Volume 59
Number 56

18 July 2023
Pages 8607-8748

ChemComm

Chemical Communications

rsc.li/chemcomm

ISSN 1359-7345

ROYAL SOCIETY FEATURE ARTICLE

Paola Vivo et al.
OF CHEMISTRY Lead-free perovskite-inspired semiconductors for indoor

light-harvesting - the present and the future




Open Access Article. Published on 03 Lengua 2023. Downloaded on 29/10/2025 17:21:29.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

e ROYAL SOCIETY
OF CHEMISTRY
ChemComm -

FEATURE ART'CLE View Article Online

View Journal | View Issue

W) Cheok for updates Lead-free perovskite-inspired semiconductors
for indoor light-harvesting — the present and

Cite this: Chem. Commun., 2023,

59, 8616 the future

G. Krishnamurthy Grandhi,® Lethy Krishnan Jagadamma, (2 © Vipinraj Sugathan,?
Basheer Al-Anesi, (2% Debjit Manna® and Paola Vivo (&) *?

Are lead-free perovskite-inspired materials (PIMs) the wise choice for efficient yet sustainable indoor
light harvesting? This feature article outlines how wide-bandgap PIMs can provide a positive answer to
this compelling question. The wide band gaps can hinder sunlight absorption, in turn limiting the solar
cell performance. However, PIMs based on group VA of the periodic table can theoretically lead to an
outstanding indoor power conversion efficiency up to 60% when their band gap is ~2 eV. Yet, the
research on PIM-based indoor photovoltaics (IPVs) is still in an early stage with highest indoor device
efficiencies up to 10%. This article reviews the recent advancements on PIMs for IPVs and identifies the
main limiting factors of device performance, thus suggesting effective strategies to address them. We

Received 17th April 2023, emphasize the poor operational stability of the IPV devices of PIMs being the key bottleneck for the vast
Accepted 30th May 2023 adoption of this technology. We believe that this report can provide a solid scaffolding for further
DOI: 10.1039/d3cc01881d researching this fascinating class of materials, ultimately supporting our vision that, upon extensive

advancement of the stability and efficiency, PIMs with wide bandgap will become a contender for the
rsc.li/chemcomm next-generation absorbers for sustainable indoor light harvesting.

The urge to self-power the wireless Internet of Things (IoT)
ecosystem in a cost-effective and sustainable way has recently led
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and organic photovoltaics (OPVs), lead halide perovskites (LHPSs)
currently hold the record of the highest indoor power conversion
efficiency (PCE(i)) exceeding 40% at 1000 lux illuminance.”> This
has been ensured by the defect-tolerance nature of LHPs and their
tunable absorption spectra to match those of the typical indoor
light spectra. Peng et al. calculated the photovoltaic efficiency
limits under 1000 lux white light-emitting diode (WLED) illumi-
nation as a function of the band gap (Fig. 1a) using the indoor
spectroscopically limited maximum efficiency (i-SLME) method.?
According to this study, a maximum theoretical PCE(i) of ~60%
can be achieved for absorbers with band gaps around 1.9 eV. IPV
devices employing LHPs demonstrate very high open-circuit
voltage (Voc) values >1 V,%° which minimizes the number of
cells to be connected in series to obtain the desired power for
IoT applications. Nevertheless, the potential lead (Pb) release
from LHP-based IPVs embedded within IoT devices represents a
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substantial toxicity risk and causes concerns for their recycling.>’
Therefore, it is important to develop IPV materials that do not
pose any threat to the environment or health during and after
the lifecycle of the photovoltaic cells. Low-toxicity tin (Sn)-based
perovskites led to PCE(i)s approaching 15%.%° However,
Sn-based perovskites possess a few drawbacks, including the
air-oxidation of Sn>* to Sn**.'®"" Efforts are continuously made
to suppress the Sn** oxidation. Yang et al. demonstrated a
PCE(i) of 12.81% with a V¢ of 0.65 V by incorporating catechin
with a hydroxyl functional group (as a doping agent) into
Sn-based IPV devices to prevent Sn** oxidation and improve
film morphology."” The highest performing (PCE(i) of 17.57%
under 1062 lux) Sn perovskite device was achieved via interlayer
passivation with KSCN-based materials, where K™ and SCN™
ions passivated both bulk and interface defects.> The IPV
device retained 80% of the original PCE(i) after 1200 h of
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(a) Radiative-limit (RL) curve (taken from®) under indoor lighting conditions as a function of the band gap. The PCE(i) values of PIMs under WLED

illumination at 1000 lux are also represented in the same figure. (b) Crystal structures of BiOl and Cs3Sb,(Cl,lg_,), adapted from,® and CABI (reproduced

from?

4). (c) Comparison between the EQE of BiOl and CszSb,Clylg_, devices with the WLED, FL, and AM 1.5G spectra (left), reproduced from® and the

normalized EQE spectrum of a CABI device along with the AM 1.5G and WLED emission (color temperature: 4000 K) spectra (right).

storage in darkness in an inert gas atmosphere. But the stability
of Sn-perovskites in air is still not sufficient for any practical
application."” Furthermore, their typical band gap values
(~1.3 V) are much lower than those desired for IPVs (~2 eV)."*
Perovskite-inspired materials (PIMs) comprising air-stable Group
VA cations, such as antimony (m) (Sb®*) and bismuth (m) (Bi**),
have recently emerged as promising wide band gap absorbers
with low toxicity. The Bi- and Sb-halides and chalcohalides dis-
play similar electronic structures as LHPs." Both Sb*" and Bi**
possess the valence electronic configuration of 6s% like Pb*",
In addition to low toxicity,'® a high dielectric constant of these
ions due to their highly polarizable nature may suppress the
defect formation probability in the band gap regime.">"”

These materials typically crystallize in two-dimensional or
layered structures (see the crystal structures of BiOI, Cs3Sb,CL Iy,
and Cu,AgBilg (CABI) in Fig. 1b) and own band gaps in the
1.9-2.0 eV range.>'® Their adoption as absorbers in single-
junction solar cells led to modest efficiencies up to 4%"° mostly
due to their wide band gaps, non-ideal for outdoor sunlight
absorption. However, these large band gaps could be beneficial
for applications in tandem solar cells and IPVs. This research is

8618 | Chem. Commun., 2023, 59, 8616-8625

in its early infancy with only a handful of examples of PIM-
based IPVs (Table 1) and with still no PIM-based tandem cells
reported."®

Current research and outlook on
PIM-based IPVs

As shown in Fig. 1a, the wide band gap values (~2 eV) of PIMs
ensure an enhanced photovoltaic performance under indoor vs.
outdoor lighting conditions. The suitability of the wide band
gap PIMs for IPVs can be corroborated by the great match
between the external quantum efficiency (EQE) spectra of these
materials and the WLED and fluorescence lamp (FL) spectra
with respect to the AM 1.5G (1-Sun) spectrum (see Fig. 1c).
The PCEs of the photovoltaic devices based on BiOI and
Cs3Sb,ClIy_, were enhanced from ~ 1% under 1-Sun to 4-5%
under indoor light sources, as demonstrated by Peng et al. in
their first IPV study on PIMs in 2021.> Though both the
materials have bandgap values slightly larger than 1.9 eV,
the corresponding IPV devices yielded moderate Voc values of

This journal is © The Royal Society of Chemistry 2023
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Table 1 Performance of state-of-the-art PIM-based IPVs at 1000 lux illumination
Light  PCE(i) Jsc Voc
Active layer Bandgap/type Device structure source (%) FF  (pAcm™?) (V) Ref.
Cs3Sb,[CLI,_,] 1.95 eV/near-  FTO/TiO,/m-TiO,(Cs3Sb,ClIy_/Poly-TPD/Au WLED 4.4 0.40 76 047 3
direct FL 4.9 0.42 82 0.49
BiOI 1.93 eV/direct ITO/NiO,/BiOI/ZnO/Cr/Ag WLED 4.0 0.38 56 0.60 3
FL 4.4 0.40 62 0.60
AgBil, 1.8 eV/direct ~ FTO/c-TiO,/AgBil,/spiro-OMeTAD/Au WLED 5.17 0.56 5.7 0.55 21
ATBIl, (AT = 1.78 eV FTO/c-TiO,/ATBil,/PTAA/Ag WLED 0.52 0.50 4.35 0.71 23
2-aminothiazolium)
CS5.4MA( sFA1Sb,Ig sClys 2.1 eV/direct  FTO/c-TiO,/Cs, 4MAq sFA, 1Sb,Ig sCly s/P3HT/Au WLED 6.37  0.61 106.7 060 20
Cu,AgBils + HI 1.94 eV/direct FTO/c-TiO,/Cu,AgBils + HI/Spiro-OMeTAD/Au WLED 4.7 0.65 80 0.60 24
Cu,AgBil, 1.91 eV/direct FTO/c-TiO,/m-TiO,/Cu,AgBils/Spiro-OMeTAD/Au WLED 5.52 0.67 72 0.53 25
Sb-alloyed Cu,AgBilg 1.95 eV/direct FTO/c-TiO,/m-TiO,/Cu,AgBils-Sb/Spiro-OMeTAD/Au  WLED  9.53 0.67 128 0.51 26

0.49 V (Cs3Sb,ClIy_,) and 0.6 V (BiOI), which accounts for
voltage losses of more than 1.3 V. Recently, we developed a
triple-cation Sb-based PIM with an elemental composition
of Cs, 4MA, sFA, 1Sb,lg 5Cly 5, CSMAFA-Sb (band gap ~2 eV).
Our design is the first example of hybrid organic-inorganic
cation mixing involving Cs, methylammonium (MA), and
formamidinium (FA) cations. The corresponding photovoltaic
devices delivered a PCE(i) of 6.4% and an improved Vo of
0.6 V at 1000 lux illumination.?® In this case, the cation mixing
reduced the defect density in the Sb-PIM layer of the device.>°
Turkevych et al. explored the IPV potential of silver iodo-
bismuthates deposited by co-evaporation.”’ AgBil,-based
devices demonstrated a PCE(i) of 5.17% and a corresponding
Voc of 0.55 V under 1000 lux WLED illumination. Replacing
the Ag' in the above composition with a 2-aminothiazolium
(AT) cation, Arivazhagan et al.>* reported ATBil, photoactive
thin films with a bandgap of 1.78 eV, leading to a corres-
ponding modest PCE(i) of 0.54%. However, these devices
displayed relatively high Voc values of 0.71 V under 1000 lux
illumination.

The authors attributed this enhanced performance to the
reduced trap density and high built-in potential, which sup-
pressed the interfacial charge accumulation.

The quaternary CABI with a band gap of 1.94 eV, first
reported by Sansom et al.,"® has been recently investigated by
us in IPVs. First, we achieved a PCE(i) of 4.7% and V¢ of 0.6 V
for CABI-based IPV devices in a planar architecture through
microstructure engineering of the CABI absorber layer by
hydroiodic acid (HI) additive.>® More recently, mesoscopic
CABI IPV cells delivered a PCE(i) of 5.52% and 5.07% under
WLED illuminations of 1000 and 100 lux, respectively.>® The
thickness of the mesoporous titania (mp-TiO,) layer plays a
critical role in maximizing the PCE(i) of the devices through
fill factor (FF) and short-circuit current density (Jsc) enhance-
ments. Lately, we reported a PCE(i) of ~10% (9.53%) under
1000 lux, i.e., almost double the previous value of 5.52%, for
CABI devices upon Bi-Sb co-alloying (CABI-Sb).>® The efficiency
increase was mainly due to the enhancement of Jsc. Our CABI-Sb
study demonstrates a significant advancement in the perfor-
mance of PIM-based IPVs, promising a large room for further
improvement in PCE(i) through Vo optimization. The CABI-Sb
device displayed impressive PCE(i) values of 6.65% and 4.3%

This journal is © The Royal Society of Chemistry 2023

even at the low-light WLED intensities of 200 lux and 50 lux,
respectively.

Suppressed carrier self-trapping is
necessary

Strong electron-phonon coupling in Sb- and Bi-based PIMs
leads to the excited-state trapping of charge carriers, thereby
reducing their mobility and fundamentally limiting their opto-
electronic device performance.”” Since the charge carrier diffu-
sion lengths in these materials are typically low (<100 nm)>”*®
and fall within the absorber layer thickness in the photovoltaic
devices, the self-trapping induced carrier mobility drop leads to
a further reduction in the drift and diffusion lengths, in turn
causing Jsc and FF losses. The spectroscopic studies predict low
carrier mobilities (~1 cm® V' s ') in Bi- and Sb-based PIMs at
room temperature arising from self-trapping mediated charge-
carrier localization.”*' Rondiya et al. summarized the Jsc and
PCE values of various Bi-based PIM photovoltaic devices, which
are all well below their theoretical limits, partially due to the
self-trapping nature of the charge carriers.’> The carrier-
trapping process also leads to V¢ losses and high dark current
generation in PIM-based devices.

The self-trapping can be tuned by modifying the local
symmetry of the polyhedra involving carrier-trapping.** Recently,
we hypothesized the reduction of self-trapping in CABI by the
partial alloying of some of the bismuth (wm)-sites with antimony
(1) ions, which leads to the local symmetry enhancement at the
octahedral lattice sites of CABL>® However, to unequivocally
prove the increase in the number of free carriers in CABI-Sb
through the lowering of the number of STEs, advanced studies
like optical-pump tera-hertz-probe (OPTP) spectroscopy, should
be performed®®** The suppressed carrier self-trapping in CABI
through Sb alloying enabled a significant enhancement of the Jsc
value of the corresponding IPV device. Similarly, mixing of the
A-site of Cs3Sb,ly with methylammonium and formamidinium
ions resulted in a nearly undetectable luminescence signal,*
unlike the weak self-trapped exciton emission observed for the
pristine Cs;Sb,1,.>> The cation mixing remarkably contributed to
increase the PCE(i) of Sb-based IPVs from 4.9% to 6.4%.%*" These
observations suggest that compositional engineering holds a

Chem. Commun., 2023, 59, 8616-8625 | 8619
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great promise to alter the symmetry of the lattice points involved
in the self-trapped exciton (STE) process and diminish carrier
trapping-related non-radiative losses in PIM-based photovoltaic
cells. In addition, the compositional engineering was proposed to
increase the mobility of charge carriers by reducing their effective
masses in Cs,AgBiX; (X = Br, C1).*°

Open circuit voltage (Voc) losses
should be minimized

The theoretical optimum bandgap for IPVs 1.9-2.0 eV, and the
highest predicted Vo is 1.4-1.5 eV.?”*® However, there are only
a few reports on halide perovskite photovoltaics with the
experimentally observed Voc of >1 V under indoor lighting
conditions (1000 lux).>**° Both reports are based on conventional
LHP compositions (i.e., CsPbI,Br and CH3;NH;Pbl, ,BrCl,).

A systematic comparison between the optical bandgap
(~1.8-2.0 eV) of the PIMs and their reported Vo values (0.5-
0.6 V) under indoor illumination reveals that the PIM composi-
tions suffer a high V¢ loss of ~1.3-1.4 V (Fig. 2), which is huge
compared to what has been reported for the LHP devices under
1-Sun illumination (less than 0.5 V). A voltage loss of ~0.2 V is
expected and systematically observed while comparing the Voc
of LHP devices under indoor and 1-Sun illuminations due to
the differences in light intensity. To maximise the IPV effi-
ciency of these PIMs, it is essential to reduce the difference
between the bandgap and the observed Vpc.

Recently, Bahadani’' has quantified the different energy
losses in IPVs considering GaAs and GaInP as test cells and a
warm WLED as the illumination source. For all the cases,
the highest energy loss was due to the thermalisation losses
(30-40%) and to the junction loss (20-30%). However, these
cells demonstrated relatively low non-radiative recombination
losses (~4 to 8%).

For the photovoltaic devices in general (and specifically for
perovskite solar cells), three different voltage loss pathways
(due to Shockley-Queisser limit, radiative losses, and Shockley-
Read-Hall (SRH)-type losses) have been previously reported.**
Recently, Dong et al.*” have quantified these losses for perovskite

20 Optimum bandgap for indoor PV

(V)/Energy (eV)

Voltage

VQ
¢ X ElE @) [ed¢ &
5 [ V.. (indoor 1000 lux) @?‘“
V., loss ¥
oc v

Fig. 2 Optical bandgap, experimentally obtained V¢, and voltage losses
of PIM-based IPVs.
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solar cells (Cs/FA/MA-LHP) as 273 mV, 3.12 mV, and 250.07 mV
(for 1-Sun illumination), respectively. In the case of halide
perovskites, the typical trap density of the order of ~10'° cm™*
is comparable to or slightly lower than the typical photogenerated
carrier density of ~10'°-10'® cm™® under 1-sun illumination.*®
Still, these perovskite solar cells show remarkable efficiencies
under low-intensity indoor/solar illumination (trap-dominated
regime) because of the defect-tolerant nature of the LHPs or
the entirely different charge trapping/de-trapping mechanism in
these materials compared to other PV materials.*’

In the case of Pb-free PIMs, the reported trap density is even
higher than that of the halide Pb-based perovskites. Ran et al.”®
and Ivaturi et al.*® reported trap densities of 10**-10*"cm 2 for
PIM-based films, which are at least one-to-two orders of mag-
nitude higher than those of the Pb-based halide perovskites.
The devices with lower trap density showed a higher Voc of
0.8 V under 1-sun illumination. To achieve a high Vo (>1 V)
for PIM-based IPVs, one good starting point would be to obtain
high Voc under 1-Sun and reduce the voltage losses under
indoor lighting conditions. Thus, to maximise the V¢ of PIM-
based indoor photovoltaics, there should be more investigation
to explore the nature and energy of the traps (shallow, or deep),
their density distribution as a function of composition, the
formation energy required, and the feasible trap reduction
methodologies. Fig. 3, adapted from reference® shows how
reducing the trap density can still retain a high V¢ even at low
illumination intensities.

However, it is interesting to note that the Vo losses for the
best-performing CABI-Sb (PCE(i) = 9.5%) and CsMAFA-Sb
(PCE(i) = 6.4%) PIM-based IPV devices are 0.13 V and 0.20 V,
respectively when the illumination source changes from 1-Sun
to 1000 lux WLED.?®*! Modest V¢ losses of ~0.2 V have been
reported even for high-performing IPVs.>>>® This suggests that
Voc losses due to lowering the light intensity are not very high
in the IPV devices of these two materials. However, the low
indoor Vo values of just ~0.6 V in these devices are due to
already low Vo values achieved under 1-Sun, particularly in
the case of CABL>*?%?® Hoye and co-workers examined
the performance limiting factors of Cs,Ag(Sb,Bi;_,)Bres solar
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Fig. 3 The simulated graph showing how reducing the leakage current

can sustain high photovoltage even under low intensity illumination
(adapted from?©®).

This journal is © The Royal Society of Chemistry 2023
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cells.>® They demonstrated that sub-band gap states are
accountable for the Voc losses. Similarly, sub-band gap states
are detected in CABL' however, their influence on CABI
devices is not yet studied. On the other hand, density functional
theory calculations have suggested that Sb-alloying in CABI
increases the defect or vacancy formation energy.>® While the
co-alloying has nearly doubled the Jsc of the CABI IPV devices, it
only resulted in very small enhancement in their Vo values.
The low Vo values of the devices despite the suppressed
intrinsic defect formation and carrier-self trapping could be
explained by the non-radiative recombination of the charge
carriers at the surface (interfacial recombination) or the grain
boundaries (within the bulk) of the CABI layer. Such undesired
recombination process may be promoted by the typical sub
optimal morphology of CABI,'®*** which has been so far only
partially addressed through additive and compositional engi-
neering strategies.”>*® Therefore, morphological engineering
and surface passivation strategies should be employed,
inspired by works on both LHPs> and other PIMs,**™® to
mitigate the Vo losses arising from SRH and interface recom-
bination and push their PCE(i)s towards their theoretical limits
of 50-60% (see Fig. 1a). The low V¢ values also call for
exploring different hole transport and electron transport layers
(HTLs and ETLs) than those typically used in LHP-based
devices (e.g., Spiro-OMeTAD and P3HT as HTLs; titanium and
tin oxides as ETLs), as a good energy level matching is also
crucial to achieving high V.

Device operational stability needs
immediate attention

Lead-free PIM films are usually stable when stored in air owing
to the stable oxidation states of Bi** and Sb**. For instance, the
X-ray diffraction (XRD) patterns of CABI and Sb-PIM collected
before and after months of air storage show no changes (see
Fig. 4a), indicating their high phase stability. In another study,
CABI and AgBil, stored in the air displayed no signs of degra-
dation after exposure to solar light for one week.'® However,
long-term stability of corresponding IPV cells is compulsory for
their commercial applications. The stability of the photovoltaic
cells is expected to be longer under indoor illumination than
1-Sun due to mild operation conditions, such as low-light
intensity and no drastic variations in the humidity and light
intensity. Commonly, the reported stability of LHP IPV cells has
been assessed in terms of shelf-lifetime trends. For instance,
Cheng et al. demonstrated the long-term stability of triple-
anion methylammonium LHP cells with nearly 95% of their
original PCE value retained after 2000 h of storage under indoor
light.*® Chen et al. reported the longest known shelf-life stabi-
lity for LHP IPV cells based on a vacuum-deposited LHP layer,
which shows a negligible loss in efficiency under continuous
exposure to indoor light of intensities between 200 and 1000 lux
for 16 months.>® On the contrary, such long-term stability
studies have not been yet reported for PIM-based IPV cells.
In addition, to mimic the real-world behavior of the IPV cells,

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

their operational stability should be carefully examined, simi-
larly to the case of LHP solar cells.®” Among the available
standard protocols to assess the operational stability of halide
perovskite photovoltaics, maximum power point tracking (MPPT),
which monitors the device performance under constant electric
load and continuous illumination, sheds light on the intrinsic
stability of the devices.”’ As a case study, we report the data
related to IPVs employing CABI or triple-cation Sb-based PIM
(CsMAFA-Sb). The performance of the unencapsulated devices
in air (RH ~ 50%) is monitored at the maximum power point
(MPP) under continuous WLED (1000 lux) illumination (see
Fig. 4b and c). The CABI IPV cell retains nearly 50% of its
original PCE after 120 h of continuous operation. On the other
hand, the CsMAFA-Sb device loses 40% of its original PCE
already after 7 hours of air exposure. The operational stability
of both CABI and CsMAFA-Sb IPVs is poor,®® which leaves them
still far from any practical utilization. This is in contrast with
the respectable shelf-lifetime stability of CABI and CsMAFA-Sb
films in the air (Fig. 4a).>>** These observations exemplify that
absorber material stability does not guarantee the corres-
ponding device stability. In addition, the CABI device degrades
more rapidly under 1-Sun (Fig. 4d) compared to the WLED
illumination. This hints at the accelerated degradation of the
device under high-light intensity illumination.

The degradation mechanisms of the photovoltaic devices
of LHPs under 1-Sun illumination are widely studied and quite
well-established.®® One of the common degradation mechanisms
in the LHP devices, as far as the absorber layer is concerned, is the
ion migration under electric bias and illumination.®>** Recently,
Kulkarni et al. demonstrated that vacancy or defect-induced ion
migration is a major degradation pathway of the Ag-Bi-I PIM-
based solar cells under ambient storage.®® This could be a
plausible degradation pathway in many wide-bandgap PIMs as
they often comprise a large number of defects.®® However, further
research should be performed to understand the underlying
causes of the degradation in PIM-based photovoltaic cells under
1-Sun and indoor illuminations. In addition, effective strategies
should be applied to extend the device lifetime of PIMs. Li et al.
summarized the literature on various efficient strategies, which
involve charged defect passivation, compositional tuning, surface
passivation by organic and inorganic layers, and so on, to improve
the operational stability of the LHP solar cells.®® Although the
optoelectronic behaviour of PIMs differs from LHPs, a good
starting point may be to explore some of the strategies mentioned
by Li et al., which may also improve the Voc values and other
device parameters.

Prospect IPV absorbers

To address the above-mentioned instability and toxicity con-
cerns of LHPs, the development of novel, and inherently more
stable, PIMs has been the focus of recent research. Yet, more
efforts are required to expand the library of potential non-toxic
IPV absorbers. The following PIM candidates for IPVs are
proposed based on (i) suitability of band gaps (1.9-2.0 eV) for
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Fig. 4 (a) XRD patterns of fresh and aged CABI films stored in air (reprodu

ced from?*) and fresh and aged CsMAFA-Sb films stored in dry air (RH of 15%)

(reproduced from®Y). MPP tracking of unencapsulated devices (in their n—i—p planar device architecture) of (b) CABI and (c) CSMAFA-Sb under WLED
(1000 lux) illumination, and (d) CABI under 1-Sun illumination in air (RH ~50%).

indoor light-harvesting, (ii) reasonable PCEs under 1-Sun,
(iii) optoelectronic properties suitable for photovoltaic applica-
tions, (iv) high defect-tolerance, and (v) air-stability.

Three-dimensional (3D) materials

Cesium germanium iodide (CsGelz), with a band gap of
~1.89 eV, has been explored for solar cell applications, yielding
a PCE of 4.94%. This is one of the most efficient photovoltaic
absorbers among the Pb-free perovskite structures.®® Ba,AglOs,
a low-temperature processable oxide analogue of halide per-
ovskites, is another stable and encouraging alternative with a
band gap (1.9 eV) close to the ideal value required for IPV
absorbers.®”

3D MASDSI, (band gap = 2.03 eV) was recently found suitable
for photovoltaic applications (PCE = 3.08%).°®

Two-dimensional (2D) materials

PEA,(Ge/Sn)I, possesses a band gaps around 2.1-2.2 eV.*>”°

These are the candidates with the highest PCEs under 1-Sun
when considering wide band gap materials ideal for IPV
applications. For example, (PEA),Gel, exhibits luminescence
at room temperature with a moderate lifetime, showing pro-
mise for photovoltaic applications. Another popular family of
compounds, Az(Sb/Bi),Xy, with bandgaps in the 1.9-2.1 eV
range is also not much explored for IPV applications and can
be a great prospect considering their favaourable optoelectro-
nic properties.”*””* Among these, MA;Sb,l,_,Cl, (band gap =
2.2 eV) yielded a PCE of 3.34% under 1-Sun,”® which makes it a

8622 | Chem. Commun., 2023, 59, 8616-8625

potential IPV absorber. Sb-Bi co-alloying in these materials
may favourably modify their optoelectronic properties, as in the
case of CABI. Other 2D candidates for consideration can be
MA,PdCl, (band gap = 2.2 eV) and CsBisl;, (band gap = 1.8 eV).”®

Double perovskites and vacancy-ordered double perovskites,
A,Ag(Sb/Bi)Xs (A = Cs and MA; X = Br and Cl), having bandgap
tunability over a wide range (1.6-2.6 eV), offer great potential as
candidates that remain unexplored for IPV applications.”” >
The double perovskite Cs,AgBiBrg, with a PCE of 2.8% and
bandgap around 2.2 eV, is the most explored PIM when it
comes to solar cells.* Additionally, the high air-stability and
the earth abundant nature of the ivolved elements make
Cs,AgBiBrg ideal candidates for IPV applications. Cs,TiBre
(band gap = 1.8 eV), a vacancy-double perovskite with a reported
PCE (1-Sun) of ~ 3.3%, is also a potential IPV absorber.®**
Cs,PdXs, with tunable band gaps over the 1.6-2.22 eV range by
halide compositional engineering, are suitable for different
indoor light environments.***”

Although the IPV performance of a silver iodobismuthate with
the composition of AgBil, has been already examined,*" another
member of the same family, Ag;Bils that yielded PCE values up to
4.2-5.4% (and notable Jsc and FF) under 1-Sun due to improved
charge transport®® may ensure >10% IPV efficiencies. Antimony
sulfoiodide (SbSI) with a band gap of ~ 2.2 eV, high defect-
tolerance (dielectric constant in the order of 10%), and high
stability offers a great promise for IPV applications.’® The IPV
performance of BiOI, a deep-trap tolerant,” can be further
improved if the morphology-related limitations are addressed.”

This journal is © The Royal Society of Chemistry 2023
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Furthermore, we believe that the compositional engineering
with the introduction of organic cations such as methylammo-
nium (MA) and formadinimium (FA), by increasing the overall
dielectric constant of the material, may improve the defect
tolerance by reducing the capture cross-section of the charged
defects.?™*? In addition to the materials listed so far, air-stable,
wide band gap chalcogenide perovskites with tuneable band
gaps of 1.73-2.87 eV®® can be worth investigating for their IPV
performance. Preliminary DFT calculations suggest that BaZrS;
(band gap ~ 1.8 eV) is defect-tolerant, similarly to LHPs.**
Low-temperature processing of high-quality chalcogenide per-
ovskite films must be established to realize their full commer-
cialisation potential.

Recently there has been much interest in the application
of machine learning (ML) in hybrid perovskite solar cells for
screening novel compositions, optimising the fabrication pro-
cesses, and developing more stable compositions.”>°® While
designing novel compositions of perovskite-inspired Pb-free
materials, the available materials parameters of the corres-
ponding Pb-containing perovskites can provide the desirable
input ML parameters required for the optimisation.’” This
would reduce the initial stages of experimentation for the
implementation of ML. Even though there are no reports yet
demonstrating the use of ML in optimising IPVs, the same
design principles developed for the LHP solar cells can be
extended to the perovskite IPVs as well, upon appropriate
modifications in the input data set. Since there are numerous
available publications on the bandgap tuning of halide perovs-
kites, their electrical properties, crystal structure, thin film
fabrication etc., the ‘data preparation’ stage of the ML workflow
is relatively straightforward.’® The application of ML in indoor
PV has the potential to boost the efficiency towards the theore-
tical limit of 50-60% by rapid material design, discovery, and
PV property evaluation.

By combining the unique strengths of high throughput
synthesis and ML, recently Sun et al.*® have discovered 75 PIM
compositions in just 2 months, which are suitable for energy
harvesting applications. A few dozens of Pb-free PIMs were also
discovered in an accelerated matter, which allowed avoiding
the slow incremental trial and error method. The most impress-
ive aspect was the development of four compounds and 18 alloy
compositions of Pb-free perovskite-inspired compositions in
the thin film form, which otherwise existed only in the crystal
bulk form, in turn enabling their adoption in many thin film
architecture optoelectronic devices.

In addition to the material screening for the photovoltaic
applications,"'% the suitability of artificial intelligence in pre-
dicting the stability, and the reap, rest, and recovery (3R) of
halide perovskites has been also reported and may applied also
to PIM-based IPVs to boost their credibility for future practical
applications.'*!

In conclusion, PIMs have had a promising start for IPVs.
Their low Vg values of ~0.5-0.6 V remain the major drawback
restricting them from reaching PCE(i) values beyond 10% and
towards their theoretical limits. The wide band gap nature
and typical sub optimal morphology of PIMs typically lead to

This journal is © The Royal Society of Chemistry 2023
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dominant non-radiative recombination both in their bulk and
at their surface or interfaces. Our studies on CsMAFA-Sb and
CABI-Sb indicate that cation co-alloying is a promising strategy
to improve the defect tolerance of PIMs. We believe that the
combination of compositional engineering and microstructure
enhancement is the key to significantly boosting the efficiency
of lead-free perovskite-inspired IPVs. In all the PIM-based
IPV studies, the champion devices under 1-Sun are typically
examined under indoor lighting. However, it has been realized
in LHPs that the best solar cell performance does not necessa-
rily guarantee the highest indoor device performance.'%>'%
Therefore, parameters such as absorber layer thickness, type
of charge transport layers, and device architecture should be
separately optimized for the PIM-based devices under indoor
illumination.

Expanding the library of IPV absorbers by combined com-
putational and experimental methods helps in two ways. Firstly,
it helps identifying highly promising candidates. Secondly,
it provides a general understanding of the behavior of PIMs
under low-light intensities, which will help in modifying the
existing IPV materials and rationalize the design of new absor-
bers. Materials with high defect-tolerance and long diffusion
lengths can be discovered through experimental characteriza-
tions and ML calculations. In addition to the band gap require-
ments, the next-generation IPV absorbers should preferably
comprise low-toxic and earth-abundant elements. Absorbers
with low exciton binding energies, high thermodynamic stabi-
lities, and direct band gap absorption will be promising.
Moreover, the absorbers should be solution-processed at low
temperatures for cost-effectiveness, large-scale fabrication,
and deposition on flexible substrates. The morphology of the
PIM-based thin films is far inferior to that of LHPs in terms of
both grain size and smoothness. Despite the constant efforts
to improve the microstructural properties of PIMs through
solution- and vacuum-based methods engaging numerous
modifications (e.g., solvent engineering, additives, doping,
temperature tuning, and post-annealing treatments), the thin
films are often non-continuous (incomplete coverage) and
contain significantly large pin holes, which create shunt path-
ways that cause undesired non-radiative recombination during
the IPV device operation. Studies focusing on the understanding
of the film crystallization kinetics of the PIMs should be carried
out to identify the factors affecting the crystal growth and
determine the nucleation mechanisms, which, in turn, will
enable high-quality PIM-based thin films. In addition to elec-
tronic structure examination, deep crystal structural analysis is
also necessary. For instance, the deep trap formation in BiOI is
restricted due to its long Bi-I bonds. Furthermore, the band gap
requirement may not be strictly applicable in all the cases. For
example, despite the low band gap of 1.4 eV of a quaternary
chalcogenide halide, Sn,SbS,I;, its strong absorption in the
400-650 nm range,'* where the emission intensities of WLEDs
are the highest, may still allow their IPV devices perform
efficiently. The PIMs show poor device stability in stark contrast
to their high material stability in the air. In addition to the
simple monitoring of the shelf-life stability of the devices,
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MPPT and other standard operational stability characterizations
(e.g., accelerated indoor testing involving day-night cycles) should
be widely adopted to demonstrate the potential of PIM-based
devices towards commercialization. Therefore, regardless of their
performance, an enhanced stability will be even more crucial for
the future of PIM-based IPVs. Although the PIMs typically consist
of low-toxicity elements, we strongly encourage the research
community to investigate the practicality of the IPV devices from
a life-cycle perspective. The cradle-to-grave life-cycle assessment of
IPVs will provide insights on the energy payback time and the
impact of the devices on the environment, which are important
parameters in the context of the global PV market. Overall,
enhancing the long-term operational stability and efficiency of
the PIM-based photovoltaic devices under indoor illumination
will lead us closer to the goal of cost-effective, low-toxic, and high-
performance IPVs for indoor-located, self-powered IoT devices.
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