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Lead-Free Perovskite-Inspired Absorbers for Indoor

Photovoltaics
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Judith L. MacManus-Driscoll, Robert L. Z. Hoye,* and Vincenzo Pecunia*

With the exponential rise in the market value and number of devices part of the
Internet of Things (loT), the demand for indoor photovoltaics (IPV) to power
autonomous devices is predicted to rapidly increase. Lead-free perovskite-inspired
materials (PIMs) have recently attracted significant attention in photovoltaics
research, due to the similarity of their electronic structure to high-performance
lead-halide perovskites, but without the same toxicity limitations. However, the
capability of PIMs for indoor light harvesting has not yet been considered. Herein,
two exemplar PIMs, BiOl and Cs;Sb,Cl,lg, are examined. It is shown that while
their bandgaps are too wide for single-junction solar cells, they are close to the
optimum for indoor light harvesting. As a result, while BiOl and Cs;Sb,Cl,lo.,
devices are only circa 1%-efficient under 1-sun illumination, their efficiencies
increase to 4-5% under indoor illumination. These efficiencies are within the
range of reported values for hydrogenated amorphous silicon, i.e., the industry
standard for IPV. It is demonstrated that such performance levels are already
sufficient for millimeter-scale PIM devices to power thin-film-transistor circuits.
Intensity-dependent and optical loss analyses show that future improvements in
efficiency are possible. Furthermore, calculations of the optically limited efficiency

1. Introduction

With the emergence of Big Data and the
Internet of Things (IoT), the demand for
self-powered wireless devices (e.g., smart
sensors for health and wellness moni-
toring, and for smart buildings and smart
packaging) has substantially increased
over the past few years.'%l Self-powered
devices are expected to play an important
role in enabling the growth of the IoT eco-
system to fulfil its future potential in terms
of the number of devices and complexity,
in which battery-powered devices alone
are no longer expected to be practical in all
cases.” A significant proportion of these
wireless devices are deployed in indoor
environments where varying light inten-
sities and spectra are present, for which
efficient and reliable indoor photovol-
taics (IPV) would be attractive as a power

of these and other low-toxicity PIMs reveal their considerable potential for IPV,
thus encouraging future efforts for their exploration for powering loT devices.
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supply. Generally, the intensity of indoor
light sources is approximately three orders
of magnitude lower than the standard ter-
restrial outdoor AM 1.5G solar spectrum.
The illuminance of fluorescent light (FL)
sources and white light emitting diodes (WLED) commonly
found in residential and commercial buildings is in the range
of 200-1000 lux.'¥] The corresponding irradiance is approxi-
mately 50-300 UW cm™2, with spectra spanning predominantly
over the visible wavelength range (400 < A < 700 nm).N-13] Ag
a result, although commercial crystalline silicon solar cells are
suitable for harvesting terrestrial solar radiation, their band-
gaps (1.12 eV) are too narrow for optimal harvesting of indoor
lighting. Furthermore, crystalline silicon solar cells suffer
from significant Shockley-Read-Hall recombination under low
light conditions.™ Therefore, alternative absorbers with wider
bandgaps are needed for IPV applications, and the technologies
explored to date are based on hydrogenated amorphous silicon
(a-Si:H), dye-sensitized solar cells, lead-halide perovskites and
organic semiconductors.!61)

Hydrogenated amorphous silicon has become the industry
standard for IPV because its efficiency under indoor illumina-
tion, ranging from 4.4% to 9.2%, is adequate for typical elec-
tronic devices powered by photovoltaics.>?*?3] Among the
emerging absorbers, lead-halide perovskites have been identi-
fied as particularly promising for IPV owing to their ability to
achieve excellent optoelectronic properties (e.g., long diffusion
lengths >1 wm) when grown by low-cost, facile methods.[?+%°!
Lead-halide perovskite IPV with power conversion efficiencies
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of 36% under low-intensity indoor lighting have recently been
demonstrated.’”) Despite their attractive performance, the use
of lead-halide perovskites raises toxicity concerns. Although
the lead concentration in lead-halide perovskites is lower than
in natural soil, there is evidence that the highly-soluble lead
content of lead-halide perovskites is ten times more bioavail-
able.B?2l While the challenges of lead-containing compounds
in outdoor solar applications are mostly downstream (e.g.,
recycling and disposal of cells at their end of life), the use of
lead-halide perovskites in an indoor environment poses signifi-
cantly higher risks.33l In an indoor setting, the encapsulation
layer would be the only barrier between the human end-user
and the lead contained within the perovskite device, which
increases the potential for lead exposure in case of damage to
the device.”3* Moreover, the use of lead-halide perovskites to
power wearable electronics and other indoor IoT devices faces
regulatory challenges (e.g., the limit of 0.1 wt% Pb content
set by the EU Restriction of Hazardous Substances (RoHS)
directive).l®! Furthermore, lead-iodide based perovskites (e.g.,
methylammonium lead iodide) have a bandgap of approxi-
mately 1.6 eV (depending on the A-site cation), which is below
the optimal bandgap for indoor light harvesting (1.9 eV).5¢
Alloying with =70% bromide in place of iodide is needed to
raise the bandgap to 1.9 eV, but the resulting materials are not
photostable. Indeed, it has been shown that illuminating these
mixed iodide-bromide perovskites with 15 mW cm™ visible
light for <10 min results in phase-separation and the bandgap
red-shifting and settling at 1.68 eV.3%

In the broader photovoltaics research landscape, investi-
gators have been actively searching for lead-free perovskite-
inspired materials (PIMs) with the aim of mitigating the toxicity
challenges of lead-halide perovskites.[*] However, this effort has
been primarily aimed at outdoor solar harvesting,’”~1 while
the potential of PIMs for IPV has been unexplored to date.
Among lead-free perovskite-inspired absorbers, halides and
chalcohalides based on Bi** and Sb*' have attracted a consid-
erable amount of attention due to the similarity of their elec-
tronic structure to that of lead-halide perovskites, namely the
s—p hybridization in the valence band and the antibonding-to-
antibonding orbital transition across the bandgap.*!! Bismuth
and antimony are also substantially less toxic than lead, and are
sufficiently abundant for large-scale commercialization."*# In
devices, bismuth- and antimony-based absorbers have recently
demonstrated promising performance under AM 1.5G illumi-
nation, >l but have yet to reach levels comparable to their
lead-halide counterparts.* An important limitation they face
in outdoor solar harvesting is their wide bandgap of =2 eV.
However, such bandgap values are in fact optimal for indoor
light harvesting owing to the spectra of indoor light sources
being blue-shifted compared to the AM 1.5G spectrum.’*5l
Furthermore, PIMs absorbing in the visible light spectrum
come in aesthetically appealing colors, thus addressing the
need for photovoltaics that can also carry out a decorative
function when deployed in the objects and environments of
our daily lives.’24#-32 Additionally, antimony- and bismuth-
based PIMs can be synthesized using techniques that are
compatible with low-cost flexible plastic substrates, thereby
pointing to their integration into a wide range of IoT
devices.’3-5¢
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In this study we aim to shed light on the indoor photovoltaic
capabilities and potential of lead-free perovskite-inspired
absorbers. Specifically, we first investigate two exemplar
absorbers, and subsequently assess the significance of our
findings in the broader PIM landscape. The exemplar mate-
rials we first study in detail are bismuth oxyiodide (BiOI) and
the defect-ordered perovskite cesium antimony chloride-iodide
(Cs3Sb,ClLIy.,). Both materials have bandgaps close to 1.9 eV
without requiring any further alloying. Critically, while many
Bi** and Sb*" PIMs have a 0D crystal or electronic structure,
BiOI and Cs;Sb,Cl,lo., have layered (2D) structures.!*#46:47.50]
This allows efficient charge transport within the covalently
linked planes, such that >60% external quantum efficiencies
could be achieved in devices.[32455¢1 Herein, we investigate the
photovoltaic performance of BiOI and Cs;Sb,Cl Iy, devices
under FL and WLED illumination, as compared to AM 1.5G
radiation, and assess whether their performance is sufficient to
power thin-film-transistor (TFT) circuits for digital processing.
Furthermore, we perform intensity-dependent measure-
ments and optical loss analyses to determine the pathways for
achieving future increases in efficiency. Finally, we estimate the
efficiency in the radiative limit and the spectroscopically limited
maximum efficiency (SLME) of a range of perovskite-inspired
absorbers under AM 1.5G and indoor light conditions in order
to demonstrate the potential of these materials for indoor light
harvesting applications, and make recommendations for PIMs
that should be investigated further in the future.

2. Results and Discussion

2.1. BiOl and Cs;Sb,Cl, |y, Photovoltaic Devices

Thin films of BiOI and Cs3;Sb,Cl, Iy, were grown by thermal
chemical vapor deposition (t-CVD) and solution processing,
respectively, using our previously established routes.[**¢] BiOI
has a layered structure, with a tetragonal unit cell (space group
P4/nmm, no. 129), as shown in Figure 1a. Cs;Sb,l, on the other
hand, can adopt either a 0D structure (space group P6;/mmc,
no. 194) or 2D structure (space group P3ml, no. 164).°% As
explained in our previous work,”® the 2D phase can be sta-
bilized by introducing Cl (Figure la). Stabilizing the layered
phase is important for improving the charge transport proper-
ties of the material.’® X-ray diffraction (XRD) patterns of the
thin films grown show both materials to be phase pure with the
layered structures (Figure 1b). The BiOI grown on NiO,/ITO
had a compact morphology (Figure 1c), with a film thickness
of =700 nm and grains of comparable size, which adopt a {012}
preferred orientation. This preferred orientation is favorable
for charge extraction in a vertically structured device.’]
Cs3Sb,ClL Iy, had smaller grains (=250 nm in size) with a less-
dense morphology when grown on mesoporous TiO,/FTO,
which we nonetheless found to allow devices with high photo-
conversion efficiency.*®!

Critically, both BiOI and Cs3;Sb,ClIy, have bandgaps
close to the optimum value of 1.9 eV for IPV applications
(1.93 eV for BiOI and 1.95 eV for Cs3Sb,ClIy.,), as shown in
our previous works.*>>% Both materials demonstrated room-
temperature photoluminescence (PL), as shown in Figure S1

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. Structural and optical properties of BiOl and Cs3Sb,Cl,lo,, thin films. a) Crystal structure, b) X-ray diffraction patterns, c) scanning electron
microscopy images of the absorbers deposited onto ITO/NiO, (BiOl) or FTO/TiO,/m-TiO, (Cs3Sb,Cl,lg,), and d) absorption coefficients.

(Supporting Information). The PL peak for Cs;Sb,Cl Iy, was
centered at 1.96 + 0.01 eV, which is consistent with the optical
bandgap. The PL for BiOIl, on the other hand, was centered
at 1.77 £ 0.01 eV. We are currently investigating the origin of
this Stokes shift and going into this in detail is beyond the
scope of the present work. We investigated the photostability
of the materials by repeatedly measuring the PL spectrum over
the course of 30 min illumination with a pulsed 3.1 eV laser
with a fluence of 14 uJ cm™ pulse™. No shift in the PL peak
occurred in either material (Figure S1, Supporting Informa-
tion), showing the materials to be photostable under the excita-
tion conditions used.

We constructed devices from both materials using the
architectures that have yielded the highest efficiencies under
1-sun illumination (Figure 2a,b, with device stacks shown in
Figure S2, Supporting Information).l*>>? The external quantum
efficiency (EQE) spectra of both devices demonstrate signifi-
cantly greater overlap with the FL and WLED spectra than with
the AM 1.5G spectrum (Figure 2c). This points to the consid-
erably greater potential of these materials for IPV applications
than for outdoor solar harvesting.

The current density—voltage (J-V) characteristics of BiOI
and Cs;Sb,Cl, Iy, devices were measured under AM 1.5G, FL
(1000 lux), and WLED (1000 lux) illumination (Figure 2d—f; see
Table 1 for the corresponding performance parameters). As
shown in Figure 2e, devices based on BiOI and Cs;Sb,Cl 1.,
have a power conversion efficiency (PCE) of 0.9% and 1.2%
under AM 1.5G illumination respectively, which is in agree-
ment with the median efficiency of these materials in prior
reports.[*>°638] However, under FL and WLED illumination, the
PCE values increased to the range of 4-5%, peaking at 4.4% for
BiOI and 4.9% for Cs3;Sb,Cl, Iy, under FL lighting (Figure 2d,f).
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These PCEs have already entered the range of efficiencies
reported for commercial a-Si:H 1PV (4.4-9.2%).1521-23] This
confirms the appeal of these lead-free absorbers for IPV appli-
cations. Importantly, their efficiency values under indoor light
sources correspond to a fourfold increase with respect to their
PCE under 1-sun illumination, reflecting the closer match of
their absorption spectra with indoor light sources.

The IPV performance of both BiOI and Cs;Sb,ClIo.,
devices without encapsulation was found to be stable over a
5 month period, during which they were kept in a Nj-filled
environment that contained >1000 ppm oxygen and >500 ppm
H,O0 (stability curves shown in Figures S3 and S4 (Supporting
Information); the distribution of the photovoltaic parameters
is provided in Figure S5, Supporting Information). These con-
ditions are similar to those that might be expected for encap-
sulated devices stored in ambient air.’”! In fact, the devices
improved in performance after 5 months of storage in this
environment, in which the PCE of Cs;Sb,Cl Iy, more than
doubled, increasing from 2.3% to 4.9% under FL illumination,
and from 1.9% to 4.4% under WLED illumination. In the case
of BiOI, the PCE increased from 2.4% to 4.0% under FL illu-
mination, and remained stable at =3.4% under WLED illumi-
nation before and after 5 months of storage. In particular, the
PCE improvement of the BiOI device under FL lighting can
be primarily traced to an improved J,—which increased from
46 to 61 A cm~?—and fill factor—which increased from 32%
to 45% (see Figure S3, Supporting Information). In contrast,
the Cs3Sb,I,Cly., device manifested an appreciable improve-
ment mainly in the [, and V,, which increased from 50 to
82 A cm™? and from 0.41 to 0.49 V, respectively (see Figure S4,
Supporting Information). The mechanism through which the
improvement occurs is unclear, but, based on related findings

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Band structure of the a) BiOl device stack and b) Cs;Sb,Cl,lq,, device stack (energy values are referenced to the vacuum level). Device stacks
shown in Figure S2, Supporting Information. c) EQE of BiOl and Cs3Sb,Cl,lo,, devices, along with the FL, AM1.5G and spectra. Current density versus
voltage curves of BiOl and Cs;Sb,Cl,lq. devices under d) FL (1000 lux), €) AM 1.5G, and f) WLED (1000 lux) illumination.

reported in the literature, possible mechanisms include: 1)
oxygen passivation of layers or interfaces in the device stacks,
or 2) improvement in the work function of charge transport
layers, leading to improved band alignment.[®*-62 While fur-
ther work is needed to elucidate the exact mechanism, these
results show that the materials exhibit promising stability for
commercial applications, as well as very promising perfor-
mance for powering IoT devices.

Table 1. Photovoltaic performance parameters of BiOl and Cs;Sb,Cl,lg,,
devices under different light sources.

Voc V] Jsc WA cm™] FF[%]  PCE[%]
BiOl AM 1.5G  Forward 0.64 3680 28 0.7
Reverse 0.64 4200 33 0.9
WLED Forward 0.60 55 33 34
Reverse 0.60 56 38 4.0
FL Forward 0.60 64 35 43
Reverse 0.60 62 40 4.4
Cs;3Sb,Clilg, AM1.5G  Forward 0.52 5030 48 1.2
Reverse 0.52 5000 48 1.2
WLED Forward 0.45 Al 37 37
Reverse 0.47 76 40 4.4
FL Forward 0.47 81 37 4.1
Reverse 0.49 82 42 4.9
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2.2. BiOl and Cs;Sb,Cl,l5, Indoor Photovoltaics for Powering
Thin-Film Transistor Electronics

In order to assess their significance for IoT applications, we
tested the ability of mm-scale BiOI and Cs3;Sb,Cl, Iy, devices to
power printed thin-film transistor (TFT) circuits. Circuits based
on solution-processed TFT technologies (e.g., featuring organic
semiconductors,l®*®¥  amorphous metal-oxide semiconduc-
tors, 1%l and semiconducting carbon-nanotube networks!®7:68))
are being intensively investigated with the aim of realizing flex-
ible, easy-to-fabricate, and low-cost electronics for smart-sensor
systems, wearable electronics, and the IoT ecosystem.®7! In
particular, as a proof-of-concept, we investigated the ability of
BiOI and Cs;3Sb,ClL Iy, devices to power inverters (see experi-
mental arrangement in Figure 3a) made with printed carbon
nanotube (CNT) TFT5s.I%! An inverter (also known as NOT gate)
is an essential component of digital circuits, where it carries out
the logic inversion of the digital signal applied at its input (i.e.,
it provides a “low” output for a “high” input and vice versa).
The measured voltage transfer characteristics (VICs) of one
of our inverters powered by a BiOI or a Cs;Sb,ClL I, device
under FL lighting (500-1000 lux) are shown in Figure 3b,c.
All measured VICs (for all illumination levels) exhibited the
expected near-step-like transition from “high” to “low” as the
input signal is swept from “low” to “high.” This indicates that
the power supplied by the PIM devices under typical indoor
illumination levels is sufficient to operate the printed TFT
inverters. In fact, the power dissipated by the inverters is entirely

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) Schematic of a printed TFT inverter connected to an IPV (the terminals labelled Vss and Vpp correspond to the power supply terminals of
the inverter) operated under FL lighting. Voltage transfer characteristics and voltage gain of the inverter powered by b) Cs;Sb,Cl |y, and c) BiOl devices

under FL illumination (with illuminance of 500-1000 lux).

supplied by the PIM devices, from which the TFT channel cur-
rent is drawn. In particular, voltage gain values (quantifying the
steepness of the VTCs) greater than 7 V V! (see Figure 3b,c) are
obtained at all illumination levels, denoting adequate inverter
performance for robust digital signal processing. Moreover,
the VTCs exhibit only minor shifts as the illumination level is
varied, which can be traced to the weak dependence of the V.
on light intensity (see Figure 4). Importantly, this implies that
our IPV devices could provide sufficient power for printed TFT
electronics while such electronics is moved about in an indoor
environment, which opens up attractive prospects for autono-
mous wearable electronics.

These results demonstrate for the first time the capability of
PIM IPVs to power printed TFT circuits. Crucially, we achieved
this with a direct connection of one of the BiOI or Cs;Sb,Cl,Iq.,
devices to a TFT circuit—i.e., without connecting several such
devices in series in order to boost the overall voltage supplied,
and without connecting them in parallel in order to provide
sufficient current. This aspect relates to the capability of BiOI
and Cs3;Sb,Cl 1y, devices to provide a V,. in the range that
keeps the power dissipation of the printed TFT electronics to
a minimum (i.e., devices with a larger V,. would need to pro-
vide larger power for the same circuits to be able to function).
It is also noteworthy that we achieved this by using BiOI and
Cs3Sb,Cl 1y, devices with a particularly small area (725 mm?),
which is highly attractive for the realization of compact wearable
electronic devices and smart-sensor nodes with minimal foot-
print (e.g., “smart dust”). In particular, the inverters employed
in this proof-of-concept demonstration require a maximum
current of 600 pA each to operate. Therefore, our IPV devices
could supply sufficient power (while operating near V,.) for
electronics of complexity equivalent to <7000 transistors (e.g.,
25 8-bit full-adders). This is a level of complexity sufficient to
address real-world applications. Consequently, our proof-of-con-
cept demonstration provides highly promising indications of
the viability of the technological convergence between lead-free

Adv. Energy Mater. 2020, 2002761 2002761 (5 of 12)

perovskite-inspired IPV and printed TFT electronics towards
the realization of autonomous devices for emerging application
areas.

2.3. Loss Analyses of BiOl and Cs;Sb,Cl, 5, Photovoltaics

A systematic investigation of the photoconversion mecha-
nism of BiOI and Cs3;Sb,Cl Iy, under low-light conditions
was conducted in order to understand the main limiting fac-
tors that need to be overcome for future efficiency improve-
ments to become possible. We characterized the optical power
dependence of the open-circuit voltage (V,.), fill factor (FF),
and short-circuit current density (J,) over a power range of
10-200 uW cm~2, which is relevant to indoor light sources.
Varying the incident power density changes the quasi-Fermi
level splitting, and studying how this affects the photovoltaic
parameters gives insights into the dominant recombination
type (trap-assisted recombination or band-to-band recombina-
tion). In these measurements, a monochromatic light source
(A= 525 nm) of varying intensity was used to ensure uni-
form illumination throughout the active layer. As shown in
Figure 4a, the V,. of BiOI devices gave a slope of =kT/q, while a
slope of 2kT/q was obtained from Cs3;Sb,Cl, Iy, devices (where
T is the device temperature, k the Boltzmann’s constant, and
q the elementary charge). A slope equal to 2kT/q (=0.050 V at
room temperature) in the V,. versus light intensity plot has
been associated with defect-assisted (Shockley-Read-Hall, SRH)
recombination involving mid-gap states in the absorber.’>~!
Therefore, the observed light-intensity dependence of the V.
of Cs3Sb,Cl Iy, devices suggests that they are predominantly
limited by nonradiative recombination. This is consistent with
the low photoluminescence quantum efficiency (PLQE) of
Cs;3Sb,Cl1y.,, which we measured to be =0.1%, demonstrating
recombination to be dominated by non-radiative processes.
This may be related to the smaller grain size of Cs;Sb,Cl I,

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Optical power dependence of a) V,, b) Js., and c) FF of BiOl and Cs3;Sb,Cl,lg,, devices under monochromatic illumination at =525 nm over
a power range of the same order and lower than that of indoor light sources at 1000 lux. Optical loss analyses of d) BiOl and e) Cs3Sb,Cl,lq., devices.

films, and possibly the presence of deep recombination
centers. The discontinuous morphology of the Cs;Sb,Cl 1.,
layers could also contribute to nonradiative recombination in
devices (Figure 1c). With regard to BiOI, while a slope equal
of kT/q in the V. versus light intensity plot has been cus-
tomarily attributed to band-to-band recombination, this is not
consistent with our previous results, in which we showed the
fluence-independence of the decay in photoluminescence (from
time-correlated single photon counting measurements) and
ground-state bleach (from transient absorption spectroscopy
measurements).[*>%874 Furthermore, we measured the PLQE
of BiOI, which we found to be <0.1%. These results suggest
that recombination in BiOI is dominated by nonradiative pro-
cesses. In fact, a slope of kT/q in the V. versus light intensity
plot of BiOI devices could also originate from SRH recombina-
tion through shallow or mid-gap defect states in the presence
of a high majority carrier concentration.”’*” This could arise in
the BiOI devices due to the space-charge region that could form
next to the NiO, hole transport layer (illustrated in Figure S6,
Supporting Information). We previously found, from system-
atic X-ray and ultraviolet photoemission spectroscopy measure-
ments, that BiOI exhibits downwards band-bending next to the
interface with NiO,, owing to the lower work function of NiO,
compared to BiOL®! Such downwards band-bending could
cause an accumulation of electrons next to the NiO,/BiOI inter-
face under illumination, leading to the formation of a space-
charge region (refer to Figure S6, Supporting Information).
The trend in FF with light intensity may provide further
insights into the recombination mechanism. For Cs;Sb,CLI,.,,
the FF increases with increasing light intensity (Figure 4c).
This may be due to SRH recombination. The population
of mobile carriers increases with increasing light intensity,
while the density of traps remains the same. The FF trend for
Cs3Sb,ClL Iy, in Figure 4c therefore seems to be consistent with
its measured V,. dependence on light intensity. Another pos-
sibility, however, is that the FF increases with light intensity
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due to a shunting effect, which is also suggested by the imper-
fections in the Cs3Sb,Cl Iy layer we observed via SEM (see
Figure 1c). On the other hand, BiOI exhibits a reduction in FF
with increasing light intensity. This agrees with our previous
intensity-dependent FF measurements made at higher light
intensities (20-100 mW c¢cm™) and is consistent with the effects
of a space-charge region in BiOI next to the interface with
NiO,.I*l At lower light intensities, there is a smaller population
of photogenerated carriers, hence a smaller space-charge region
forms, and a larger fraction of carriers can be extracted. This
indicates that BiOI devices made with the current device struc-
ture are more suitable for lower light-intensity applications.

Finally, the trends in J, with light intensity give insight into
the dominant recombination mechanisms at short-circuit con-
ditions. Both Cs3;Sb,Cl, Iy, and BiOI devices exhibit a linear
trend (Figure 4b), which is consistent with our previous obser-
vations at higher light intensities (20-100 mW cm™), and is
suggestive of defect-assisted recombination through mid-gap
states. 132670

To corroborate our analysis of the intensity-dependent per-
formance measurements, we performed optical loss analyses.
For both devices, the largest loss in current is due to unab-
sorbed photons. This is slightly larger for BiOI (31-38%)
than for Cs;Sb,Cl Iy, (29% under 1 sun; =34% under indoor
lighting; Table 2), which is in part due to BiOI having a lower
absorption coefficient than Cs;Sb,Cl 1., (Figure 1d). Improved
light management to reduce optical losses (e.g., hanophotonic
structures at the back electrode) would improve performance.
Beyond unabsorbed photons, the next largest loss in current is
due to uncollected carriers. This is larger in BiOI, where this
loss process accounts for 20% of the current under all illumina-
tion conditions (Table 2). This is consistent with the intensity-
dependent analyses above and also the optical loss analyses
in our previous work, in which carriers were found to be lost
due to sub-optimal band alignment in the device stack.®! In
Cs;3Sh,Cl I, uncollected carriers account for 16% of the
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Table 2. Losses in current density from the different layers in BiOl and Cs3Sb,Cl,lo_, devices.
Sample BiOI Cs3Sb,Clylg_,
Illumination FL WLED AM 1.5G FL WLED AM 1.5G
Reflection loss (LA cm™) 14.6 14.6 1740 19.5 19.5 2067
Loss from window layers (LA cm™2) 32 2.6 689.1 1.6 1.3 1495.9
Loss from unabsorbed photons (WA cm™) 45.8 46.8 4773.9 43.0 44.0 4252.1
Uncollected carriers (LA cm™2) 24.8 24.2 2998.4 171 16.6 2371.4
Jse (A cm™2) 35.8 35.3 5091.9 35.6 3438 4736.9

current under indoor lighting and 19% under 1 sun illumination
(Table 2), which may arise from nonradiative recombination.

All things considered, the loss analyses show that one of
the ways to improve the performance of Cs;Sb,ClL I, IPVs is
to optimize the morphology in order to achieve a continuous
film and larger grains. For BiOI, on the other hand, IPV perfor-
mance could be improved by developing higher work function
hole transport layers that prevent downwards band bending
while maintaining dense, a/b-axis oriented platelets. The next
question is what efficiencies these materials could achieve if
all parasitic optical losses and limitations due to sub-optimal
morphology or band positions could be eliminated. This is dis-
cussed in the next section.

2.4. Future IPV Potential of Lead-Free Perovskite-Inspired Materials

Similar to BiOI and Cs3Sb,Cl,Iy.,, there is a wide range of PIMs
that have demonstrated modest photovoltaic performances
under 1-sun conditions (typical PCEs of =1-2%) but have band-
gaps that are more suited for indoor light sources.**l To pro-
vide direction for the future exploration of the broader family
of PIMs for indoor light harvesting, we calculated the theoret-
ical efficiency limits (see Note S1, Supporting Information, for
details on methodology) for BiOI and Cs;Sb,ClL1y.,, as well as
a range of commonly investigated PIMs: rudorffites (Ag-Bi-I),
vacancy-ordered double perovskites (Cs,TiBrg), binary halides
(Bil3, Inl), and defect-ordered perovskites (A;B,Xq absorbers).
In this section, we first discuss the future potential of
Cs;3Sb,ClL 1., and BiOI, before identifying other classes of PIMs
that hold significant potential for IPV, which are worth future
investigation.

The efficiency limits were calculated for FL and WLED
sources with power density values of 3.4 and 3.2 W m™ respec-
tively (which correspond to the 1000 lux illuminance of the
sources used in this work). A theoretical maximum efficiency
of =62% can be reached under both FL and WLED lighting
with absorbers possessing a bandgap of 1.9 eV (Figure 5) based
on the detailed balance approach taken by Shockley and Que-
isser.”7l While the radiative limit (RL) gives an indication of the
magnitude of the IPV efficiency that can be reached, it does not
account for materials properties such as the absorption coeffi-
cient, and degree of non-radiative recombination at open cir-
cuit voltage conditions, which depend on the direct/indirect
nature of the bandgap. A more realistic efficiency limit can be
calculated by taking into account the absorptance, thickness
of the absorber, and nature of the bandgap (direct vs indirect),
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along the lines pursued by Zunger et al. in their definition of
the spectroscopically limited maximum efficiency (SLME).V®!
It is noteworthy that, while the SLME limit has been applied
to calculate the 1-sun optically limited efficiency of materials,
to the best of our knowledge, a similar concept has not been
applied to assess the potential of materials for IPV applications.
Therefore, here we introduce the IPV-equivalent of the SLME,
which accounts for the spectra of the indoor light sources, and
we refer to it as the indoor SLME (i-SLME in short form; see
Note S1, Supporting Information, for details). While SLME
values are typically calculated using the absorptance derived
from computed absorption coefficient values,” in this work
we calculated i-SLME values based on the experimentally meas-
ured absorption coefficients reported in the literature, which
would be more reflective of the maximum IPV efficiencies that
could be ultimately reached. For all absorbers, a thickness of
500 nm was taken in the i-SLME calculations.

Although BiOI and Cs;Sb,Cl Iy, have very similar RL effi-
ciency values (Figure 5), BiOI has a shallower absorption
onset and a lower absorption coefficient than Cs;Sb,Cl, 1.,
(=10* vs =10° cm™, respectively; Figure 1d). As a result, in the
i-SLME limit, the J,. and Voc of BiOI are lower (Figure 5;
Tables S2 and S3 and Figure S7, Supporting Information).
Even if we take the extreme case where the fraction of radia-
tive recombination (f;) is 1 (i.e., we have a direct bandgap), the
maximum efficiency would be only 44% under FL and WLED

70
O SLME
Ag,Bil; A i-SLME (WLED)
i Cs55b,Cllo., O i-SLME (FL)
60
< — RL
= RL (WLED)

504 —— RL (FL)

404

n (%)

Cs,AgBiBrg

(MA),Sb,lg

T T T T T T T T T T T T T T T
15 1.6 1.7 1.8 1.9 20 21 22 23 24 25 26 27 28 29 3.0
Band gap (eV)

Figure 5. Radiative limit and Spectroscopically Limited Maximum Effi-
ciency (SLME) of the photovoltaic efficiencies of lead-free perovskite-
inspired materials under AM 1.5G and indoor lighting conditions.
The corresponding values for a-Si:H and MAPbI; are also included as
references.
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illumination. Films thicker than 500 nm would increase the
proportion of absorbed photons but could lead to increased
series resistance. Thus, although BiOI has achieved a similar
PCE under indoor lighting as Cs;Sb,Cl1,.,, we would expect
that Cs;Sb,Cl 1., could ultimately achieve higher IPV perfor-
mance with optimized morphology and device structure (see
Section 2.3). Nevertheless, BiOI has the important advantages
of being stable in air without encapsulation, and processable
using a scalable t-CVD method.”! These advantages will be
important for commercial applications, and future develop-
ment of BiOI for IPV is warranted.

Our analysis also illustrates the importance of being able
to control the polymorphism in the Cs;Sb,lg system. Figure 5
shows that the 0D structure has i-SLMEs that are approximately
5% lower than the 2D structure. This is primarily due to the
lower Voc of the 0D compound. The 0D polymorph has an
indirect bandgap, whereas the 2D structure has a bandgap that
is nearly direct.”>0° This results in the 0D compound having
a smaller f, value, which lead to a lower calculated V¢ value
(refer to Tables S1-S3, Supporting Information). The layered
Cs3Sb,ClL Iy, compound is therefore a promising material for
further investigations for IPV and has some of the highest pre-
dicted i-SLMEs (50-54%; see Figure 5).

In order to benchmark these findings, it is useful to compare
them against a-Si:H, which is the workhorse compound for IPV.
While the i-SLMEs of a-Si:H are at 47-50% (Figure 5; Tables S2
and S3, Supporting Information), a-Si:H has an IPV efficiency
that has long saturated to values in the range of 4.4-9.29.115:20-22]
BiOI and Cs;Sb,Cl,Iq., provide IPV efficiencies that are already
in the same range as a-Si:H (see Section 2.1). Considering that
this is the first report on BiOI and Cs;Sb,Cl Iy, for indoor
light harvesting, and that we have already identified strategies
that could enable future increases in their IPV efficiencies (see
Section 2.3), our i-SLME calculations confirm the potential
of BiOI and Cs;Sb,Cl I, to surpass the IPV performance of
a-Si:H.

Beyond Cs;Sb,Cl Iy, and BiOI, our analysis in Figure 5
shows that there is a wide range of other PIMs that are highly
promising for IPV and have significant potential to exceed
the performance of a-Si:H IPV. These include the Ag,Bi,I,
(x = a + 3b) rudorfhites (e.g., AgBil, and Ag,Bils) and Sb,S;,
which have i-SLMEs in the region of 50-60%. Both classes of
materials have shown very promising efficiencies to date under
1-sun illumination.”>8 We note that Sb,S; is limited by the
formation of self-trapped excitons, which leads to unavoidable
losses at room temperature and limits the open-circuit voltage.
Nevertheless, Sb,S; solar cells have achieved 6% PCE under
1-sun illumination, with an estimated 1-sun efficiency limit of
16%.82831 Given their close match with the indoor light spec-
trum, Sb,S; devices are very likely to achieve IPV efficiencies
well above 10%. Therefore, coupled with its stable performance
in ambient air, Sb,S; is worth future investigations for IPV.[3]

IPV efficiencies higher than a-Si:H could also be expected
from RDb;Sb,ly, which, just like BiOI and Cs3;Sb,ClLIy.,, is a
layered compound with high mobility planes that allow photo-
generated charges to be efficiently extracted.’32°% MA;Sb,l, is
another potential material. Although the i-SLMEs of the 0D
compound are low, recent work has shown that the 2D phase
can be stabilized, leading to a near-direct bandgap (which
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allows higher absorption coefficients) and a lower bandgap
value of 2.1 eV (which is closer to the optimum for IPV).4

Inl is another material with high i-SLMEs of 53%. However,
InlI devices have demonstrated relatively poor 1-sun photovoltaic
efficiencies of =0.4%.8% Furthermore, Inl has been reported to
oxidize easily due to the relative instability of In* compared to
In**, and this will likely limit its potential applications in both
outdoor and indoor photovoltaics. This limitation is not present
in the materials discussed earlier based on Bi** and Sb**, which
are in their most stable oxidation states.386:87]

3. Conclusion

In this work, we explored, for the first time, the capability and
potential of lead-free perovskite-inspired absorbers for indoor
photovoltaics. We examined in detail two exemplar PIMs, BiOI
and Cs;Sb,ClLIy,. These materials are photostable and have
bandgaps close to 1.9 eV, which is too wide for efficiently har-
vesting solar radiation in single-junction devices, but is optimal
for indoor light harvesting. Whereas the PCEs were only
approximately 1% under 1-sun illumination, the same devices
reached PCEs of 4-5% under FL and WLED lighting, with
peak values of 4.4% for BiOI devices and 4.9% for Cs3;Sb,Cl 1.,
devices under FL lighting. This is already comparable to the
IPV performance of industry-standard a-Si:H. We showed that
our mm-scale PIM IPVs had V¢ values that were sufficient
for powering printed thin-film-transistor electronics, demon-
strating the potential of such IPVs to power indoor IoT devices.
Critically, our loss analyses showed that our PIM IPVs can still
achieve further increases in efficiency. Moreover, the efficiency
limits calculated based on their absorption coefficients show
that these materials have significant potential for exceeding the
performance of industry-standard a-Si:H IPV. More broadly, we
calculated the spectroscopically-limited maximum efficiency of
the most common PIMs explored in the wider field that have
bandgaps between 1.45 and 2.3 eV. From this analysis, we iden-
tified that the silver-bismuth-iodide rudorffites and Sb,S;, and
possibly also Rb;Sb,Iy and MA;Sb,I, (particularly the 2D poly-
morph), are also very promising for IPV applications. Overall,
this work encourages researchers to regard IPV as a key target
area in the future exploration of perovskite-inspired materials.
In particular, the attractive optoelectronic properties and low-
toxicity profile of many wide-bandgap PIMs provide a formi-
dable opportunity for the development of nontoxic, stable and
efficient IPV that can sustainably power the rapidly growing
IoT device ecosystem.

4. Experimental Section

Chemicals were used as purchased without additional purification. Csl
(99.999%, Alfa Aesar), Sbl; (99.999%, Sigma-Aldrich), SbCl; (99.999%,
Alfa Aesar), N,N-dimethylfomamide (DMF) (analytical grade, Beijing
Chemical Reagent Co.), dimethylsulfoxide (DMSO) (analytical grade,
Beijing Chemical Reagent Co.), titanium(lV) isopropoxide (Sigma-
Aldrich), titania paste (18NR-T, Greatcell Solar), poly[N,N"-bis(4-
butylphenyl)-N,N"-bisphenylbenzidine] (poly-TPD) (Lumtec), toluene
(super-dry, Beijing Chemical Reagent Co.), chlorobenzene (CB) (>99%,
J&K). Bil; (99.998% Sigma Aldrich), nickel nitrate hexahydrate (Sigma
Aldrich), ethylene glycol (Sigma Aldrich), ethylenediamine (Sigma
Aldrich), diethylzinc (Sigma Aldrich).
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Preparation of Cs3Sb,Cl,lq, Thin Films: The deposition of Cs3Sb,Cl,lg.,
thin films was carried out through a previously reported procedure.®l
Csl, Sbl; and SbCl; powders with molar ratio of 3:2:1 were dissolved
in a solvent mixture (DMSO:DMF, 3:1 volume ratio) to prepare a 0.3 m
precursor solution. The solution was continuously stirred overnight
at 70 °C and then filtered using a polytetrafluoroethylene (PTFE)
filter with 0.22 um pore size before use. Subsequently, 40 uL of the
resulting solution were spin-coated at 4000 rpm for 30 s and 150 uL
of toluene (serving as antisolvent) were dispensed onto the rotating
substrate during the last 10 s of the spin-coating cycle. Finally, solvent
vapor annealing was carried out, during which the samples were placed
inside a Petri dish containing 5 uL of DMSO and annealed at 135 °C for
30 min.

Fabrication of Cs3Sb,Cl,lo, Devices: Patterned glass/fluorine-doped
tin-oxide (FTO) substrates from Ying Kou You Xuan Trade Co. Ltd (FTO
sheet resistance of 7-9 Q sq”') were successively sonicated in baths
containing detergent in deionized water, acetone, and ethanol (10 min
each). UV-ozone treatment was further implemented for 30 min after
drying the substrates under N, gas flow. A compact TiO, (c-TiO,) layer
was prepared by spin-coating a mixed solution of 5.06 mL of isopropyl
alcohol, 380 L of titanium(IV) isopropoxide, and 35 uL of dilute HCI (as
detailed in ref. [88]) at 4000 rpm for 30 s and sintered at 450 °C for 40 min
in air. In order to obtain a thin mesoporous TiO, (m-TiO,) layer, titania
paste was spin-coated at 7000 rpm for 60 s and then sintered at 450 °C
for 40 min. Subsequently, the procedure detailed in the Preparation of
Cs3Sb,Cllg., Thin Films subsection above was performed to deposit the
perovskite layer. A 10 mg mL™" solution of poly-TPD in chlorobenzene
was spin-coated at 4000 rpm for 30 s. Finally, the top electrodes
(40 nm thick Au) were deposited by thermal evaporation, defining a
device active area of 7.25 mm?Z.

Preparation of BiOl Thin films: +-CVD was used to deposit BiOl
following a previously reported method.*’] A two-zone furnace with
a quartz tube was used for the deposition. Zone 1 was pre-heated
to 360 °C while zone 2 was set to 350 °C. For each growth run, four
substrates were attached to a microscope glass slide with silver paste
(Electrolube) and loaded into the quartz tube. A ceramic crucible
loaded with 500 mg of Bil; powder was placed close to the heating
roads in zone 1. The substrates were placed at least 8 cm away from
the crucible containing the Bil; precursor. A gas mixture of Ar and O,
(19 mL min™" Ar, 4.5 mL min~' O,) was used as the carrier gas and
oxidant.

Fabrication of BiOIl Devices: Patterned glass/indium-tin-oxide (ITO)
substrates from South China Science & Technology Co. Ltd (ITO sheet
resistance of <30 Q sq7') were sequentially ultrasonically cleaned in
acetone and isopropyl alcohol for 15 min. This was followed by O, plasma
treatment (Zepto, Diener) at 100 W for 10 min. The hole transport layer,
NiO,, was deposited via a sol-gel spin coating process described in a
previous report.’8 A drop of Ni sol (1 mol L™ nickel nitrate hexahydrate
in ethylene glycol with 1 mol L™ ethylenedinamine) was filtered through
a 0.22 um PTFE filter and spread onto the substrates. The substrates
were spun for 45 s at 5000 rpm and annealed on a hotplate (Stuart
UC152D) at 125 °C for 40 min followed by a longer anneal at 300 °C for
70 min. The films were quenched on an Al foil after unloading from the
hotplate. The NiO,-coated substrates were spun with Ni sol for a second
time to form a double layer of NiO, (=30 nm thickness) and pinhole-free
coverage of the substrate.

Following BiOl growth using the method detailed above, the electron
transport layer, ZnO was deposited using an atmospheric pressure
spatial atomic layer deposition system (in the CVD growth regime).
Diethylzinc and O, were the precursors used. The top electrode, 20 nm
Cr and 100 nm Ag was thermally evaporated onto the device stack
through the use of a shadow mask. The overlap between the Cr/Ag top
electrode and the bottom ITO electrode defined the device area, which
amounted to 7.25 mm?.

Materials Characterization: XRD: 1D 6-26 linescans of rotating BiOl
samples were measured in air with a Bruker D8 diffractometer with
Cu K, radiation (A = 1.5406 A), which had a tube current 40 mA and
a generator voltage of 40 kV. XRD patterns of Cs3Sb,Cl,lg,, films were
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measured in air with a Panalytical Empyrean X-ray diffractometer
(A=1.5406 A, tube current = 40 mA, generator voltage = 40 kV).

Materials Characterization: SEM: The top down electron microscopy
image for BiOl was taken using FEI Magellan (XHR 400L) scanning
electron microscope using an accelerating voltage of 10 kV (pressure
of 1075 mbar). The top down electron microscopy image of Cs3Sb,Cllo.,
films was acquired using a Zeiss GeminiSEM 500 scanning electron
microscope, at a pressure of 2 X 10 mbar and with an accelerating
voltage of 10 kV.

Materials Characterization:UV-Vis Spectrophotometry: The absorption
coefficient of BiOl, along with the transmittance and reflectance of the
BiOI device stack for optical loss analyses were obtained from ref. [45].
For Cs3Sb,Cl,lg,, the transmittance (T) and reflectance (R) of the thin
film on glass were measured within an integrating sphere using a
Shimadzu UV-3600 Plus UV-VIS-NIR spectrophotometer. The absorption
coefficient (@) was calculated from o = -In[T/(1-R)]/t, in which t is the
film thickness (measured by Dektak profilometry), and R and T are given
as fractions. The absorptance obtained from these measurements was
used in the optical loss analyses of Cs3Sb,Cl,lq,, devices. In these optical
loss analyses, the transmittance of the window layers was measured
with a PerkinElmer LAMBDA 750 UV/Vis/NIR spectrophotometer, while
reflectance measurements were carried out with a PerkinElmer Lambda
950 UV-Vis—NIR spectrophotometer. The equations used for the optical
analysis are detailed in Section S5 of the Supporting Information of our
previous work.1’! Briefly, the reflectance spectra of the complete device
(measured from the glass side, which is the direction of illumination
under operation), as well as the absorptance spectra of the window
layers (glass, ITO and NiO, for BiOl devices; glass, FTO and TiO, for
Cs;3Sb,Cl,lg,) were multiplied with the incident light spectrum, integrated
and multiplied with a factor of g/10 to calculate the current densities lost
due to reflection and parasitic absorption. The absorption coefficients
of BiOl and Cs3;Sb,Cl,lg, and the EQEs of the respective devices were
used to determine the current density lost due to unabsorbed photons,
as well as photons that are absorbed but not collected.

Materials Characterization - Photoluminescence Quantum Efficiency
(PLQE): Measurements were performed in accordance with the report
by de Mello et al.B% Excitation was performed with a continuous wave
laser with a wavelength of 405 nm. A power density of 700 mW cm™2
was used. A Maya fixed grating spectrometer was used (300/ BLZ
500 nm), with a slit width of 200 um, exposure time of 0.2 s and with
100 accumulations. The background was subtracted.

Optoelectronic Characterization: External quantum efficiency (EQE)
measurements were carried out in air using a source meter (Keithley
6420). The customized EQE setup containing a monochromated light
source (Zolix Omni-A12005i) was calibrated with a power meter assembly
(Thorlabs PM200 and Thorlabs S120VC).

Variable-power measurements of short-circuit current, open-
circuit voltage, and fill-factor were conducted with a high-power
525 nm LED source (Thorlabs SOLIS-525C), optical filters (Zolix), and a
semiconductor parameter analyzer (Tektronix, 4200A-SCS).

Photovoltaic Measurements: The current density-voltage ()-V)
characteristics of photovoltaic devices under simulated solar
illumination were acquired using a solar simulator calibrated to give AM
1.5G (100 mW cm™2) radiation, equipped with a standard Xenon lamp
(Newport) together with a Keithley 2400 source meter.

The J-V  characteristics of photovoltaic devices under
indoor illumination were measured using a Keithley 4200A-SCS
semiconductor parameter analyzer (Tektronix) together with a
custom-made optical setup. The two light sources employed were a
fluorescent lamp (HLSF218 2 x 18W) and a white LED panel (Biard
BLPAN303065). The lamps were adjusted to the appropriate height in
order to achieve an illuminance of 1000 lux on the photovoltaic device
surface. The illuminance was calibrated with an auto-ranging light
meter (ATP DT-1309). The corresponding irradiance (W cm=2) on the
photovoltaic device surface was determined by combining an optical
power measurement (conducted with a Thorlabs PM200 and Thorlabs
S120VC) and an optical spectrum measurement (using a Firefly 4000
LASERTECH). This allowed us to determine that the FL and WLED
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sources at 1000 lux had an irradiance of 340 and 320 uW cm™2,
respectively. The accuracy of the light meter and power meter is the
primary determinant of the uncertainty in the measured PCE values,
which amounts to approximately £6-7%, as can be determined from
a straightforward uncertainty analysis based on the device testing
conditions and the specifications of the power and light meters.
Consequently, the PCE values are reported herein with 1 decimal
place.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. The raw data can be found from https://doi.org/
10.14469/hpc/7521.
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