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1. Introduction

The proliferation of low-power networked
devices, driven by advancements in sens-
ing, electronics, communication protocols,
and machine learning (ML), is poised to
significantly impact society and various
industries through the Internet of Things
(IoT).[1–6] This emerging technology class
has the potential to bring about a similar
level of disruptive change as other transfor-
mative technologies in recent history, such
as the smartphone. As the use of IoT devi-
ces becomes increasingly prevalent in our
homes and workplaces, we must under-
stand their potential environmental and
social impacts. Even though individual
devices may consume relatively small
amounts of power, the cumulative energy
consumption and environmental impact
from batteries to power IoT devices must
be considered as a detrimental scaling
effect.[7] Thus, energy harvesting methods,
which generate power for the device from
its local environment with minimal and
lifelong battery storage requirements, are
an ideal solution for low-power IoT applica-

tions. Not only does this help to reduce the environmental foot-
print of IoT devices by reducing their reliance on nonrenewable
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Organic–inorganic halide perovskite semiconductors have revolutionized next-
generation photovoltaics (PV) due to several characteristics such as solution-
processability, gap tunability, and excellent charge generation and transport
properties. This has made them very adaptable for various applications in light
harvesting and photodetection. One such rapidly growing application is indoor
photovoltaics (IPV) which have the potential to power standalone Internet of
Things devices. IPV requires wider optimal bandgaps than solar cells (1.8 vs
1.3 eV) due to the differences between the spectra of artificial lights versus solar
radiation. For IPV applications, the active layer wide-gap perovskite must be
developed systemically considering all other components of the device, such as
interlayers, electrodes, and scaling. This perspective provides an overview of the
potential and challenges facing perovskite-based IPV from a theoretical, material,
and experimental perspective. Furthermore, accurate characterization of perov-
skite IPVs under simulated indoor conditions is discussed and candidate
perovskite PV (PPV) systems are presented to provide insight into IPV develop-
ment. These include IPV-optimized formamidinium cesium-based perovskite,
wide-gap p-i-n devices, and 2D perovskite devices, tested under spectrophoto-
metrically calibrated LED illumination at various indoor-relevant illuminances and
benchmarked against thermodynamic predictions. Finally, strategies required to
create stable, optimized PPV devices for indoor applications are discussed.

PERSPECTIVE
Hall of Fame www.solar-rrl.com

Sol. RRL 2024, 2400180 2400180 (1 of 12) © 2024 The Authors. Solar RRL published by Wiley-VCH GmbH

mailto:g.burwell@swansea.ac.uk
mailto:paul.meredith@swansea.ac.uk
mailto:ardalan.armin@swansea.ac.uk
https://doi.org/10.1002/solr.202400180
http://creativecommons.org/licenses/by/4.0/
http://www.solar-rrl.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202400180&domain=pdf&date_stamp=2024-04-11


sources of energy, but it also leads to a decrease in the consump-
tion of critical elements used in batteries, which in turn
conserves increasingly rare raw materials. Additionally, using
self-powered devices can also lower the costs associated with
deploying IoT infrastructure, such as installation andmaintenance.

Indoor lighting levels have been shown to be typically suffi-
cient to power emerging IoT devices,[8] and the development
of indoor photovoltaics (IPV) is being further advanced by
progress in efficient charge controllers and supercapacitors.[9]

This also makes IPV a viable option for powering IoT devices
when illumination is not continuous. Operating in a variety of
environments, IPVs face different challenges to those of solar
cells with some technological considerations for IPV being less
complex than those for outdoor photovoltaics. For example, the
lower levels of light and milder conditions typically encountered
in indoor environments can help to increase the longevity of the
devices. They however require more efficient control circuitries
since they operate at lower voltages compared to solar cells, plus
have more complex requirements for power, voltage, and current
matching into the recipient device.

Other aspects of IPV differentiating them from solar cells are
the different emission spectra of indoor and sunlight, and the
irradiance levels, which set new limits for optimum materials
and device parameters. In general, indoor light spectra (predom-
inantly light-emitting diode (LED) lights) are spectrally centered
at higher photon energies than sunlight and the spectral peaks
are narrower. This means that the optimal bandgap and corre-
sponding predicted power conversion efficiency (PCE) expected
for single junctions are generally higher for IPV devices.[10,11]

The radiative thermodynamic PCE limit can be over 50% for typ-
ical indoor spectra.

However, to achieve optimal PCE values, IPVs require optical
gaps around 1.7–1.9 eV – considerably wider than typical solar
photovoltaics (PV) materials such as crystalline silicon (1.1 eV),
gallium arsenide (1.42 eV), and cadmium telluride (1.44 eV).
This is the primary driving force motivating the development
of wide-gap next-generation PV materials for IPV use. In addi-
tion, solution-processable PV materials have several attributes
that make them desirable for such applications, including
mechanical flexibility, low embodied manufacturing energy,
and the fact that they are amenable to fabrication techniques like
blade-coating and roll-to-roll printing. Organic semiconductors
with optical gap tuneability have shown promise, although large
nonradiative (NR) losses make it currently impossible to
approach the radiative PCE limit. Perovskite semiconductors,
in contrast, with higher performance and lower NR losses are
of significant technological relevance for indoor applications
since they share many of the same desirable features as organic
semiconductors.[3,5,12]

The requirement for wide-gap perovskites for perovskite/
silicon tandem solar cells has driven insensitive research.[13–15]

This is a promising approach for surpassing the maximum
single-junction performance for conventional outdoor PV.
Recent solar-to-electrical PCEs greater than 33% demonstrated
in perovskite/Si tandem cells have been achieved by fine-tuning
the wide-gap perovskites and spectrally matching them with
silicon subcells as well as engineering the interlayers.[13,16]

This has driven fine optimization of the charge-selective
interlayers at the electrodes, commonly referred to as the

electron (ETLs) and hole-transporting layers (HTLs). These
include the development of self-assembled monolayers (SAMs)
such as Me-4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phos-
phonic acid).[13] Device optimization strategies for wide-gap
perovskite PV (PPV) materials and associated interlayers as
used in single-junction or tandem solar cells offer a promising
starting point for IPV applications and a substantial amount of
existing knowledge is at hand to be readily employed to
perovskite IPVs. However, these materials and devices must
be re-evaluated for their use under irradiances typically found
indoors including accurate characterization.

Even though an efficiency testing standard for indoor light
(IEC TS 62 607-7-2:2023) was published recently, comparing cur-
rent IPV reports can be still fraught with difficulty since figures
of merit, such as PCE, are (at the time of writing) often measured
under different spectra and irradiances. However, it is expected
that the IPV measurement standard will be adopted by the
international PV community, fostering the development and opti-
mization of IPVmaterials and devices as various loss mechanisms
may dominate at different intensities. For example, at very high
irradiances, series resistances will dominate the electrical losses,
while at low irradiances, shunt resistances will limit the device’s
performance.[8] Being able to measure the device under a range of
irradiances can help identify the dominant loss mechanisms and
inform optimization strategies for IPV development.[17]

The operating conditions of a real-world IPV device can be
extremely variable. One recent study investigating the availability
of light for energy harvesting applications reported illuminances
between 100 and 3000 lux recorded in different scenarios on the
same university campus.[9] To enable continuous real-world use,
an IPV-enabled IoT device should be benchmarked with a
similarly broad range of lighting conditions to account for this.
To hasten the development of IPV devices and materials, the
breadth of possible lighting scenarios must be realistically
represented. To this end, the accurate characterization of IPV
devices is an area of increasing research attention, with recent
reports outlining the influence of experimental factors such as
illumination masks, beam homogeneity, stray light, and spectral
verification.[18,19]

In this perspective, we demonstrate the potential of wide-gap
PPV devices for IPV applications. We review the theoretical lim-
its of single-junction PV devices under typical indoor lighting
conditions and examine the challenges of developing efficient
IPVs. Furthermore, to exemplify common bottlenecks in device
performance and examine exemplary devices including IPV-
targeted formamidinium (FA) cesium-based perovskite,
wide-gap p-i-n devices, and 2D perovskite devices are used as
models. These are tested under spectrophotometrically calibrated
LED illumination at a range of indoor-relevant illuminances. We
estimate the radiative and NR losses for PPV devices and attri-
bute the main performance losses to trap-assisted recombina-
tion. We also utilize drift-diffusion simulations to estimate the
theoretical performance of an IPV-optimized PPV device under
varying trap-assisted recombination scenarios. To contextualize
these results, IPV performance estimates from literature-derived
data are compared under standardized illumination conditions.
Finally, we provide an open-source computational tool that
applies the technique described by Kay et al. (which uses external
quantum efficiency (EQE) spectra and open-circuit voltage (Voc)
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measurements under AM1.5G) to estimate the performance of
IPV under arbitrary light sources at any illuminance.[20]

Especially in light of the recently published indoor characteriza-
tion standard protocol, this tool is particularly useful for
providing benchmark performance metrics that experiments
may be compared with.

2. Spectral Standardization for Efficiency
Comparison

Derived from the principle of detailed balance, the trade-off
between the absorbed flux of photons and the photovoltage is
generated by a single junction solar cell versus bandgap results
in an upper, thermodynamic limit of device performance.[10] In
the ideal case, this detailed balance limit is based on an absorp-
tion model which assumes the photovoltaic external quantum
efficiency (EQEPV) of the device to be given by a unit step func-
tion centered at the bandgap. It is usually calculated using the
AM1.5G spectrum, as this is the common standard used in solar
photovoltaic research (i.e., 1 Sun, Figure 1a, green plot).
However, if other light spectra, such as those of indoor lighting,
are considered, the limit must be recalculated accordingly.

Establishing standard spectra for different lighting conditions,
such as those of indoor sources (e.g., IEC TS 62 607-7-2:2023

efficiency testing report under indoor light), would be extremely
useful for several reasons. First, it would allow researchers to
compare the efficiencies of photovoltaic systemsmore accurately,
as they would all be tested under the same set of conditions.
Second, it would enable manufacturers to optimize their prod-
ucts for a particular spectrum, making them more efficient
and cost-effective. Finally, by providing a standard for compari-
son, it would allow for a more accurate calculation of the detailed
balance limit of photovoltaic device performance, facilitating the
optimization of PPV for different spectra.

To this end, it is useful to calculate the detailed balance limit
for a “standard illuminant”, for example, those specified by the
International Commission on Illumination (CIE), and then cal-
culate the resultant spectral mismatch (or deviation) of a given
laboratory light source from this spectrum.[21–23] Standard illu-
minants are defined for typical artificial light sources, including
incandescent, fluorescent, and LED sources. An example of a typ-
ical phosphor-converted blue LED source is the LED-B4 spec-
trum, with a correlated color temperature of 5109 K. As it is
more common to discuss the “magnitude” of an indoor light
source in terms of illuminance, the spectral irradiance can be
calculated at a convenient illuminance value (e.g., 1000 lux,
see the Supporting Information for details).

Figure 1a shows the normalized CIE LED-B4 spectrum plotted
as a function of photon energy and compared to the normalized
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Figure 1. a) Normalized irradiance of a CIE LED-B4 (blue) spectrum for indoor light and standard AM 1.5G spectrum for sunlight (green) plotted as a
function of photon energy. b) PCE, as simulated for the LED-B4 spectrum at 1000 lux illuminance (or, 0.313mW cm�2), plotted as a function of bandgap
energy, and compared for a maximum above-gap EQE of 1 (red solid line) and 0.85 (black dashed line). c) Repetition of panel (b), but short-circuit current
density (Jsc) plotted against the bandgap energy. d) Repetition of panel (b), but with the radiative limit of open-circuit voltage (VRAD

oc ) plotted against the
bandgap energy.
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AM1.5G spectrum (green). Note that the CIE standard LED-B4
spectrum, as specified in the IEC TS 62 607-7-2:2023 indoor light
testing report, is close to our exemplary IPV test apparatus dis-
cussed in the following section (see Figure S3, Supporting
Information). The predicted thermodynamic PCE limits under
indoor conditions emulated by an LED-B4 spectrum at 1000 lux
(0.313mWcm�2) are exemplified in Figure 1b. In this regard,
the PCEs were calculated for the radiative limit from detailed bal-
ance,[24] while assuming a step-function EQEPV with an above-gap
EQEPV of either unity (red solid line in Figure 1) or more realisti-
cally 0.85 (black dashed line in Figure 1). The corresponding short-
circuit current density (Jsc) and radiative limit of the open-circuit
voltage (VRAD

oc ) are shown in Figure 1c,d, respectively.
The upper limit of the efficiency can be calculated for more

realistic cases where experimental EQE spectra are used which
include tail states as opposed to an abrupt onset. Combined with
the experimental AM1.5G-corresponding Voc, all J–V parameters
can be estimated for indoor conditions. Such an approach is dis-
cussed in detail by Kay et al. including the effects of energetic
disorder, state-filling, and Urbach tails.[20] A simplified version
of this approach, as used in this work, is provided in an open-
source computational code in the Supporting Information. The
values obtained from this extrapolation method from EQE and
experimental AM1.5G-corresponding J–V parameters can be
used as upper-limit benchmark values to minimize the danger
of experimental errors in the absence of a measurement protocol.

3. Fabrication of Perovskite Photovoltaics with
Tuneable Bandgap

Perovskites in general refer to materials with a crystal structure
given by the formula ABX3. Of particular relevance to photovol-
taics has been the discovery and development of lead halide per-
ovskites; most notably, methylammonium lead iodide (MAPbI3)
and its variants, and more recently lead-free halide perovskites.
These perovskite materials exhibit an energy gap tuneability in
the range of 1.3–3.1 eV by halide substitution and composition
altering making them promising candidates for use in IPV appli-
cations. As such, the use of halide perovskites for IPV has been
the subject of recent research, which highlights the tunability of
the composition as a significant advantage for perovskite
IPV.[2,3,25–34] Figure 2 compares the solar cell performance of
reported PPVs under artificial AM1.5G conditions as a function

of their bandgaps. Note that comparing the bandgap of PPV
materials across the literature can lead to inconsistencies.
Here, we use values determined from the first derivative of
the EQE spectrum as this is the closest approximation of the
energy of the step-function bandgap.[16]

The advancement of perovskite IPV devices extends beyond
the perovskite semiconductor (active) layer, and the constituent
parts of the device must be considered.[31,35–40] The optimization
of wide-gap perovskite PV devices requires optimization of the
charge-selective transport layers in the PV device, to avoid or
minimize energetic misalignment and recombination at the
interfaces.[41,42] The use of SAMs and interlayer choice may
have additional implications for device stability.[43–45] As series
resistance-related losses are lower in IPV devices compared with
solar cells,[8] novel transparent conductive electrode structures
that are otherwise not suitable for solar cells can be considered.
Avoiding transparent oxides that are processed at high temper-
atures can have additional benefits to IPV device architectures,
such as improved device flexibility. The incorporation of metallic
grids with transparent polymers has been outlined as a facile
approach to this end.[46,47]

Typical (3D) PPV materials are known for their high PCEs
when employed as perovskite solar cells (PSCs), but their practi-
cal applications are still limited due to their instability. In con-
trast, 2D perovskites consisting of an inorganic metal halide
layer sandwiched between large hydrophobic organic cations
exhibit significantly improved stability against thermal, chemical,
and environmental factors.[48] Subsequently, these 2D perovskite
materials have been used as the surface passivator over a 3D
perovskite absorber (2D/3D PSCs), making them a promising
choice for the future development of PPV.[49–54] These structures
as indoor light absorbers have not yet seen widespread develop-
ment or been fully optimized for IPVs despite having an easily
adjustable bandgap from 1.7 to 2.4 eV in 2D perovskite and excel-
lent stability. The primary challenge is the attainment of a uni-
formly distributed phase with vertical orientation which impacts
the charge transfer and the collection efficiency of photogener-
ated carriers. Therefore, recent research efforts have been dedi-
cated to achieving a phase-pure 2D perovskite layer with vertical
orientation through compositional and/or solvent engineering
(see Table S2, Supporting Information).[50,55–57]

The solution-processability of perovskites has been exploited
to produce novel device types that include storage elements.
Previous reports on the use of perovskites to create photocapa-
citors outline a promising direction for the use of perovskites
for indoor energy harvesting.[58] Although the low energy density
of these structures is a drawback for solar cell applications, this is
not as determinantal for IPV applications. The monolithic inte-
gration of a mixed-cation mixed-halide PSC with a gel electrolyte-
type supercapacitor has been demonstrated in a three-electrode
configuration with an overall photoelectrochemical energy con-
version efficiency of 11.5%.[59]

4. Characterization under Indoor Conditions

Measuring the spectral irradiance of a light source accurately is
technically challenging and care should be taken when compar-
ing results between laboratories under arbitrary indoor lighting

1.2 1.5 1.8 2.1 2.4
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Figure 2. Summary of PCEs of single-junction perovskite devices under
AM 1.5G conditions with varying bandgaps reported in the literature.
(Adapted from,[16] which uses bandgap values determined from the first
derivative of the EQE). Systems relevant to indoor applications are shaded
in grey.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2024, 2400180 2400180 (4 of 12) © 2024 The Authors. Solar RRL published by Wiley-VCH GmbH

 2367198x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202400180 by T

est, W
iley O

nline L
ibrary on [03/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.solar-rrl.com


conditions. Ideally, a spectroradiometer would be used to
calibrate the measurement apparatus at the device under test
(DUT) location. However, this may not be practical for
PV-focused research groups. Instead, one may calculate the spec-
tral irradiance by measuring the spectral shape and total irradi-
ance separately, using equipment that is typically found in
research laboratories. The details of the calibration using this
method are described in further detail in Supporting
Information Section B–C.

To confirm the calibration of an IPV characterization system,
it is necessary to measure reference devices with known respon-
sivity.[60] The appropriate reference device(s) should be selected
with care. If photodiodes are used with areas much smaller than
that of the DUT, this may lead to inaccuracies in the estimation
of total irradiance to the DUT. However, if bus-barred reference
cells are used, their absolute EQEPV may be difficult to measure.
In practice, it is advisable to measure several reference devices at
the DUT location to minimize the overall uncertainty.

When measuring J–V curves, perovskite PV devices are
known to exhibit hysteresis commonly attributed to mobile
ion migration.[61,62] It has been shown that the measured PCE
can be affected by the scan speed used for the measurement.
Further, degradation processes have been shown to have a
dependence on the total irradiance.[63] These two effects point
to the scan speed of perovskite PV characterization being an
important experimental variable when determining IPV perfor-
mance; its ideal value may vary as a function of irradiance. Under
conditions where slow scan speeds are preferable, the short-term
temporal instability of the light source should be considered to
reduce experimental uncertainty associated with long measure-
ment times. Another approach may be the development of maxi-
mum power point (MPP)-tracking approaches for indoor
characterization, equivalent to those demonstrated for PSC
measurements.[64] While research groups have reported perov-
skite stability based on MPP tracking,[65–67] there is still a lack
of standardized MPP tracking testing protocols for solar cells
in general, and indoor conditions in particular (note that the
recently published IEC TS 62 607-7-2:2023 efficiency testing
report under indoor light does not specify requirements for
MPP tracking).[68] As such, further investigations of the origin
and nature of hysteretic behavior, light soaking effects, and
ion contribution in PPV are necessary and need to be taken into
account when developing corresponding standardized testing
protocols. In this regard, Saliba et al. recently reported a system-
atic discrepancy between short-circuit current values obtained
from J–V curves under artificial AM 1.5G conditions and those
derived from integrated EQE spectra.[69] Importantly, this discrep-
ancy was found to be independent of perovskite composition and
device architecture clearly highlighting the need for re-evaluating
existing standards and developing new testing protocols.

5. Investigation and Development of PPV in Silico

The remarkable rise of perovskites among emerging PV has left
in their wake an incredible volume of research output. With over
19 000 articles reported in the Web of Science, identifying suit-
able approaches to perovskite IPV would be a herculean task if all
PSC reports were to be reinterpreted for IPV use separately, and

thus a standardized dataset would be preferable. Fortunately, this
endeavor is already underway, with an open-access database and
analysis tool for PSCs based on findable, accessible, interopera-
ble, and reusable data principles available to researchers.[70,71]

Utilizing large datasets such as these provides incalculable
insights into systems development, especially when combined
with ML-based models.[72,73]

The identification of suitable IPV systems from the myriad of
PSC reports (where devices have been measured under AM1.5G
conditions) is more straightforward when the reports include
accurately measured EQEPV spectra. By integrating over these
spectra, one can estimate their expected short-circuit current
densities, open-circuit voltages (in the radiative limit), and the
open-circuit voltage losses, with the latter determined from the
open-circuit voltage under AM1.5G conditions (see Supporting
Information). As we explore shortly, extrapolating such NR losses
to indoor settings for many PV systems can provide valuable
insight into which are most suitable for IPV applications. The
use of large datasets and ML can also assist the development
of large-area processing techniques.[74–76] Combined with in-line
data such as photoluminescence (PL) imaging of PPV systems,
ML has been used to provide insight into large-area fabrication
processes.[77] As IPV device performance is highly sensitive to
the (specific) shunt resistance, the use of ML models could pro-
vide further insight into fabrication-related shunt formation that
will determine the overall performance of IPV modules.[8]

One-dimensional drift-diffusion (DD) device models have
been frequently used in the past to describe the electrical behav-
ior of PPVs.[78–80] These models are generally based on an effec-
tive medium approach describing the charge transport and
recombination of electrons and holes in the device, while account-
ing for space charge effects and interface-related phenomena at
interlayer and /or electrode contacts. DD models serve as valuable
tools for obtaining an increased understanding of device physics,
identifying and investigating lossmechanisms, and guiding device
optimization. For example, DD models have been successfully
applied to investigate the influence and contribution of transport,
trap-assisted recombination, and mobile ions on the device perfor-
mance in PPVs.[17,62,78–82] Combined with “big data” approaches,
in silico investigation into new approaches to perovskite IPV can
reduce the environmental impacts associated with materials dis-
covery and iterative experimentation.[83]

6. Exemplification and Measurement of an IPV
System with Optimized Bandgap

We investigated FA cesium-based perovskite,
FA0.85Cs0.15Pb(I0.6Br0.4)3, wide-gap p-i-n (“inverted”) devices, uti-
lizing Phenyl-C61-butyric acid methyl ester (PCBM) as the ETL
and the SAM Me-4PACz as the HTL. The development of the
latter is described in a recent work.[13] To improve the wetting
of the perovskite on top of the SAM, a highly diluted solution
of Al2O3 nanoparticles was used as an interlayer. To reduce the
interface recombination losses between perovskite and ETL, the
surface of the perovskite was treated with Imidazolium-Br, fol-
lowing the approach reported in a previous work.[42]

For examining the performance of the perovskite photovoltaic
cell under indoor light conditions, a custom IPV characterization
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apparatus was used (see Figure 3a). The setup comprises a
4000 K LED (Prizmatix, UHP-T-LED-White) as a light source.
To illuminate the DUT, a liquid light guide from Prizmatix
was employed to transmit the attenuated probe light from the
light source to a collimator, which was directly affixed to a colli-
mation tube. Note that the recently published IEC TS 62 607-7-
2:2023 standard does not specify the use of diffuse or collimated
light sources for indoor testing, but rather specifies an angular
correction factor. As such, this is an experimental decision for
the test facility reporting IPV performance under this standard.

The question of whether to benchmark IPV devices under col-
limated or diffuse light can be viewed as a balance between exper-
imental reproducibility and a realistic representation of indoor
lighting scenarios. In this regard, we found that the relative error
introduced by collimated light testing can be considered more
controlled and predictable than its diffuse counterpart
(see Supporting Information, Section E). A combination of black
DUT illumination masks and black shielding around the whole
IPV testing apparatus was used to minimize parasitic stray light.
The light intensity was varied through a combination of control-
ling the LED power driving current and a two-prism attenuator
from Standa. For the initial light power calibration, a NIST-
calibrated silicon reference photodiode from Newport (818-UV)
was used, while the light intensity dependent output spectra
of the IPV light source were recorded manually using a
Hamamatsu photonic multichannel analyzer (PMA-12).

A detailed description of the IPV characterization apparatus
along with an in-depth explanation of the calibration process
for the corresponding indoor light powers are provided in the
Supporting Information Section C and elsewhere.[84]

Figure 3c shows the J–V curve of a 500 nm thick
FA0.85Cs0.15Pb(I0.6Br0.4)3 perovskite champion device with
SAMþ ImBr in the aforementioned device configuration
(see Figure 3b). The J–V curve was measured under AM1.5G
illumination conditions in both forward (dashed line) and
reverse (solid line) scan directions. Details of the J–V measure-
ment are provided in Supporting Information, Section A.
The FA0.85Cs0.15Pb(I0.6Br0.4)3 with SAMþ ImBr device exhibits
(in reverse voltage scan direction) a PCE of 15.5 %, a Voc of
1.25 V, a short-circuit current density (Jsc) of 16.33mA cm�2,
and a fill factor (FF) of 76.5% under AM1.5G conditions.
The inset shows the EQEPV plotted as a function of wavelength,
where a maximum EQE of ≈ 0.78was achieved. The device sta-
tistics of photovoltaic parameters are provided in Figure S13,
Supporting Information.

The bandgap of the FA0.85Cs0.15Pb(I0.6Br0.4)3 perovskite was
determined using the first derivative of the EQEPV and it was
found to be Eg ≈ 1.79 eV and thus close to the optimum bandgap
energy according to the detailed balance analysis in Figure 1b
(see also Supporting Information Section D). IPV measurements
were conducted on the same perovskite device using our setup as
described above. Here, the incident light intensity was stepwise
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Figure 3. a) Schematic of the IPV characterization setup, where a 4000 K LED with variable output power and LED stabilization in combination with a
motorized attenuator is used to stepwise attenuate the incident light intensity. Prior to guiding the output light on the DUT, a liquid light guide is used to
fetch the LED light into the collimation tube. A source-meter-unit is used to record the DUT current density versus applied voltage ( J–V ) curves. For initial
light calibration, a NIST-calibrated Luxmeter and silicon photodiode sensor are used as reference devices. b) p-i-n-type device architecture of a wide-gap
FA0.85Cs0.15Pb(I0.6Br0.4)3 PPV treated with ImBr and with Me-4PACz as a HTL. c) J–V curve under artificial solar illumination (AM 1.5G) of a
FA0.85Cs0.15Pb(I0.6Br0.4)3 PPV with SAMþ ImBr measured in forward (open symbols) and reverse (closed symbols) scan directions. Photovoltaic per-
formance parameters are indicated in the plot. The inset shows the EQEPV plotted as a function of wavelength.
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varied between 150 and 1500 lux covering different indoor light
scenarios (e.g., office with/without natural light, or a covered
walkway[9]); all J–V curves are shown in Figure S12,
Supporting Information. Figure 4a–c shows the PCE, Jsc and
Voc (symbols), as obtained from the J–V curves, plotted as a
function of light intensity, respectively. The PV parameters, as
obtained at 185, 1000, and 2000 lux are shown in Table 1. For
comparison, the calculated detailed balance limit in the case
of an idealized unit step-function at a bandgap of 1.8 eV (red solid
line), radiative (blue dotted line), and upper realistic (i.e., includ-
ing NR losses; purple dashed line) limits are included. As shown
in Figure 4c, the NR loss of the Voc increases from approximately
130mV (at 2000 lux) to 240mV (at 185 lux) with decreasing irra-
diance. The corresponding expected upper limit of the PCE, as
calculated based on the measured EQEPV, for this system is 41 %,
with a Voc of 1.36 V and a Jsc of 0.104mA cm�2 (see blue star
symbols in Figure 2b–d).

We further note that the experimentally obtained Voc versus
light intensity data follow an ideality factor nid ¼ 2 behavior
(see orange dashed line in Figure 4c) indicative of the presence
of Shockley–Read–Hall (SRH) recombination in the given
intensity regime. From this, we can conclude that interface

recombination, which would result in nid below 2 approaching
unity, has been suppressed with the introduction of SAM and
ImBr, to such an extent that bulk SRH recombination prevails
as the dominant NR loss channel.[85] To further support these
findings and investigate the effect of SRH recombination on
device performance under indoor lighting, we conducted
one-dimensional DD simulations. The model assumes an active
layer device thickness of 500 nm with a relative permittivity of
ε ¼ 24 and an electrical energy bandgap of Eg ¼ 1.8 eV. The
(radiative) bimolecular recombination coefficient in the active
layer is estimated based on the radiative limit of the Voc.
Furthermore, we assumed ideal contacts and transport layers
(i.e., no surface or interface recombination) with the dominant
NR recombination mechanism to be trap-assisted recombination
via mid-gap states in the bulk of the active layer. Detailed
information on the DD model is provided elsewhere;[86–88] the
input DD model parameters are summarized in Table S1,
Supporting Information.

Figure 5a–c shows the simulated PCE, Jsc and Voc as a
function of light intensity for the case of mid-gap traps having
different SRH lifetimes, τSRH ¼ τn þ τp where τn and τp denote
the electron and hole lifetimes, respectively. For comparison,
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Figure 4. a) PCE of a FA0.85Cs0.15Pb(I0.6Br0.4)3 PPV device with Me-4PACz þ ImBr plotted as a function of incident light intensity. While symbols are
experimental data, the red solid line corresponds to the thermodynamic limit, the blue dotted line marks the upper radiative limit, and the purple dashed
line identifies the upper limit including NR losses (estimated from AM1.5G conditions). b) Repetition of panel (a), but short-circuit current density (Jsc)
plotted as a function of incident light intensity. c) Repetition of panel (a), but open-circuit voltage (Voc) plotted as a function of incident light intensity.
The orange dashed line is a guide to the eye corresponding to an ideality factor of nid ¼ 2.

Table 1. PV parameters, such as open-circuit voltage (Voc), short-circuit current density (Jsc), and PCE, for the wide-bandgap PPV, as experimentally
obtained under different indoor light (Prizmatix 4000 K) irradiances. For comparison, PV parameters, as obtained from J–V curves under artificial AM1.5G
conditions, are included. NR Voc- and PCE losses are provided in brackets. The illuminance values (185, 1000, and 2000 lux) are selected based on
literature.[9]

Irradiance PV parameters 185 [lux] (indoor light e.g., office
with no natural light[9])

1000 [lux] (e.g., office
with natural light)

2000 [lux]
(e.g., covered walkway)

Artificial AM1.5G
(1 sun)

Voc in [V] (NR loss in [V]) 1.01 ð0.24Þ 1.09 ð0.16Þ 1.12 ð0.13Þ 1.25

Jsc in [mA cm�2] 0.02 0.13 0.25 16.33

PCE in [%] 23.1 25.3 27.9 15.5
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the radiative limit (i.e., no trap states; black dashed line) and our
experimental results (symbols), as obtained from J–V measure-
ments under indoor light, have been included. The simulated
J–V curves of the different degrees of SRH recombination are
provided in Figure S12, Supporting Information. Figure 5a–c
shows that an increase in SRH lifetime, corresponding to a lower
recombination rate, leads to enhanced Voc and higher PCE.
Notably, the case of τSRH ¼ 0.2 μs coincides with our experimen-
tally obtained PV parameters (symbols in Figure 4a–c) providing
theoretical support for our above conclusion that SRH recombina-
tion is the main NR loss channel in the FA0.85Cs0.15Pb(I0.6Br0.4)3
wide-bandgap PPV device. Furthermore, the DD simulation
results demonstrate that a reduction of SRH recombination can
enhance the PCE to get closer to its radiative limit. This finding
is in line with ongoing endeavors in the PSC community to further
advance the performance of inverted devices, which center around
the reduction of the defect- and interface-recombination as well as
optimization of charge transport.[42,89–94] It is worth mentioning
that most device optimization pathways for performance improve-
ments are currently developed with respect to outdoor applications
(i.e., typically under AM1.5G conditions). However, while some of

these approachesmay be adapted for improving PSC performance
under indoor conditions, further exploration of the links between
fundamental device physics, overall efficiency, and engineering is
required.[95–97] In this context, the overall efficient charge transport
in PSCs readily enables the preparation of thick-junction
(i.e., >300 nm) and shunt-resistance-increased, high-efficient
devices (as opposed to organic semiconductor-based solar cells[98]),
which is not only crucial requirement for device up-scaling but
also a necessity for the commercialization of PSC for indoor
applications.[8]

7. Exemplification of a 2D Perovskite Device

We further investigated the use of 2D perovskites for IPV appli-
cations. Devices with the device architecture PTAA/PFN-Br/
Perovskite/PCBM/BCP/Cu were fabricated to compare the per-
formance of 2D (PEAI2MA4Pb5I16,<n>= 5) and 3D (MAPbI3)
perovskite structures with similar bandgaps (details of the device
fabrication are provided in the Supporting Information,
Section A). Figure 6 shows the figures of merit for the 2D
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pared for different SRH lifetimes (τSRH). For comparison, the radiative limit (i.e., no trap-assisted recombination; black dashed line) and the experimental
results (symbols), as obtained from light J–V measurement on the wide-bandgap PPV, have been included.
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(green symbols) and 3D (blue symbols) following the IPV char-
acterization methods described above.

Although the 2D PSC demonstrated a higher Voc (see
Figure 6a) in comparison with the 3D PSC counterpart system,
both devices exhibit similar Jsc (see Figure 6b). The superior
overall performance of the 2D PSC (see Figure 6d) can be attrib-
uted to both the enhanced Voc and FF (see Figure 6c) of the 2D
PSC system when compared to the 3D PSC device – an observa-
tion that is consistent with the reduced interfacial losses
described in previous reports.[99–101]

8. Benchmarking and IPV Performance Prediction
from Literature Data

In the absence of an established measurement condition with
which to compare IPV devices, care must be taken when com-
paring IPV performance reports. To contextualize the exemplary
device shown in this work, its performance was compared with a
handful of the thousands of PPV devices stored in an open-access
database.[70] From the corresponding peer-reviewed articles, the
AM1.5G open-circuit voltages and EQEPV spectra were extracted.
As summarized in Figure 7, these quantities were reanalyzed to
predict IPV device performance under illumination from a
1000 lux LED-B4 source using a computational tool, Indoor
Extractor, assuming a NR limit in this case. The code is addition-
ally useful in considering superpositions of spectra, for example,
to estimate performance under a mix of artificial light and sun-
light incident through a window.

A description of the reanalysis process is provided in the
Supporting Information, Section D, and a more comprehensive
background is reported elsewhere.[20] For comparison, the
detailed balance limit for a maximum above-gap EQE of 1
(red solid line) and 0.85 (black dashed line) are added. It becomes
clear that PPV performances under indoor illumination are,

currently, still well below their predicted radiative detailed bal-
ance limits.

For comparison, the bandgap-optimized
FA0.85Cs0.15Pb(I0.6Br0.4)3 PPV with SAM and ImBr (blue star
symbol) along the 3D MAPI (blue square symbol) and 2D (blue
circle symbol) are added (see Figure 7). The former shows one of
the highest efficiency (under LED-B4 spectrum) among the
perovskite devices having an indoor-optimal bandgap of
≈ 1.7� 1.9 eV. As suggested by our DD simulations, a further
reduction of trap-assisted recombination could help to minimize
NR losses, enhance the PV performance under indoor illumina-
tion, and push the boundaries of indoor PCEs closer to their radi-
ative limits.

9. Future Prospects for IPV Development

Rapid progress in PPVs for solar applications has been demon-
strated since their first reports, due in part to innovations in
transport layers, composition, and cell structure.[102–105] The
wider bandgaps which are optimal for IPV applications can be
achieved via the compositional tuneability of perovskite materi-
als. Tuning the Br content of halide perovskites has been dem-
onstrated as one effective method of producing wider bandgap
PPVs for IPV applications in this work and other recent
reports.[33,106]

High Br-containing PPV devices have associated issues
including phase separation.[106] Various reports have investigated
methods of suppressing this effect, including surface passiv-
ation, hole transport material optimization, crystal size optimiza-
tion, and alloying cations in the perovskite lattice.[97,106–109]

Light-induced halide segregation attributed to strain effects
has been investigated and strain-releasing strategies have been
established, including the addition of potassium iodide
(KI)[110] or the inclusion of Cl in a triple-halide composition.[111]

Due to their low formation energy, Br vacancies (VBr) can be the
dominant defects in Br-rich wide-bandgap PPV devices.[112]

Suppression of VBr using KI treatment of defects has been
suggested as a means of reducing NR recombination in
wide-bandgap PPV devices for IPV applications.[33]

To enhance the efficiency of IPV, it is crucial to minimize
losses at the interfaces between different layers of the device.[100]

This can be achieved not only by improving material properties
but also by optimizing interlayers and device structures. Another
promising approach for IPV applications is the use of 2D perov-
skites, which appear to have substantially reduced transport lim-
itations. By reducing Voc losses and enhancing device lifetime,
2D and 2D/3D PPV systems show similar benefits as those
obtained via interface engineering.[99]

10. Conclusion

Given the nexus of developments in low-power electronics, wire-
less communications, big data, automation, and sensors, the
inevitable rise of IPV will create new opportunities in fields such
as IoT and wireless sensing. Considering their bandgap tunabil-
ity and state of technological development from advances in tan-
dem solar cells, perovskites are well-suited for use in IPV.
However, there are several challenges that lay ahead. First,

1 1.5 2 2.5 3
0

10

20

30

40

50

60

 Literature
 Exemplary systems

)
%( E

CP

Bandgap (eV)

CIE LED-B4 @ 1000 lux
 SQ Limit       85% SQ Limit      

Figure 7. Comparison of PCE of PPV under indoor illumination (LED-B4
input spectrum at 1000 lux), as obtained by reanalyzing EQEPV data taken
from literature (green star symbols), plotted against the corresponding
bandgap energy. For comparison, the radiative PCE limit in the detailed
balance limit assuming above-gap EQE of 1 (red solid line) and 0.85 (black
dashed line) are added. The blue star symbol marks the
FA0.85Cs0.15Pb(I0.6Br0.4)3 PPV with SAMþ ImBr HTL studied in this work;
blue circle (square) symbol corresponds to the 3D (2D) perovskite.
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measurement standardization will enable proper intercompari-
son between IPV devices and will illuminate the path toward
highly efficient, stable devices. The exemplary results shown here
emphasize the utility of measuring over a range of irradiances
relevant to IPV applications to highlight avenues of device opti-
mization. Second, the perovskite layer should not be understood
in isolation. In contrast, the additional contribution of the trans-
port layers to the overall operation of the device, including effi-
ciency, stability, and durability, will be crucial to demonstrating
technologically relevant devices. Finally, the field of IPV does not
need to “reinvent the wheel” – given the vast literature on
perovskite photovoltaics, approaches, and materials can be
re-evaluated in the context of indoor conditions, for example,
using the computational tool outlined here.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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B. Rech, R. Schlatmann, M. Topič, L. Korte, A. Abate,
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