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With the rapid development of the Internet of Things (loTs), photovoltaics (PVs) has a vast market supply gap
of billion dollars. Moreover, it also puts forward new requirements for the development of indoor
photovoltaic devices (IPVs). In recent years, PVs represented by organic photovoltaic cells (OPVs), silicon
solar cells, dye-sensitized solar cells (DSSCs), etc. considered for use in IoTs mechanisms have also been
extensively investigated. However, there are few reports on the indoor applications of perovskite devices,
even though it has the advantages of better performance. In fact, perovskite has the advantages of better
bandgap adjustability, lower cost, and easier preparation of large-area on flexible substrates, compared

with other types of IPVs. This review starts from the development status of l0Ts and investigates the
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indoor applications and review some strategies for fabricating high-performance perovskite indoor

DOI: 10.1039/d1sc03251h photovoltaic devices (IPVs). Finally, we also put forward a perspective for the long-term development of
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1. Introduction

In high speed under the background of modernization, indoor
photovoltaics (IPVs) has attracted much attention with the
emergence of Big Data and the Internet of Things (I0Ts), owing
to the billions of product demand gap for the self-powered
devices.' The IoTs refer to things that automatically communi-
cate wirelessly between various electronic devices through the
Internet. The digital information and real-time data can be
collected or exchanged by sensors, terminal devices, health
monitoring, etc., which are widely used in intelligent buildings,
radio-frequency identification (RFID) sensors, retail industries,
and wearable devices.>™ In the new era of IoTs, radio has raised
new requirements regarding size, weight, energy consumption,
and cost reduction.” These applications are independent and
off-the-grid, and it is wise and necessary to replace non-self-
rechargeable batteries through power supplement via indoor
photovoltaics.® In recent years, IPV as a device to convert indoor
light to electric energy has been a powerful technology in the
IoTs system.” For example, chalcogenide (ie., GaSe, and
CulnGaSe,) solar cells,™'* dye-sensitized (DSSCs),"*** organic
photovoltaic (OPVs),**** and perovskite solar cells (PSCs)'”*®
have received significant attention in the IPVs field, owing to
their advantages of simple fabrication technology, adjustable
bandgap, and high performance. For optimizing IPVs, the
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suitable absorption spectra, large open-circuit with low energy
loss, minimized trap-mediated charge recombination and
leakage currents, and excellent stability of indoor photovoltaic
materials and devices are the key issues.'® Furthermore, there
always have been contradictions between the heavy, complex,
and unsustainable portable power source and the portability of
the IoTs system. The cumbersome power source becomes
a burden for daily use and shortens the lifetime of mobile
devices.”*** Hence, the development of simple, lightweight, low-
cost, and self-powered devices is urgent for the IoTs system.
Notably, the PVs that are used to convert sunlight are not
necessarily suitable for indoor applications due to the Sun's
emission spectra and indoor light source. The emission spectra
of indoor light sources (fluorescent lamps (FL) and light-
emitting diodes (LED)) are located in the range of 200-
700 nm and for solar AM1.5 spectrum is about 300-1100 nm.
Meanwhile, the intensity of FL and LED are also three orders of
magnitude lower than AM1.5.>>*® Therefore, choosing a light-
absorbing material with a suitable bandgap to absorb the
indoor light source effectively is necessary. According to the
theoretical simulations, the absorber materials with a 1.8-
1.95 eV bandgap are ideal for high-performance IPVs.”*** This is
the main reason that the high-performance solar cells with
a bandgap from 1.1 to 1.6 eV (e.g., crystalline silicon solar cells)
designed for the one solar illumination intensity are unsuitable
for indoor applications.?””® In addition, IPVs have higher
requirements for defects and interface contact due to the too
low indoor light source intensity that can only generate very few
carriers. Park et al. demonstrated that doping chlorine into
perovskite decreased the bulk defects of perovskite, which can
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suppress the ion migration and non-radiative recombination
and improve the power density to 3.525 (231.78) uW cm™ > under
400 lux.” Brown et al. also reported the role of interface defects
on indoor flexible PSCs based on the TiO, compact layer and the
mesoporous layer, evidencing that the interface defects are
crucial for the indoor performance of devices.*

In recent years, researchers have also tried to use various PV
materials to absorb indoor light sources for fabricating IPVs.
For example, DSSCs have been reported to perform well in
indoor low-light sources. However, the high cost of this type of
device limits the further development of its commercializa-
tion.** In contrast, PSCs have the advantages of efficient pro-
cessing, lightweight, and low cost, making them have great
potential in the IPVs field. Considering the different emission
spectra of the light source, the absorber layer material of IPVs
should have a medium bandgap and a narrow absorption
spectrum in the visible light range to obtain good spectral
matching.*>** Perovskite can freely adjust the bandgap without
complicated synthetic routes and expensive preparation
costs.**** Furthermore, the bandgap of perovskite materials can
freely change from 1.18 to 2.6 €V by a simple solution-processed
component engineering, and its excellent light absorption
ability and long carrier diffusion distance are also more suitable
for low light conditions.>**

This review summarizes the market demand, cost, applica-
tion field, and market trend of IPVs. We also discuss the existing
issues and predict the research direction of IPVs. The device
performance of various types of IPVs will be compared. We
believe that perovskite indoor photovoltaics (PIPVs) have the
potential to lead the IPVs industry after solving the critical
issues of stability and toxicity. Finally, we will be introducing
the strategies for fabricating high-performance PIPVs.

2. Perspective of indoor
photovoltaics
2.1 Application potential of IPVs

The I0Ts system is referred to the automatic wireless commu-
nication between various electronic devices via the Internet, i.e.,
real-time data collection and exchange of digital information by
the electronic devices, and applied to smart home, aerospace,
alarm systems, and indoor wearable technology. IPV as a mobile
self-power device required in the IoTs system has diversification
on the specifications, power, morphology, cost, and lighting
environment to adapt to the different working environments.
Therefore, IPVs have enormous potential to be used on various
miniature mobile platforms, such as wearable electronic
devices, wireless antennas, sensors, and biomedical treatments,
as exhibited in Fig. 1a.**** In addition, the influence of indoor
light sources must also be considered. Normally, a simulated
solar source AM1.5 (100 mW cm™?) is commonly used to eval-
uate the performance of PVs in the laboratory.**** However,
adequate sunlight may not always be met due to the reference of
weather, environment, time, etc. Thus, the performance of PVs
under artificial indoor lighting sources, such as LED, CFL,
halogen lamps, and incandescent bulbs with special color
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appearance and different intensities (Fig. 1b) also needs to be
considered.** In the near future, light energy from the envi-
ronment through IPVs for continuous power supply is neces-
sary.*>® Fig. 1c shows an example of indoor wireless
interconnection equipment with the power provided by IPVs
(1 cm?). For example, organic based IPVs can achieve a good
PCE of about 30% (corresponding input power of 0.521 mW
em~ > and output power of 15 pW), which is enough to drive
many electronic applications (RTID tags, wristwatches, calcu-
lators and standby devices).***’ It is worth noting that the PCE
of PSCs under indoor conditions is mostly above 35%.**° That
means the same area of PIPVs can drive more electronic devices,
and it will also become an excellent candidate in the IPV field.

PVs have been combined with watches, calculators, and
sensors for many years (Fig. 1d), owing to the stable power
output and the excellent performance under low-light sour-
ces.”*" In addition, IPVs show great potential to create a huge
market for indoor renewable energy. For example, some
companies such as WSL Solar,* Powerfilm,** and Soelms®>* are
commercializing amorphous Si modules as IPVs. GCel* and
Ricoh®® are also using DSSCs as IPVs for commercialization.
Particularly, amorphous Si and dye-based PVs can even drive
simple devices, such as watches, calculators, and sensors at
a light intensity of 20 lux.** According to forecasts, hundreds of
millions of wireless sensors will be installed indoors in the next
ten years.” It can be said that IPVs have a good development
prospect even if there are still many difficulties. Among them,
the greatest difficulty is the long-term stability of devices and
the toxicity of materials (such as cadmium (Cd), lead (Pb), and
arsenide (As)). Over the years, the manufacture of photovoltaic
devices in the research and manufacturing sector has received
great attention, although it has been banned in some areas
because of its toxicity.*”~* In fact, Alta company recently closed
its IPVs production due to the lack of suitable investors.®* This
suggests that IPVs manufacturing technology must be devel-
oped rapidly in order to meet the requirements of long-term
human development. In addition, it is also crucial that the
IPVs can be fabricated on a flexible and large-area substrate to
meet the different market needs. Photovoltaic panels can be
installed directly into these types of equipment or simply
installed on panels on walls, floors, or other surfaces, to nearby
power equipment or return power to the building's power
supply system.

In today's fast modernization, IPVs have also been rapidly
developed. However, the commercialization of IPVs is still
laggard compared with the development of solar modules. For
example, reports show that the global market value of IPVs is
only $140 million,* which is far below the $100 billion of solar
energy modules.®” We all know that in order for something new
to replace something that already exists, it must have advan-
tages that the body (human) cannot refuse, such as cost and
performance. Typically, the cost of the production model is
dependent on the production scale of the PV system.***
However, in order to fabricate low-cost IPVs, using inexpensive
materials and an excellent technique process is far-sighted. This
strategy is beneficial to the growth of the expected market size of
different types of IPVs, which is the function of the price per
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Fig. 1

(@) The equipment obtains energy through IPVs power generation under indoor lighting conditions. Reproduced from ref. 39 with

permission from the [Wiley-VCH], copyright [2018]. (b) Emission spectra of different light sources. Reproduced from ref. 45 with permission from
the [Elsevier], copyright [2019]. (c) Powered by IPVs of 1 square centimeter under indoor lighting and the corresponding drivable electronic
equipment. Reproduced from ref. 39 with permission from the [Wiley-VCH], copyright [2018]. (d) The cost and market size of IPVs as a function of
time (years). (e) Expected market size of different photovoltaic applications (2018-2027). (f) Manufacturing cost and annual production scale and
indoor usage of different types of IPVs, (g) forecast of IPVs and WS market size, and (h) market demand for photovoltaic cells/modules in different

energy demand fields (2016-2023). Reproduced from ref. 45 with permission from the [Elsevier], copyright [2019].

watt of different equipment, as shown in Fig. 1e.*>** Each
sphere shows the forecast of the market size (horizontal span)
and price per watt (vertical span) from 2018 to 2027. In the next
ten years (2018-2027), PVs will be mainly used in integrated
buildings (approximately two orders of magnitude increase),
and its price per watt will also have a great price advantage in
the possible equipment. To realize the vision of the IoTs
ecosystem, ie. billions of sensor nodes and wireless antenna
connected to the network, relying on a single node to reduce
power usage is the most effective method. In recent years, the
research trend of energy efficiency and low power hardware
protocols is to solve this problem, improve energy efficiency to
reduce latency, and improve data reliability.®>*® Fig. 1f shows
the comparison of the production of system units based on low-
volume amorphous Si, III-V, PSCs, CdTe, and Si compounds

1938 | Chem. Sci,, 2021, 12, 1936-11954

with the annual production volume. Among them, OPV, PSCs,
and CdTe based cells have lower cost.*>*¢ In addition, within the
range of 5 years, the OPV devices show lower costs if using the
R2R method.

PV cells used as indoor wireless node power supply systems
can promote the growth of the IPV market. The current global
market for IPV cells is $140 million.*>*” The estimated size of
the wireless sensor (WS) and IPVs market in the next ten years
(2017-2023) is billions of dollars (Fig. 1g).** The IPV market will
experience a spurt of development in the next ten years,
reaching $850 million in 2023 and hopefully exceed a billion
dollars in the following years. By 2023, the market demand for
photovoltaic energy is expected to reach 60 million units per
year.”” In addition, Fig. 1h shows the forecast for the next 8 years
(2018-2023). IPVs not only form a part of the building

© 2021 The Author(s). Published by the Royal Society of Chemistry
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integration PVs (BIPV) to obtain a higher market value ratio, but
also continue to exhibit a higher market ratio relative to PVs
used for remote sensing and telecommunications.*® This means
that IPVS will become an integral part of the power ecosystem
for the Internet of Things. In addition, the global IPV market is
expected to grow to $5.1 billion in 2023, representing an annual
growth rate of 33.6 percent.®®

2.2 Research progress of IPVs

When there is no solar radiation, IPVs mainly collect the energy
emitted by the artificial light source (CFL, LED, incandescent,
halogen). The illumination intensity is usually three orders of
magnitude lower than the sunlight. The difference in the light
source directly leads to the difference in the spectral range and
the bandgap of the matching absorber. Fig. 2a shows the
maximum limit PCEs of PVs under different indoor light sour-
ces, according to the detailed equilibrium limit theory and
Shockley and Queisser.>** This calculation is performed based
on the assumption that the above bandgap energy of all
absorbed under different lighting conditions, and the carrier
was completely extracted. We can find that the optimal bandgap
for AM1.5 is ca. 1.34 eV, and for the indoor light source (LED
and CFL) is ca. 1.9 eV. Surprisingly, the maximum theoretical
efficiency of 1.9 eV bandgap material can be close to 60% when
IPVs are under the 3-color LED condition. However, under the

View Article Online
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condition of AM1.5, the calculated efficiency limit of PVs with
a bandgap of 1.1 eV does not exceed 40%. This is due to the light
absorption range of the absorber with a bandgap of 1.9 eV
almost perfectly covering the indoor light source spectrum
(200-700 nm), making the photons be fully utilized by active
materials under indoor light sources with a narrow spectrum.
Meanwhile, compared with sunlight, indoor light sources can
achieve higher efficiency due to the narrower spectral band
reducing the transparency loss and thermal loss associated with
the broadband solar spectrum.” This is the reason for silicon-
based solar cells having lower PCE under the indoor lighting
conditions compared with OPVs or PSCs.”7*

In addition, it is challenging to accurately estimate indoor
performance since there is no recognized standard for indoor
spectral quality and irradiance (e.g., AM1.5 for the outdoor
standard). Lin et al summarized the existing indoor light
intensity measurement defects by lux meter, which essentially
explained the irregularity of the existing test standards.” Thus,
a universal, standard, and accurate indoor spectroscopy
method and equipment are necessary. In recent years, OPVs,
DSSCs, and GaAs based IPVs have been developed rapidly. CFL
and LED are commonly used as indoor light sources to evaluate
the performance of IPVs. As shown in Fig. 2b, Peters et al. used
a detailed efficiency balance limit method to calculate the
theoretical maximum efficiency of IPVs (i.e., Si, GaAs, OPV, and
perovskite based IPV) under 1 W m ™2 of CFL and LED lighting.*
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Fig. 2

(a) The bandgap of the light-absorbing layer material under different light sources and the maximum photoelectric conversion efficiency

of the corresponding IPV. Reproduced from ref. 24 with permission from the [Institute of Electrical and Electronics Engineers Inc], copyright
[2015]. (b) The statistics of maximum efficiency (under CFL and LED illumination) and bandgap for IPVs, so far. Reproduced from ref. 45 with
permission from the [Elsevier], copyright [2018]. (c) The PCE and V. distribution of various types IPVs under the indoor light source. Reproduced
from ref. 96 with permission from the [Royal Society of Chemistry], copyright [2019]. (d) OPVs maximum power output density and V,ax/Voc ratio
under indoor light source. Reproduced from ref. 77 with permission from the [American Institute of Physics], copyright [2016].
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The PCE of perovskite-based IPVs is higher than the others.
Notably, the maximum PCE values of IPVs can reach an aston-
ishing 52% under the indoor light source of CFL and LED
illuminations. Currently, the efficiency of IPVs is around 40%.
Notably, it cannot obtain a higher V,. due to the mismatch of
the optical bandgap (<2 eV).

Silicon, a dominant cell material, and the Si-based solar cells
with record solar PCE is over 26% under AM1.5. However, this
type of PVs demonstrates an incompatible PCE of 8% under the
indoor light source.””® To overcome the limitation of the
bandgap of crystalline silicon in IPVs, amorphous silicon (a-Si,
the bandgap is wider, 1.6 eV) has become one of the leading
technologies in indoor photovoltaics. Shieh et al. reported a p-a-
SiC:H window layer that was used to enhance the efficiency of
amorphous Si-based solar cells to 25.56 pW c¢cm™> under 500
lux.®* In addition, CdTe and CIGS are the most successful
photovoltaic materials than silicon. However, CIGS has a low
shunt resistance under low light conditions, resulting in
a significant decrease in the efficiency of devices as the light
intensity decreases.® In contrast, CdTe (with a bandgap of 1.5
eV) based IPVs can maintain high performance under diffuse
radiation and indoor light sources, which could have promoted
its establishment of a strong commercial advantage in the
photovoltaic market.*® However, a relatively small amount of
public data indicates that CdTe-based IPVs are only 10.9%
efficient under CFL lighting conditions, which is not enough to
advance the CdTe-based IPVs.** Analogously, Cu,ZnSn(S,Se),
(CZTSSe) thin film cells also have efficiencies approaching 10%
under CFL and AM1.5G spectra.®® Among the existing IPVs,
GaAs based solar cells are extremely competitive, and their
efficiency exceeds 20% on the flexible substrates under low light
indoor sources.?*® Initially, some materials were used to opti-
mize the bandgap close to 2 eV, such as Ga,In; _,P and Al,GaAs
(1.8-1.9 eV) to obtain a higher efficiency under LF or LDE.
However, the experimental results showed similar efficiency as
GaAs, GaInP, and AlGaAs-based IPVs under an indoor light
source.®**% OPVs, a high-performance PV with adjustable
bandgap and high absorption for visible light region spectrum,
has been developed rapidly in recent years. The best efficiency
of OPVs has reached 17.8% with AM1.5 illimitations,” and
more than 28% efficiency was obtained under an indoor light
source (1000 lux) using materials with a bandgap of 1.8 ev.”
Furthermore, dye-sensitized IPVs also shows excellent perfor-
mance under low light conditions, and optimal efficiency of
31.8% was demonstrated under CFL illuminance (1000 lux).*>*
Recently, Freitag et al. reported more than 34% efficiency under
1000 lux for DSSCs based on a copper(u/i) electrolyte, and the
large-area (16 cm?) devices were used to power machine
learning on wireless nodes.”* Very recently, Grétzel et al. re-
ported the highest efficiency of 34.5% under 1000 lux for DSSCs
with copper(u/1)-based electrolyte, indicating that this type of
photovoltaics still occupies a leading position in the field of
IPVs.”

In 2019, Liu et al. summarized the PCE, V,., and bandgap of
various types of IPVs, such as Si thin-film, perovskite, GaAs,
InGaP, DSSCs, and OPVs based IPVs (Fig. 2¢).”*"°> As the optical
bandgap increases (1.15-2 eV), corresponding IPVs often show
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higher V,. and PCE under indoor light source illumination. It is
worth mentioning that PSCs have an indoor PCE of close to 40%
(corresponding to an optical bandgap of only 1.55 eV) due to
their excellent light absorption and defect tolerance. Regarding
the performance of IPVs under different indoor light sources, it
is necessary to consider the effects of different materials on Jg,
Voc, and FF (Fig. 2d).””*® Taking OPVs as an example, J;. can be
related to the absorption of the donor material, which depends
on the energy gap. Normally, in most PVs, J. is approximately
linearly proportional to the intensity of the incident light.'**-'%*
The V,. 1is a parameter related to light intensity
(VOC ~ ? In (Ilp—:)) 106108 Then, the AV between indoor and

outdoor illumination can be estimated as

AV:nk—Tln

€ ph.indoor
increasing light intensity, which explains the additional loss
(~0.2 eV) of PVs under indoor light conditions.'**** In addition,
for all systems, FF increases as the light intensity decreases.
Under indoor lighting conditions, the FF of each system will be
significantly higher than that under the AM1.5 condition.**"***

Iph,Sun

Thus, V,. will increase with the

2.3 The accurate measurement of indoor photovoltaic

There is a clear difference between the indoor and outdoor
photovoltaic performance of PVs. It is essential to evaluate the
photovoltaic performance of IPVs accurately. Various indoor
light sources are used in daily life, including indirect sunlight,
fluorescent lamp, incandescent lamp, halogen lamp, LED
bulbs, and other light sources with low light intensity (200-1000
lux). Normally, the indoor light intensity is described as illu-
mination (lux) because the human eye is sensitive to the light
spectrum. So, the illumination of the indoor light source can be
converted using the corresponding incident power as
equation:*

0

E, = Ky x J E, x V(A)d;

0
where the V(1) is CIE spectral luminosity factor for human
photopic vision and Ky, is equal to 683 Im W™ ",

In addition, accurate light source calibration and test
conditions are the keys to measure the performance of IPVs
accurately. Wong et al. proposed calibrating indoor light sour-
ces using a general LED lux meter with NIST-traceable calibra-
tion (e.g., Extech LT40 NIST) and recommended that the
maximum power point Py, and PCE values be used to measure
the device performance accurately."*® Very recently, Hou et al.
proposed that the accurate test of IPVs should include the
following parts. (1) The time instability of the light source for
indoor PV measurement should be less than 2%. PV test should
be carried out in the illumination area where the spatial
distribution of light intensity is less than 2%. (2) Use a mask
with the same or larger size than the transparent substrate of
the cells to test the photoelectric conversion efficiency. (3) The
spectrometer is more suitable for indoor light source calibra-
tion than the lux meter. Meanwhile, they also suggested that the
comparison difference between J. (EQE) and J,. (I-V) < 5% is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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suitable for verifying the accuracy of the test."** In general, in
order to accurately measure the indoor photovoltaic perfor-
mance, it is necessary to use a spectrometer to calibrate the light
source and select the appropriate light source. Meanwhile, the
light source parameters (such as light intensity, lux, etc.) and
power parameters should also be included in the device
performance description.

3. Research direction of IPVs

Like outdoor photovoltaics, the efficiency, life (stability), and
cost of IPVs are the key to measuring the technical feasibility of
the commercialization of photovoltaic devices (Fig. 3a).>>'** In
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a particularly important role in the industrialization of IPVs.
This section will summarize the development direction of IPVs
from these parts.

3.1 Low-cost and stable IPVs

The comprehensive level of IPVs, ie., cost, efficiency, and
stability, determines whether it can occupy a prominent posi-
tion in today's competitive market of emerging photovoltaic
technology.'*® Furthermore, the overall cost of IPVs is deter-
mined by individual costs and lifetime, reducing the individual
costs, enhancing the lifetime of single devices, increasing the
effective output time, and reducing the maintenance costs. At

addition, large-area, flexible and modular IPVs play present, the new generation thin film PVS represented by single
(a) (b)
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35 with permission from the [Nature Publishing Groupl, copyright [2018]. (c) The picture of a flexible solar cell and the J-V curves of the best-
performing devices under 400 lux under the LED light. Reproduced from ref. 30 with permission from the [Tsinghua University Press], copyright
[2018]. (d) Rigid PSCs module. Reproduced from ref. 76 with permission from the [Nature Publishing Group], copyright [2018]. (e) The schematic
diagram of perovskite large-area modules. Reproduced from ref. 136 with permission from the [Nature Publishing Group], copyright [2018].
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perovskite cells has high PCE (more than 40% under 1000 lux)
and low manufacturing cost (reach half of crystalline Si).**”'*®
However, the longest life (stability) of perovskite PV is estimated
to be only one year (Fig. 3b).* It is not enough to change the fact
that the inherent lifetime of thin-film IPVs is much lower than
silicon-based cells (~25 years), even if considering the indoor
working environment has relatively stable temperature and
humidity. Further investigation reveals that most life expec-
tancy is reported only for PV samples, and these samples do not
meet the current industry standards." Thus, further improve-
ment of the lifetime of thin film-based IPVs is necessary for
their industrialization. Meanwhile, we also notice that the most
reported lifetime-related investigation is conducted on un-
encapsulated samples, which do not meet current industry
standards."**** Furthermore, the encapsulation technique can
effectively improve the lifetime while maintaining the perfor-
mance of PVs. In fact, the encapsulation of PVs must be
considered for real applications, even if its cost is estimated to
exceed 60% of the total cost of PVs."*® Therefore, reducing the
packaging cost is a necessary condition for the industrialization
of IPVs, and in-depth research on cheap materials and pack-
aging technology is of great importance. In addition, different
levels of water vapor transmittance are considered, ie., glass
(zero) and flexible barriers (10" to 10™° g per m” per day), an
excellent encapsulation technology, and packing materials are
critical to the lifetime of IPVs.

3.2 Flexible IPVs

For the IoTs system, it is better for IPVs to be flexible to match
the multi-scene applications. Flexible IPVs can be combined on
mobile platforms, ie., buildings, watches, backpacks, and
portable power supplies. Currently, indium tin oxide (ITO) film
is widely used in the PV industry. However, the high processing
temperature, brittleness, and manufacturing cost of ITO films
limit their applications in wear-resistant, durable, and flexible
IPVs.*** Therefore, the development of flexible substrates or
electrode materials with high conductivity, high transmittance,
durability, and lightness has a great effect on the IPVs indus-
trialization. Furthermore, the mechanical flexibility of elec-
trodes must be considered because IPVs usually have curved
shapes or flexible features. Considering the lower light intensity
of the indoor light source, the substrate or transparent con-
ducting electrode (TCE) must be highly transparent and have
a smooth surface, which allows the maximum number of
photons to pass through and minimizes the recombination
center to avoid current leakage. Currently, flexible electronics,
i.e., graphene, conductive polymers, and silver nanowires, have
been widely introduced into IPVs.'*'*” Notably, as one of the
most commonly used flexible substrate materials, PET is widely
used in flexible PIPVs. Until now, the vast majority of flexible
PVs are fabricated on this substrate. In 2016, Brown et al. re-
ported that the flexible PIPVs based on CH;NH;Pbl; ,Cl,
reached 10.8% and 12.1% efficiencies under 200 lux and 400 lux
lighting conditions, respectively (Fig. 3c).** Park et al. demon-
strated that butyl acetate (BA) replaces the CB-treated perovskite
films during spin coating, which can improve the gradual
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nucleation and the growth of grains. The optimal devices
exhibit a remarkable maximum power density of 0.063 mW
em™? and efficiency of 23.33% under 400 lux.*® Brown et al.
fabricated flexible perovskite modules and cells based on
a combination of SnO, and mesoporous-TiO,. The devices of
a mesoporous TiO, scaffold layer over SnO, exhibited better
indoor performance. For example, the cells have maximum
power densities of 9.77 and 19.2 pyW cm > under 200 and 400
lux illuminations, respectively.’* In 2020, Brown et al. reported
flexible perovskite solar cells based on the roll-to-roll ITO-
coated ultra-thin flexible glass (FG) substrates. The optimized
devices based on FG incorporated a mesoporous scaffold over
SnO, compact layers and obtained a record efficiency of 20.6%
(16.7 uW cm™?) and 22.6% (35.0 yW cm ) under 200 and 400
lux LED illumination, respectively.*® It is believed that in the
near future, there will be more and more researches and reports
on flexible PIPVs. In addition, some reports on ITO-free flexible
PVs can promote the further development of flexible PIPVs due
to their good stretchability and flexibility.****33

3.3 Large-area IPVs

Since the light intensity of the indoor light source is ten times
lower than AM1.5, the production of large-area IPVS can effec-
tively meet the requirement of various power equipment by
increasing the output power of a single cell. The output power of
single-cell PVs depends on the device type (e.g., OPVs, DSSCs,
and CulnGaAe). The output power of single-cell PVs with a small
area (<1 cm?) has also been significantly improved in recent
years. Meanwhile, many techniques like laser scribing and
screen printing for the fabrication of the functional layer have
been developed.’**'*> As shown in Fig. 3d, the large-area fabri-
cation of PV modules is inseparable from the application of
these techniques.”® At the same time, in order to meet the
requirements of more application platforms, it is necessary for
IPVs to develop a higher output voltage or current by connecting
individual cells in series with other techniques (such as laser
etching). As shown in Fig. 3e, the fabrication of IPV modules
requires multiple etching (at least three times), and the accu-
racy, width, and position of the slit will directly determine the
overall output of the module.**¢

4. Challenges and opportunities of
PIPVs

4.1 Overview of PIPVs

Perovskite is a magical photovoltaic material in the photovoltaic
field in recent years. PSCs have many advantages, such as low
cost, efficiency, and large easy area fabrications, which are ex-
pected to become the mainstay of the photovoltaic industry in
the future. The certified efficiency in the laboratory has
approached 25.5% under AM1.5 radiation.”*”*** Recently, these
types of cells have shown high indoor PCE exceeding 35%."*'%
It is worth mentioning that perovskite benefits from its excel-
lent properties by repeatedly exhibiting higher PCE under the
same bandgap conditions. Furthermore, the advantages of the
easy solution process, large area, and flexibility are very

© 2021 The Author(s). Published by the Royal Society of Chemistry
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important to drive PIPVs on the road to industrialization.
Meanwhile, perovskite materials (CsSnl;, MAPbI;, MAFAPDI;,
CsPbl;, and CsPbBrl,, etc.) show variable bandgap (1.18-2.6 eV),
enabling them to be fabricated as high-performance PIPVs for
the specific indoor light source. Undeniably, there are still many
difficulties on the road to the commercialization of PIPVs.
Although the leakage of lead can be effectively reduced through
physical encapsulating, it cannot essentially reduce the use of
lead.**** Number of PSCs based companies have recently
focused on developing related products but have still not
applied these in the I0Ts market. Fortunately, the recent rise of
tin-based perovskite solar cells has completely replaced the use
of the toxic element lead with tin.***** This may be the new
hope for PIPV to move towards industrialization.

4.2 Wide range of bandgap

Perovskite materials have a wide range of adjustable forbidden
bandwidths, making them particularly attractive in multi-
junction tandem solar cells and IPVs. Many reviews have
summarized the perovskite materials and developments of
single cells and tandem PSCs."****° In this section, we aim to
overview the adjustable bandgap of perovskite materials and
their application in PIPVs. Metal halides perovskite crystal is
described as an ABX; structure, where A is a monovalent cation
(MA, FA, Cs, and Rb), B is a kind of divalent metal cation (Pb, Sn,
and Ge), and X is a halide anion (I, Br, and Cl).**® The applica-
tion of PSCs began with methylammonium lead iodide
(MAPDI;) with a bandgap of 1.55 eV,'*"'** developed to replace
cations and anions and expanded to other perovskite compo-
sitions.’®® As shown in Fig. 4a, the bandgap of the perovskite
film can be continuously adjusted from infrared (1.15 eV) to
ultraviolet (up to 3 eV) by the composition engineering of mixed
cations or anions.'® Perovskite material has a wide range of
continuous bandgap adjustment ability, so it is an ideal
candidate for IPVs, and can also be used for the preparation of
PVs in special environments (e.g., microwaves and infrared).

The device performance of PVs is the basis for the fabrication
of high-performance PIPVs, which determines the output power
of single-cell and multi-cell PIPVs. For example, the highest
theoretical PCE limit of perovskite is 31%, which is far higher
than the laboratory record efficiency (~25%).'*®> Therefore,
selecting perovskite materials with a matching bandgap from
the existing mature PSCs to fabrication of PIPVs can avoid the
performance degradation caused by the technology level. At
present, the high-performance perovskite materials CsPbBrl,
(1.89 eV) and CsPblI; (1.7 eV) can be used to fabricate high-
performance PIPVs, considering the matching of bandgap and
the indoor light source spectra (200-700 nm).*****” To be sure,
more and more perovskite materials (replace cations and
anions) can be used to fabricate high-performance PIPVs with
the development of PV technology.

4.3 Low-cost PIPV module

To achieve a low-level energy cost compared with traditional
energy, PIPVs must have the comprehensive advantages of low
cost, high performance, and long-term stability.’® We can

© 2021 The Author(s). Published by the Royal Society of Chemistry
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estimate the cost of PIPVs from the cost of PSCs because the
cells or modules show an almost identical structure. In recent
years, PSCs have not only demonstrated high-performance
under AM1.5 (PCE ~ 25%), but also provided effective strate-
gies to reduce the manufacturing cost by solution process based
on low-temperature deposition process and roll-to-roll
manufacturing on flexible substrates.'®”** Huang et al. placed
the perovskite precursor solution (ink) on the preheated
substrate (70-145 °C), crystallizing it into a black solid perov-
skite film during the solvent evaporation.’®® The successful
application of large-area manufacturing strategies has reduced
the fabrication cost. Moreover, according to the preliminary life-
cycle assessment result, perovskite solar modules are expected
to have a lower environmental impact and shorter energy return
time (EPBT) indicators.””**”® The production cost of perovskite-
based photovoltaics is expected to be further reduced in the
future, owing to the increase in the continuous operating time
of PVs, which can effectively reduce the replacement and
maintenance cost of PVs modules.

The cost of perovskite modules and accessories must also be
considered for commercial production. Some groups have
evaluated the manufacturing cost of perovskite modules with
different geometries and have proposed related estimates of
LCOE."®"74175 Han et al. concluded that perovskite photovoltaic
modules could be produced with simplified module geometry at
an ultra-cost of $30-41 per square meter (excluding back-
sealing glass, junction boxes, or wires). According to their
assumptions, the LCOE value can be as low as 3.5-4.9 cents per
kilowatt per hour, which is much lower than the cost of fossil
fuel."* Subsequently, Egan et al. conducted a complete evalua-
tion, including the use of expensive metals (e.g., Ag and Au) and
vacuum deposition technology (e.g., thermal evaporation), and
estimated that the PSC manufacturing cost and LCOE value
range from $87-140 per m> and 9.0-18.6 cents per kilowatt per
hour, respectively.” In 2017, Heben et al. re-evaluated the
economic potential of PSCs by developing a bottom-up cost
model of perovskite photovoltaic modules (feasible low-cost
materials and manufacturing processes) (Fig. 4b)."** They
believed that PSCs could play a role as a cost leader in the PV
field if the key remaining issues can be resolved.'® Further-
more, this estimated cost will be further reduced with large-area
processes (e.g., roll-to-roll (R2R) and screen printing), low-cost
transport layers, or electrode materials that are widely used in
PIPV.

4.4 Large-area and flexible PIPVs

The large-area preparation process of PIPV cells or modules can
refer to the large-area PSCs. At present, large-area technologies
(e.g., slot-die coating, roll-to-roll, and inkjet printing) have
widely been used to manufacture flexible and rigid PSCs or
modules. Spin-coating is mainly used to fabricate small cells
(about 0.1 cm?) and larger devices with an area of 1 cm” because
this method can easily control the chemical composition and
thickness of the film. The spin-coating method of the perovskite
film includes one-step and two-step spin-coating processes.'”®
Two-step spin-coating method, that is, first spin-coating lead

Chem. Sci., 2021, 12, 1936-11954 | 11943


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03251h

Open Access Article. Published on 02 2021. Downloaded on 2025/11/3 11:32:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Review

8 —
(@) cePvicimy, _ cspoumn, MA(Sn/Pb)l; (b)“E , Dopreciaon
CsPbCl,  CsPbBr, ._CsPbl, MAPbI, MASnl;  MASn,;Pb, ,l; 36
35 Materials
4
o4 Perovskite cell processing
€3
=
g2
2
g 1
Y 0
400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 2022 Q8 IFT 5T 5 82 85 2
g EQL 2 [ 2 g %
Wavelength (nm) (:553%%22%332238&
E35c:E53F §53%¢
§ = § g =
L 3 3

(d)

o Device Area:1 em®

—e— Reverse Scan
15} —— Forward Scan

Current density (mAIcm’)

06 08 1.0 12

104 FF = 0.630
PCE | dsc | Vo | FF g i
| [rs 2oz [ avas Thaz | 7s ‘
s T20m% | 222 |12 | 777
o e
0 7

-~

TR
JJJQJanJ¢a03¢
9

Current density (mA cm™)
N

0.0 02 04 o 1 2 3 4 5 6
Voltage (V) Voitage (V)
Pbl,-DMSO
(e) SnOz NPs printing
printing IPA-H,0 (1:1 viv)
//’ % bathing ;\20 - Spiro-
( = § s
o
215
—3 E
Hot-air 2 3
drying §‘° Y
Q R
€5 ) *
£ %
3 ..
O rrrrprrrey—ryhe Ry
0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Fig. 4

Voltage (V)

(a) Different component perovskite materials and corresponding PL peaks. Reproduced from ref. 164 with permission from the [John

Wiley and Sons Ltd], copyright [2019]. (b) Statistics on the cost of perovskite photovoltaic modules. Reproduced from ref. 115 with permission
from the [Royal Society of Chemistryl, copyright [2017]. (c) The photo and J-V curve of PSCs (area is 1 cm?). Reproduced from ref. 177 with
permission from the [Nature Publishing Groupl, copyright [2017].*”7 (d) The photograph of 5 x 5 cm MAPDI; films and J-V curves of PSCs (active
areais 12.0 cm?). Reproduced from ref. 182 with permission from the [Nature Publishing Groupl, copyright [2018]. (e) Schematic diagram of PSCs
fabricated by the R2R process and the corresponding J-V curve. Reproduced from ref. 185 with permission from the [Wiley-VCH], copyright

[2014] .18

iodide, then spin-coating MAI dissolved in a solvent such as IPA,
and finally annealing to form a large-area perovskite film is
widely used to fabricate large-area perovskite films. As shown in
Fig. 4c, You et al. demonstrated a perovskite film with an area of
1 cm? by a two-step spin coating method and obtained a PCE of
20.1% after controlling the residual Pbl, on the perovskite
surface."”” However, the material utilization rate of the spin
coating process is too low and difficult to form a pinhole-free,
uniform perovskite film on a large area of the substrate
(>1 cm®). Thus, it is imperative to apply large-area techniques
(e.g., blade coating,'** slot-die coatings,'”® spray coating,'”® ink-
jet printing,*® and roll-to-roll'®") to fabricate large-area perov-
skite films. Qi et al. used MACI to let the reaction of lead
hydrogen triiodide (HPbI;(Cl)) and CH3;NH, gas occur by
a quick gas-solid reaction, obtaining a high-quality perovskite
film with a thickness of more than one pm (5 x 5 cm), which
delivered a PCE up to 15% for solar modules (Fig. 4d).*®* For

1944 | Chem. Sci, 2021, 12, 1936-11954

PIPVs, low-intensity indoor light conditions require that the
perovskite film could be fabricated in a large area to increase
the output current and module production.

Furthermore, considering the characteristics of portability,
wearability, and durability of IoTs
manufacturing process based on a large area is also necessary
for PIPVs. Compared with other perovskite films fabrication
techniques, the continuous R2R process has the advantages of
fast fabrication speed and low cost. Gao et al. demonstrated the
blow-assisted pouring method (BADC) and NH,CI additive to
assist the preparation of MACH;NH;PbI; film in the air on
a flexible substrate with an area of 6.25 cm” by R2R, yielding
a PCE of 11.16%.'®* In 2019, Kim et al. demonstrated the R2R
process to fabricate PSCs in the air and achieved a PCE of
11.7%."®* In the same year, Seo et al. applied gravure printing to
fabricate flexible devices for the first time. The perovskite layer
was prepared by the two-step method with partial R2R

system, a flexible
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processing, and the corresponding devices exhibited a PCE of
9.7% (Fig. 4e)."® The application of the R2R method in the
fabrication of perovskite films can effectively reduce the
production cost. However, the shortcomings of low PCE limit its
development in the future. Furthermore, the flexible large-area
PIPVs also require the development of advanced techniques,
such as interface engineering, component engineering, and
solvent atmosphere engineering, to improve the PCE of the
devices.

4.5 The challenge of PIPV

Although PSCs have advantages in synthesis route and cost,
their poor stability under humidity, heat, ultraviolet radiation,
and oxygen conditions limit their real application.*®*® Normally,
the stability of perovskite depends on its structure configura-
tion, such as the MX*" octahedral structure and the connection
between the A cation and the adjacent octahedron. Hence,
adjusting the elements and ingredients can greatly improve the
intrinsic stability of the perovskite structure.’® Karunadasa
et al. synthesized a 2D (PEA),(CH;NH;),[Pb;l;o] perovskite,
which demonstrates a significantly better humid stability than
MAPDI; perovskite.’®® In addition, interfacial modification or
the use of a stable transport layer is another effective strategy to
improve the air stability. Yang et al. demonstrated a different
self-assembly monolayer (SAM) on the SnO, transport layer to
effectively improve carrier transport and air stability of the
device.'® Notably, all-inorganic (CsPbX;) perovskite has excel-
lent humid and thermal stability due to the use of Cs** instead
of MA" to avoid irreversible decomposition of organic func-
tional groups under light and heat conditions. In fact, although
the stability of perovskite photovoltaic devices has been greatly
improved, it is still far from reaching commercial requirements.
It is worth noting that IPVs have a more moderate working
environment than outdoor photovoltaics, which will greatly
extend the stability of indoor photovoltaic devices. Undis-
putedly, it is necessary to further improve the lifetime of
perovskite photovoltaics.

The use of lead, a heavy metal element in perovskite mate-
rials, has always been a concern. On the one hand, in order to
eliminate the toxicity of perovskite materials, the use of tin,
silver, bismuth, indium, copper, etc., instead of lead for fabri-
cating PSCs has also been well developed in recent years.'”****
Chu et al. used a Lewis base indacenodithiophene-based
organic acceptor (ITIC) to improve the morphology and opto-
electronic properties of Cs;Sb,ls-based solar cells. The optimal
Cs3Sb,Io/ITIC heterostructure-based devices obtained a PCE of
9.2% under 1000 lux illumination.'*® Furthermore, tin-based
PIPVs have also been prepared and achieved excellent effi-
ciency. Wang et al. demonstrated that incorporation of catechin
into the FA,;5MA ,5SnI,Br perovskite film suppresses oxida-
tion. It is the first report on the indoor photovoltaic efficiency of
tin-based perovskite solar cells, reaching 12.81% (1000 lux).'*®
On the other hand, lead can be recycled to improve the
sustainability of perovskite photovoltaics. Jung et al. reported
the lead management process of iron-containing hydroxyapa-
tite, which improved the electrostatic interaction induced Pb
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adsorption through surface charge delocalization. The
researchers purified the non-aqueous solvent containing Pb to
meet the standards of the U.S. Environmental Protection
Agency and recovered 99.97% of Pb ions through the formation
of lead iodide.'* However, although the research of lead
recovery is still relatively few, it is at least an effective auxiliary
measure to solve the problem of perovskite industrialization.
Furthermore, with the application of encapsulation technology
of photovoltaics becoming more and more mature, the toxicity
of perovskite will be solved in the foreseeable future.

5. Technology of PIPV

Among the devices that collect a variety of energy (e.g., light,
heat, radio-frequency signals, and motion) to power IoTs
systems, PVs are considered the ideal candidate, owing to their
consistent availability, high output voltage, and power
density.”” Generally, the intensity of indoor light sources (CFL
and LED) is about three orders of magnitude lower than the
outdoor AM1.5G solar irradiation. The illuminance of the
common indoor light source (FL and LED) is located in the
range of 200-700 lux (corresponding irradiance is approxi-
mately 50-300 uW cm?).%%2% The strategies of component
engineering, interface engineering, and effective transporting
materials are considered to be developed for fabricating high-
performance PIPVs. In this section, we will summarize the
high-performance PIPVs fabricated based on these strategies.

5.1 Composition engineering for PIPVs

Wide bandgap perovskite materials are considered for fabri-
cating high-performance PIPVs due to the narrow spectral range
(200-700 nm) of the indoor light source. However, the working
environment of high-performance PSCs under AM1.5 (300-1000
nm) requires the bandgap of perovskite to be as small as
possible to expand the light absorption range. Thus, the fabri-
cation of high-performance PIPVs must be considered to adjust
the bandgap of perovskite materials by composition engi-
neering. For example, for the perovskites with ABX; cubic
crystal structure, the doping or replacement of the B and X sites
is considered to change their bandgaps.”* Furthermore,
composition engineering can also improve the quality of
perovskite film and reduce or eliminate the use of the toxic
element Pb.

In recent years, composition engineering strategies have
been widely used to fabricate high-performance PIPVs. For
example, Wang's group doped lead oxalate (PbC,0,) into
perovskite precursor solution and realized the replacement of
anions during the film annealing process (Fig. 5a).>** This
strategy improved the quality of the perovskite film by delaying
the crystallization rate and then obtained a PIPV with a PCE of
34.86% under 1000 lux illumination. According to a previous
report, the doping or replacement of the X site is considered to
be the most effective method of bandgap adjustment. Feng et al.
specifically designed triple-anion based CH;NH;PbI, ,BrCl,
perovskite for indoor light collection. The PIPVs based on this
kind of perovskite presented PCEs of 36.2% (0.1 cm”, 1000 lux)

Chem. Sci., 2021, 12, 11936-11954 | 11945


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03251h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 2021. Downloaded on 2025/11/3 11:32:39.

(cc)

View Article Online

Chemical Science Review
0% — (
~ -8~ WIO PBC.0, }
g -4~ With PbC,0, (0.06%) / 4
E 005
z
2 010
8
.é 4
g 015
GlassFTO [§) ;
00 02 04 06 0s 1.0
Voltage (V)
(b)
-350 0.12 [8888282999000020000
.385 -384
-4.06 i
Nio, 2 g 009p <
-4.70 -4.70 o o
— I,.,BrCl — < e <
o, PCaBM o A9 E "™ Indoor light 1000 1ux E
= —o— MAPbI, |
-558 ga7 -564 -564 0.03} o MAPbLBF 0931 1ndoor light 1000 lux 2.25¢m
a0 —a— MAPbI, BrCl, —&—MAPbI, BrCl, 30.6%
oo ) ) 0.00 . : ; i i
00 02 04 06 08 1.0 0.0 02 °‘~,4 o 0~6v 08 1.0
70 Voltage (V) oltagei(V)
(c)
80+ BiOl fwd % BiOl fwd
BiOI Cs,Sb,Cl| g -+ BiOl rev 7 804 ~~ BiOl rev
rox 70 == Cs,Sb,Cl I, fwd g . == Cs,Sb,Cl, 1y, fwd
. § *+ Cs,5b,Cl.ly.rev 704 = Csy .
m <« 604 §_ Cs,Sb,Cll,, rev
0. © 0 O 2 2601
504 501 i
a o . s on g- é\ e,
° | 2 o 2 4]
A + ol ° S| 3 301
" . ¢ X € 204 Ve 1 PCE g 20 Ve Jee PCE
_— e (V)  (pAemd) (%) £ (V)  (pACm?) (%)
5 104 o080 62 44 3 104 o060 56 40
o 0.49 82 49 A o o 0.47 76 44 ]
00 01 02 03 04 05 06 00 01 02 03 04 05 06
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d the J-V curves of with/without PbC,0,4-based devices. Reproduced

from ref. 201 with permission from the [American Chemical Societyl, copyright [2020]. (b) The bandgap of MAPbls, MAPbI,Br, and MAPbl,_,BrCl,
perovskite and J-V curves of PSCs under indoor conditions. Reproduced from ref. 202 with permission from the [Wiley-VCH], copyright [2019].
(c) The crystal structure of BiOl and Cs3Sb,Cl,lg_, and the J-V curves of the corresponding device under FL and WLED illuminations. Reproduced

from ref. 205 with permission from the [Wiley-VCH], copyright [2020].

and 30% (2.25 cm?, 1000 lux), respectively (Fig. 5b).2°> In 2019,
Chen et al. used a similar strategy to fabricate MA g5Csg.15-
Pb(I,_,Br,);-based PIPVs. They found that the PIPVs with 15%
Br~ ions exhibited higher indoor PCE of 26.4% under 1000
lux.>® Analogously, Shim et al. reported that the 10% Br~
doping could realize perovskite films with better crystallization,
and the corresponding PIPVs showed a higher indoor PCE of
345 + 1.2% (LED @ 1000 lux).** Particularly, lead-free
perovskites-inspired materials (PIMs) have similar electronic
structures as lead halide perovskites, but do not have the limi-
tation of toxicity. Considering the environmental issues of IPVs,
lead-free PIPVs must be developed in the future. In 2020, BiOl
and Cs;Sb,Cl I, , based PIPVs were investigated by Pecunia
et al. (Fig. 5c). They found that the BiOI and Cs;Sb,ClLI,_,
devices only presented a PCE of 1% under AM1.5. However, this
PCE can be increased to 4-5% under indoor light.*** In addition,
the rapid development of tin-based PSCs in recent years also
provides new candidates for eco-friendly lead-free IPVs.>*%>%

5.2 Interface engineering for PIPVs

In recent years, planar structure PSCs have attracted much
attention owing to the simple fabrication process and low
cost.”*® However, interface conditions, such as interface contact,

1946 | Chem. Sci,, 2021, 12, 1936-11954

interface morphology, and interface defect, significantly affect
the device performance of planar PSCs since these planar
structure devices are very sensitive to the interfaces.?***'°
Interfaces in PSCs (i.e., electron-transporting layer (ETL) or
hole-transporting layer (HTL)/perovskite layer interface, front
and back contact interfaces) strongly affect the charge
extraction, recombination, and collection process.”"* For
high-performance PIPVs, the Shockley-Read-Hall (SRH) trap
assisted recombination at the interface limits the improvement
of the device performance. The non-radiative energy loss,
energy-level mismatch, and optical losses at the interfaces are
fatal to the performance of PIPVs under low light intensity
indoor sources. Interface engineering is an effective strategy to
improve the interface and interlayer properties to overcome
interface loss. Notably, interface engineering can also largely
improve cell stability.**?

In addition, interface engineering can effectively passivate
defects on the perovskite film, modify the interface contact, and
improve the carrier extraction/transport process with the goal of
fabricating high-performance PIPVs. In 2018, Wang's group
demonstrated high-performance MAPbI;-based IPVs with ionic
liquid of (BMIM)BF, as a modification layer, which can pave the
interface contact (PCBM/perovskite layer) and passivate the trap

© 2021 The Author(s). Published by the Royal Society of Chemistry
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states in the inverted, improving the electron transporting and
extracting processes. The corresponding devices exhibit
a recorded PCE of 35.20% under FL (1000 lux) (Fig. 6a).>*®
Recently, Wang's group reported a lycopene modification layer
to fabricate (CsSFAMA)Pb(I, _,Br,); films with fewer defects and
better environmental stability, yielding an indoor PCE of
40.24% under LED (2700 K @ 1000 lux), which is the highest
indoor efficiency among all PV systems till date.*** Considering
the narrow spectrum of indoor light sources (200-700 nm),
suitable bandgap (~1.8 eV) of perovskite materials is more
conducive to the fabrication of PIPVs with high performance
and high V,.. Thus, a series of wide bandgap perovskite mate-
rials (e.g., CsPbBrl, and (FA;sMAg.4)0.0CS01Pb(Iy6Bro.4)s) are
considered for the fabrication of high-performance PIPVs. For
example, Wang's group used (NH,),C,0,-H,O to treat CsPbBrI,
(1.89 eV) film to make high quality perovskite film with
micrometer-scale and low trap density (Fig. 6b). The optimal
devices presented a best indoor PCE of 28.48% under an FL of
1000 lux.** In 2020, Jen et al. also reported a simple strategy by
applying PEACI, PEAI, and PEABr to reduce the energy loss and
suppress the phase segregation of (FAg.eMAg.4)o.o
Cso.1Pb(I.6Bro.4)s-based (1.75 eV) PIPVs (Fig. 6¢). The optimized

View Article Online
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PIPVs by PEACI presented a PCE of 35.6% with V,. of 1.08 V
under 1000 lux.**®

Similar to PSCs, PIPVs also consists of a perovskite layer
sandwiched between two transporting layers (HTL and ETL) to
form a multilayer structure. Considering the low light intensity
of the indoor light source, the transporting layer with excellent
properties can effectively reduce the charge non-radiative
recombination loss at the interface and improve the extrac-
tion and transport process of carriers. On the one hand, the
transporting materials for PSCs can also be considered for the
fabrication of high-performance PIPVs. On the other hand, the
different working environments of PIPVs and PSCs may also
lead to the fact that charge transporting layers are not neces-
sarily universal. For example, Tsoi et al. simulated different
hole-transporting layers, such as mesoporous PPV (mPPV),
carbon-based PPV (cPPV), and inverted PPV (iPPV) for PIPVs
under an indoor environment (Fig. 7a). They found that the
performance of mPPV-based indoor photovoltaic devices fabri-
cated by Spiro-OMeTAD as the HTL were significantly better
than other HTLs (PTAA, PEDOT:PSS and Poly-TPD), and the
optimal device presented a maximum power exceeding 111 pW
ecm 22" In 2019, Samuel et al. demonstrated NiO nanoparticle

o

1000 lux
« —&—PCBM
= . - g —o—PCBM/BCP
/"'/\/\"\Bu 3 (BMIMIBF, |~ S o0 O PCBMIBMIMEF,
Fa \
o N 4 £
[BMIM]BF, - >
PCBM =
[%]
[
S-0.
. \, S _BCP .\ N\ a
» c
4
Hy Hy 3 > < 5 .
8cP 00 02 04 06 08 1.0
Voltage (V)
Fa 1000 lux /
NH4"'_ g 0.1}, Pristine /
0 0 E -o-2 mg/mL VA
<00 { /
H : £ 4
- 172
0 o 2
.
NH4+ = 0.1
2 b
(NH#)2204 302k ;
-%.2 0 0.2 04 0.6 0.8
Voltage (V)
125
o N T S e A
5 £ 100
g :
o >
7] 13
c c
&8 591 2700, 1000 lux & 501 LeD, 3000 K, 1000 Iux
b —a— Control € - Control
g 25 —o—PEACI I3 25 —a— PEACI
£ 21" pea £ —o—PEABr
o ~a— PEABr o —o—PEAl

Fig. 6

0
0.0 0.2 0.4
Voltage (V)

0
08 08 10 12 00 02 04 06 08 10 12

Voltage (V)

(a) Inverted structure PSCs, molecular structure of [BMIM]BF4 and BCP and the J-V curves. Reproduced from ref. 213 with permission

from the [Wiley-VCHI, copyright [2018]. (b) Device structure of CsPbBrl, based PSCs, molecular structure of (NH4),C,O4, and the J-V curves of
devices with/without treatment. Reproduced from ref. 215 with permission from the [Elsevier], copyright [2020]. (c) Schematic diagram of PVCs,
the chemical structures of PEAC|, PEABr, PEAI, and the J-V curves of the device with/without treatment under CFL and LED irradiation.
Reproduced from ref. 216 with permission from the [Elsevier], copyright [2020].
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(a) The structural diagram of the three perovskite devices, and the J-V curve of the corresponding devices are at 1000 lux illumination.

Reproduced from ref. 217 with permission from the [Wiley-VCH], copyright [2018]. (b) Schematic diagram of the structure of mesoporous TiO,
prepared by different methods and the J-V curve of the optimal device. Reproduced from ref. 223 with permission from the [Elsevier], copyright
[2016]. (c) Schematic diagram of the device structure fabricated by SnO, with MgO treatment and the J-V curves of the corresponding devices
under different light conditions. Reproduced from ref. 227 with permission from the [Elsevier], copyright [2018].

based film (~6 nm) as the HTL for MAPbI;-based PIPVs. The
device presented a higher indoor PCE of 23% under FL
illumination.**®

In recent years, metal oxides (TiO,, InOz;, ZnO, SnO,, etc.)
have also been developed as ETL to fabricate high-performance
inverted PSCs.”™ Brown et al explored the effect of TiO,
prepared by spray pyrolysis technique (SP), sol-gel process (SG)
and atomic layer deposition (ALD) on the performance of
MAPDbI;-based PIPVs under FL illumination (Fig. 7b).>2*** The
PIPVs fabricated by ALD TiO, exhibited outstanding perfor-
mance (PCE = 24%) under indoor light illumination (200
lux).>** Very recently, SnO, with higher electron mobility, higher
optical transparency, and wider bandgap has been developed to
fabricate high-performance PIPVs.>***¢ Brown et al. introduced
a thin layer of MgO over the SnO, to reduce the charge recom-
bination at the interface (SnO,/perovskite layer) and improve
the performance of PIPVs (Fig. 7c). The SnO,/MgO based PIPVs
showed better power density values of 20.2 uW cm > (200 lux)

1948 | Chem. Sci., 2021, 12, 11936-11954

and 41.6 pW cm > (400 lux).??” With the rapid development of
material technology, we believe that more excellent charge-
transporting materials will be designed and developed for the
preparation of high-performance PIPVs.

6. Conclusion and perspectives

Under the background of the rapid development of IoTs and the
gap in the demand for IPVs with hundreds of millions of
markets, OPVs, DSSCs, and PIPVs have ushered in developing
opportunities. Notably, the IPVs/PIPVs can not only be used in
small devices such as wearable electronics, but also can be used
as the main energy supply in some special situations (as BIPV)
or under conditions of extensive coverage. Its maintenance cost
will also be much lower than that of outdoor photovoltaics due
to its milder operating environment. Furthermore, thin-film
PVs represented by OPVs and DSSCs will occupy a dominant
position in the current market due to their excellent

© 2021 The Author(s). Published by the Royal Society of Chemistry
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performance and low cost. Nevertheless, PIPVs will dominate
the market in the near future owing to their advantages of high
efficiency, low cost, large area, and high defect tolerance. The
development trend of PIPVs is also like other IPVs, tending to be
a large area, low cost, high stability, and flexible fabrication.
Thus, this review summarizes the cost, performance, merits,
and future development trends of various types IPVs, especially
programing the development trend of PIPVs, and summarizes
the strategies for high-performance PIPV. We believe that the
fabrication and development of high-performance PIPVs should
follow the following parts:

(A) Using composition engineering to adjust the bandgap
and quality of perovskite films by optimizing the bandgap to
1.8-1.95 eV that fits the indoor light source.

(B) Using interface engineering to optimize crystallinity and
passivate defects of perovskite films to reduce -carrier
non-recombination loss. Meanwhile, it is also important to
optimize the transport layer material and minimize the
recombination of the interfaces and the electrodes.

(C) Using high mobility, high flatness, and low-cost trans-
porting materials to improve the extraction and transport
process of carriers.

(D) Using ITO-free flexible substrates to fabricate high-
performance PIPVs is more conducive to the advancement of
their commercialization process due to their good stretch and
flexibility.

(E) Using mature encapsulation techniques to improve the
device lifetime.

Notably, considering the use of PIPVs devices in IoTs, the
reduction in the use of the toxic element Pb (replaced by Sn, Rb,
etc.) is often accompanied by a reduction in device performance.
In addition, even considering the relatively mild indoor envi-
ronment, the device lifetime of PIPV is still not enough to
support its industrial development. It is undeniable that PIPV
still has the potential to guide the IPVs in the future, owing to
their excellent indoor performance.
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