroundings. Reproduced with permission from ref. 74. Copyright 2021, Elsevier Ltd. (e) Schematic illus-
tration of defect passivation enabled by EMIMHSO,. (f) Fourier-transform infrared spectra of EMIMHSO,, Pbl,—EMIMHSO,, CsPbl;—EMIMHSO,, and
CsPbls films. Reproduced with permission from ref. 73. Copyright 2022, WILEY-VCH.

5172 | Nanoscale, 2023, 15, 5167-5180 This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2nr07022g

Published on 14 February 2023. Downloaded on 6/24/2024 9:36:45 PM.

Nanoscale

the Lewis base phthalimide (2-N) molecules were added into
the anti-solvent to modulate the crystallization process of
CsPbl; films.”®> Based on the strong connection between 2-N
and solvents, the author accurately controlled the evaporation
of the solvent, and thus it facilitated prolonging the processing
window and retard the crystal growth process. Hence, the
modified device showed 40.07% PCE under 1062 lux
illumination.

Moreover, a novel additive ionic liquid, 1-ethyl-3-methyl-
imidazolium hydrogen sulfate (EMIMHSO,), was introduced
into perovskites.”> As shown in Fig. 5e and f, this molecule
showed strong interaction with the perovskite octahedral,
where HSO,~ exhibited a strong ability to withdraw electrons
to eliminate the formation of donor defect V;. In addition, the
modified films presented a prolonged crystallization process
owing to the strong interaction between perovskites and
EMIMHSO,, which caused a larger barrier to the perovskite
growth. Hence, the modified devices exhibited a PCE of
37.24% under 1000 lux. In addition, Wang et al. reported the
introduction of (NH,),C,04-H,0 to treat CsPbBrl, perovskite
films.”® Particularly, (NH,),C,0,-H,O decomposed into NH;
and H,C,0, under high-temperature annealing, while NH;
rapidly volatilized and the existence of H,C,0, tended to
adjust the growth environment of perovskite grains, resulting
in the secondary grain growth of perovskite films. Thus, the
modified films exhibited a longer carrier lifetime and a lower
trap density. As a result, the devices with (NH,4),C,0,-H,0
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additives showed promising performance (28.48%) under
indoor light illumination.

Various additives have been incorporated into perovskite
films to passivate the bulk defects and thus facilitate the
effective transport of carriers.””””® However, these investi-
gations are more based on the theory originating from stan-
dard sunlight, and few research studies focus on the carrier
dynamic mechanisms of devices under indoor light illumina-
tion. Hence, to shed light on new mechanisms and establish
new theories for perovskite IPVs, further investigations and
analytical techniques are highly needed.

Interface engineering of devices

For perovskite cells, photogenerated carriers in the perovskite
are extracted by the neighboring transport layer, and the col-
lected charges are transferred to the external circuit via the
electrode (Fig. 6a).®° Thus, it is crucial to control the carrier
dynamic concisely to achieve high indoor performance. To
avoid the nonideal recombination of carriers, apart from the
bulk defect modification of perovskite films, interface engin-
eering has been proposed to eliminate the interfacial carrier
nonradiative recombination and further improve the indoor
PCE of perovskite cells.®!8?

As for interface engineering, materials such as alkali metal
compounds, organic molecules and conductive polymers, self-
assembled monolayers, graphenes and graphene oxide deriva-
tives were incorporated into the device interface to enhance
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indoor performance.’*®® For example, the ultrathin alkali
halide was incorporated into the interface of the charge trans-
port layer and perovskite layer to form a compact buffer layer,
which can efficiently suppress the trap state and prevent ion
migration.®” Hence, the KF-modified devices showed improved
indoor performance (Fig. 6b). Meanwhile, Cao et al. developed
a strategy of buried interface modification by introducing
KSCN as an interlayer into tin-based perovskite cells.”® The
incorporation of KSCN exhibited multiple improvements for
the perovskite films and devices, such as optimizing energy
bands, enhancing perovskite crystallization, reducing trap
density and facilitating carrier transport. Based on the
superior modification effect of KSCN, the devices showed a
PCE of 17.57% under 1062 lux illumination, which is the
highest indoor efficiency for tin-based perovskite cells.
Moreover, phenethyl ammonium halides (PEAX, X = I, Br, and
Cl) and their derivatives were introduced into the interface
between the perovskite layer and the hole transport layer
(HTL), which can effectively Polish the surface of perovskite
film and passivate the surface defect, facilitating the carrier
transport.’>*”*° Thus, He et al fabricated a device with a
CH;0-PEABr interlayer, achieving the record efficiency of
40.1% under 824.5 lux LED illumination.?® Besides this, the
organic long-chain molecule lycopene (LP) was introduced
into the devices, which enabled perovskite films to present not
only an enhanced average lifetime but also a decreased defect
density owing to the C-X bond between perovskites and LP
(Fig. 6¢ and d).*" As a result, the LP-coated devices achieved an
indoor efficiency of 40.24% at 1000 lux, which is the highest
reported PCE in the literature (Fig. 6e).

To further optimize the energy level alignment of the device
and lower the intrinsic defect of the transport layer, it is criti-
cal to regulate the transport layer. Noh et al. reported a bilayer
structure of electron transport layer (ETL) by inserting a ZnO
layer between ITO and SnO,.*® Herein, they effectively opti-
mized the energy levels and improved the electron transport
ability. The control of the annealing process of ZnO helped
decrease the trap density and retard the charge recombination
of the device, which, in turn, improved the device indoor PCE.
In addition, tetramethylammonium chloride (TMACI) was also
used to modify the SnO, ETL.%® As shown in Fig. 6f and g, the
incorporation of TMACI can not only passivate the oxygen
vacancies of the SnO, surface by forming C-N-Sn bonds, but
also upshift the energy level of SnO,, which improved the elec-
tron transport in the CsPblI,Br-based devices. As a result, the
modified devices showed the optimized PCE under indoor
conditions (Fig. 6h). Apart from the optimization of ETL, the
HTL modification was also investigated. The incorporation of
nicotinamide into PEDOT:PSS shifted down the work function
of the HTL, contributing to a better energy level matching of
the device and a smoother morphology.”® Thus, the tin-based
devices with nicotinamide showed a PCE of 17.26% under
1000 lux illumination. Li et al. incorporated poly(3-hexylthio-
phene) (P3HT) into PTAA, which effectively passivated the
interface deep-level defects between the HTL and the perovs-
kite film, owing to the coordination bond between the S atom
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in P3HT and uncoordinated Pb*", and thus promoted the hole
carrier extraction.”’ Furthermore, the P3HT-doped HTL
decreases the perovskite nucleus density, which is beneficial
for preparing MAPDI; films with large grain sizes. With the
incorporation of P3HT, the devices reached an indoor
efficiency of 39.2% under 1000 lux.

The investigation of device carrier dynamic not only
includes carrier separation and transport in the bulk film, but
also contains the carrier extraction and transfer in the inter-
face and transport layer. To further improve the indoor
efficiency of devices, it is vital to understand how the interface
allows more efficient carrier transport under indoor light
illumination.

Large area and flexible perovskite cells

In recent years, most of the reports on perovskite IPVs are
based on small-area (<1 cm?) devices. However, to obtain
higher P, under low indoor light to drive low-power devices,
it is necessary to conduct more extensive exploration on the
large area up to module (>10 cm?) devices.

Till date, wide-bandgap perovskites are the prevailing candi-
dates for indoor modules. Wu et al. prepared perovskite cells
with a wider bandgap by adding Br ions into perovskite films to
improve the E, value. Under indoor FL irradiation, the large-area
(4 cm®) devices prepared with 15% Br exhibited a PCE of
17.89%.°% Based on Csgos5(FA¢.¢Mao.4)0.05Pb(Ip6Bro4); films, an
appropriate amount of PEAI (2 mg mL™") was conformally post
imposed on perovskite films, which improved the crystallinity
and absorption of the film. Under the irradiation of halogen
lamps with different illumination, the perovskite modules (4 sub
cells in parallel, each sub-cell area: 20 cm?®) can achieve the
maximum power of 223 pW (at 200 lux), 510 uW (at 400 lux),
1023 pW (at 800 lux) and 1273 uW (at 1000 lux).>* Currently, the
efficiency for large-area perovskite cells has reached 36.36%
(active area: 12.8 cm?), which is the highest efficiency reported
for wide-bandgap perovskite cells to our knowledge.”

Meanwhile, minimizing the ohmic loss was employed to
boost the large-area device efficiency. Bi et al. reported a hexa-
fluorobenzene-assisted one-step blade-coating method (Fig. 7a)
for the preparation of high-quality perovskite films with low
ohmic loss.”> With the modified perovskite film, the 1 cm?
devices exhibited the PCE of 30.0% (100 lux) and 33.8% (1000
lux). Furthermore, the author successfully fabricated a self-
powered drive LED indicator under indoor condition by connect-
ing four sub-cells (each with an active area of 1 cm?) in series.

Combined with bandgap optimization and surface modifi-
cation, it is urgent to further explore large-area perovskite film
forming processes including optimization and matching of a
blade-coating method, slot-die coating, inkjet printing, and
screen printing. Impressively, Baker et al. achieved efficiencies
of 11% (200 lux) and 18% (1000 lux) on a large A4-sized con-
ductive glass substrate by a screen-printed perovskite module
under FL illumination (Fig. 7b).”® Nevertheless, there is little
research on the large-area or module devices.

In order to meet the device requirements of lightweight and
good performance, flexible perovskite cells have attracted wide-
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Fig. 7 (a) Schematic diagram of the one-step blade-coating method. Reproduced with permission from ref. 95. Copyright 2022, Elsevier Ltd. (b)
Cross-section schematics and photos of adjacent cells in the module. Reproduced with permission from ref. 96. Copyright 2018, WILEY-VCH. (c)
Schematic diagram of the device structure and the enlarged schematic of the structure of borax and interaction between borax and perovskites at
grain boundaries; schematic diagram before and after bending of the flexible films with different shrinkage and stretch forms of borax-like spring. (d)
Indoor PCE decay curves under different bending and different bending times of the pristine and target flexible devices. Reproduced with permission
from ref. 98. Copyright 2022, WILEY-VCH. (e) Photographs and schematic diagram of the flexible perovskite module under indoor light illumination.
(f) J-V curve of flexible devices with/without BzA seal mesh under WLED (1000 lux) illumination. Reproduced with permission from ref. 99.

Copyright 2022, WILEY-VCH.

spread attention.”” In 2020, Castro-Hermosa et al. reported
indoor power generation by flexible devices made on flexible
glass (FG) substrates with notable transmittance (>80%), sheet
resistance (13 Q per square) and superior mechanical stability
(sheet resistance remains constant over 1600 bending pro-
cedures; curvature radius: 20.5 mm).”” In addition, the perovs-
kite cells based on FG achieved the PCE of 20.6% (16.7 pW
em~?) and 22.6% (35.0 pW cm™>) under 200 and 400 lux LED
illumination, respectively. Apart from the research for the
mechanical stability of substrates, the mechanical flexibility
and environmental stability of perovskite films are the urgent
challenges to be resolved. In 2022, Chen et al. proposed a
three-dimensional borax crosslinking agent to fill the grain
boundaries of perovskite films, initially achieving the stress
release of three-dimensional spatial (Fig. 7¢).°® It is further
confirmed that the mechanical and phase stability of the
modified perovskite films were significantly improved. Based
on this strategy, the PCE of flexible perovskite cells reached
31.85%, which is the highest reported record for flexible per-
ovskite devices. The same year, the internal packing strategy
was proposed by our team, where the cross-linking molecule
benzyl acrylate (BzA) was introduced into the devices, which

This journal is © The Royal Society of Chemistry 2023

can efficiently passivate defects at the grain boundaries.’®
Moreover, the crosslinking polymer molecular interlayer acted
as a sealed mesh to protect against water, oxygen erosion and
lead leakage from the devices. Interestingly, we validated the
outstanding performance of flexible modules (24 cm?, 30.73%
under white LED, 26.48% under yellow LED) (Fig. 7d). Finally,
Table 1 summarizes the photovoltaic characteristics of repre-
sentative large-area and flexible perovskite cells in the past five

58,77,92,94,100
years.”>’ 7%

Integrated devices with perovskite cells

In the high-speed development of manufacturing and internet
communication technology, numerous smart products with
low power consumption are fabricated and applied under
indoor conditions, e.g., homes, offices and factories for
environment monitoring or digital information transfer.> To
ensure the stable operation of 10T systems, it is vital to develop
self-powered devices to replace traditional devices supplied by
non-self-rechargeable batteries. In recent years, perovskite
cells exhibit great application potential for self-powered
devices in IoT systems, due to their superior characteristics
such as high power supply, easy fabrication, low cost and good
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Table 1 Summary of large area and flexible indoor perovskite cells
Substrate Perovskite materials Bandgap (eV) Light source PCE (%) Pout ({W ecm™?) Area (cm?) Year Ref.
Rigid MAPDI; 1.59 FL (100 lux) 11 3.03 198 2018 96
(1000 lux) 18 50.51
Rigid MA,.55CS0.15Pb(I5.55B0.15)3 1.66 FL (600 lux) 17.35 34.01 4 2019 92
(1000 lux) 17.89 58.1
Rigid MAPDI,_,BrCl, 1.797 FL (1000 lux) 30.6 84.36 2.25 2019 58
Rigid MAPDI; 1.59 WLED (100 lux) 30.0 — 1 2022 95
(1000 lux) 33.8 —
Rigid Cso.17FA¢ g3PbI;_,Br, 1.77 TL84 (1000 lux) 36.36 99.92 12.8 2022 94
Flexible MAPDI; 1.59 LED (200 lux) 20.6 16.7 0.1 2020 97
(400 lux) 22.6 35.0
Flexible MAo.05FA¢.05Pb(Io.97Br0.03)3 1.63 WLED (400 lux) 23.33 63 0.12 2020 77
(1000 1ux) 25.74 175
Flexible CSo.17FAg.83Pb(Io.5Bro 3)3 1.72 WLED (200 lux) 30.0 22.9 0.1 2022 10
(1000 1ux) 30.9 121.8
Flexible FAPDI; 1.55 LED (1062 lux) 31.85 106 0.07 2022 98
Flexible CsFAMAPDI;_,Br, 1.53 LED (1000 lux) 30.73 95.3 24 2022 99
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Fig. 8 (a) Circuit diagram of the prototype IPV-backscatter sensor. (b) Pictures of the IPV-backscatter sensor. Reproduced with permission from

ref. 104. Copyright 2022, WILEY-VCH. (c) Proposed perovskite cell energy
2022, MDPI. (d) Average power consumption of wireless protocols.

1017103 Extensive

adaptability to different environments.
research has been conducted to explore the integrated manu-
facture of perovskite cell-based self-powered devices for
indoor applications. For example, Mathews et al. fabricated
self-powered sensors by integrating perovskite cells and a
radiofrequency  (RF)-backscatter temperature  sensor.'**
Through the strategy of multiplication engineering and anion
exchange, a wide-bandgap perovskite (1.84 eV) with excellent
phase stability was fabricated. In addition, the corresponding
devices showed a PCE of 18.5% under compact fluorescence.
As shown in Fig. 8a and b, a module with three cells connected
in series was integrated to provide charging voltages for the
IoT nodes. This power supply device enhanced the backscatter
communication range of the sensor up to 7.2 times, reaching a
maximum of 5.1 m while maintaining a measurement period
of 1.24 s. Similarly, the energy harvesting system, which con-
sisted of perovskite cells, an energy harvesting circuitry, and a
load management system, was developed for the IoT appli-
cation (Fig. 8c).'® The 3 series 2 parallel connected devices
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harvesting system. Reproduced with permission from ref. 105. Copyright

with an area of 2.25 cm” were used to deliver the energy.
Perovskite cell generation can efficiently power the load in the
sleep mode under 1000 lux indoor light illumination, and
excess power was stored by the battery for the probe period.
Moreover, as shown in Fig. 8d, newly developed wireless proto-
cols such as ZigBee, ANT, BLE, LoRA backscatter and RFID
exhibit a lower average power consumption, in the range of
5 UW to 1000 pW, than that of traditional protocols (e.g., Wi-Fi
or SigFox).> Meanwhile, it can be estimated that a 10 cm” per-
ovskite module with an efficiency over 35% under 300 pW
em™? (1000 lux) WLED could produce a power of over 1 mW,
which could efficiently suffice for the work consumption of
these nodes.

Conclusions and perspectives

Owing to the rapid growth of the IoT market, the demand for
self-powering supply is gradually increasing for the long-time

This journal is © The Royal Society of Chemistry 2023
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working stability of IoT systems. Meanwhile, IPVs, especially
perovskite IPVs, can be good candidates for the power supply
without external batteries. Considering the features of indoor
condition, the spectrum match for the indoor light and perovs-
kite materials is the key point for the good performance of
devices. Moreover, the defect passivation for the bulk and
interface cannot be ignored either. In this review, we summar-
ized feasible strategies, including bandgap engineering, film
engineering of perovskites and interface engineering of
devices, which enhanced the performance of perovskite cells.
Based on the cation or anion exchange, the perovskite with the
ideal bandgap can be synthesized. Furthermore, the modu-
lated perovskite crystallization and enhanced carrier transport
in the device have been achieved by the incorporation of addi-
tives and interlayers. Although the indoor efficiency (over 40%)
has far exceeded the outdoor efficiency of perovskite cells,
their performance is still undesirable compared with the SQ
efficiency limit (57%). Moreover, few research studies consider
the carrier dynamics mechanism of perovskite cells under
dimming light. Hence, we put forward the possible approaches
shown as follows, which may accelerate the further improve-
ment of the indoor performance of perovskite cells.

Ultrafast carrier dynamics mechanism about perovskite IPVs

Perovskite IPVs exhibit a unique phenomenon of “low-concen-
tration photogenerated carriers” under low illumination. The
unique non-uniform energy distribution of artificial light
sources leads to the “excitation-relaxation” process of low-con-
centration photogenerated carriers being more sensitive to
defects. The defects of perovskite cells are mainly concentrated
in perovskite films, whose defect characteristics include defect
types (vacancy defects, interstitial defects, and substitution
defects), defect levels (shallow-level defects and deep-level
defects) and defect distribution (body defects and surface
defects). For indoor artificial light sources (low illuminance
and non-uniform spectral distribution), which are greatly
different from outdoor sunlight, the corresponding law
between low-order SRH recombination dominated by carrier
recombination and defect characteristics has not been resolved
yet. As the origin of charge-carrier recombination, the dynamic
mechanism of light capture, transport and related physical
models still lacks deeper research and cognition. In recent
years, basic studies by ultrafast spectroscopy have played an
important role in revealing key issues such as light capture,
charge generation, recombination and transport mechanisms.
Therefore, for perovskite IPVs, the corresponding mechanism
studied by ultrafast spectroscopy technology can uncover the
ultrafast carrier dynamic process and relaxation mechanism
under low indoor light illumination, where further research is
expected to provide the theoretical basis for material develop-
ment and device optimization.

New perovskite materials

Due to the peculiar spectrum of indoor light, the bandgap
engineering of perovskites has been proposed as an ideal way
to achieve the maximum absorption of photons. In addition,
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most reports have focused on anion or cation exchanging in
the three-dimensional (3D) perovskite for bandgap regulation,
which may face the challenge of poor film quality, phase segre-
gation or weak stability. Besides, the limited carrier lifetime,
high trap density, slow carrier mobility and so on caused by
the unsuitable exchanging of anions or cations strongly restrict
the development of perovskite IPVs. However, the introduction
of novel perovskite materials such as 2D perovskites, perovs-
kite quantum dots (PQDs) and single-crystal perovskites could
be the alternative solutions for the bandgap tuning. As for the
2D perovskites, their bandgap can be easily adjusted by chan-
ging the thickness of the metal-halide slab.'®® For example,
the bandgap of BA,MA,,_1Pb,I3,.+; decreases from 2.49 to 1.68
eV, while the number of layers increases from 1 to 5.'”
Importantly, they show good environmental stability due to
the hydrophobic groups. Similarly, the PQDs show the tune-
able bandgap owing to a quantum-confinement effect, ie.,
CsPbI; QDs (ranging from 1.82 to 2.07 eV with the QD size
decreased from 12.5 to 3 nm).'°® Furthermore, the efficiency of
PQD-based devices is expected to surpass the SQ limit by mul-
tiple exciton generation, turning to make use of hot carriers.
Based on the low trap density and superior stability of single-
crystal perovskites, it is feasible to fabricate high-quality
absorption layer with a suitable bandgap, and thus achieve
high efficiency under indoor light illumination."%

Long-term stability and Pb toxicity

Low indoor light intensity leads to the low concentration of
photogenerated carriers of devices and low heat by working
conditions, which enable the device to remain stable under
indoor conditions. For the long-term stability of perovskite
cells, the bulk perovskite stability and device encapsulation
should be taken into consideration. As for the bulk perovskite
stability, these feasible strategies mentioned in the main text
can be conducted to strengthen the perovskite lattices. Besides
this, the new perovskite materials can be the good candidates
for the bulk perovskite stability. The device encapsulation
such as cover encapsulation, film encapsulation and hybrid
encapsulation can further protect the cells from the invasion
of humidity and oxygen. However, most of the research studies
focused on the encapsulation of rigid devices. To expand the
application of perovskite IPVs, it is crucial to explore the flex-
ible device encapsulation.

It has been reported that the density of MAPbI; is about
4.3 g em™>."® Thus, the Pb weight content with 500 nm film
thickness can be estimated to be 2.15 g m™>, which is far
below the glass or flexible substrate weight content. The trace
content is less than the set limit for the Pb content in elec-
tronics imposed by many countries (<0.1% weight).
Nevertheless, to avoid the potential risks, the community
would expect to further reduce or limit Pb issues in the practi-
cal products. To this end, proper physical encapsulation is
essentially required. Moreover, chemical adsorption engineer-
ing can also inhibit the lead leakage by immobilizing with
lead ions from degraded perovskites. Meanwhile, the develop-
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ment of lead-free perovskite cells with good performance
needs to be considered.

As discussed above, the further utilization of new advanced
technologies and the introduction of superior perovskite
materials may pave a facial way to deeply explore the mecha-
nism of carrier transport under indoor light illumination and
promote the efficiency improvement of perovskite cells. With
the complement of theory and enhancement of performance,
perovskite IPVs could play a crucial role in the stable power
supply for IoT systems.
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