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ABSTRACT
The need for self-powered electronics is progressively growing in parallel with the flourishing of the Internet of Things (IoT). Although bat-
teries are dominating as powering devices, other small systems, such as piezoelectric, thermoelectric, and photovoltaic systems, are attracting
attention. These last ones can be adapted from their classical outdoor configuration to work preferentially under indoor illumination, i.e., by
harvesting the spectrum emitted by LEDs and/or fluorescent lamps. However, crystalline silicon, the classical photovoltaic material for solar
panels, has a bandgap not suitable for ensuring good efficiency with such spectra. With wider bandgaps, other semiconductors can come into
play for this task. Still, the materials of choice, having to be integrated within households, should also satisfy the criterion of non-toxicity and
maintain low-cost production. While lead-based halide perovskites cannot represent a valuable solution for this scope, due to the strong envi-
ronmental and health concerns associated with the presence of Pb, analogous compounds based on the heaviest pnictogens, i.e., bismuth and
antimony, could work as sustainable light-harvesters for indoor photovoltaic devices. In this Review, we focus on reporting the most recent
developments of three compounds of this class: The double perovskite Cs2AgBiBr6 is first chosen as a model system for the other two, which
are emerging perovskite-inspired materials, namely, Cs3Sb2I9−xClx and bismuth oxyiodide. We show the potential of these semiconductors
to play a crucial role in the future market of self-powering IoT devices, which will become a large class of devices in the electronics industry
in the upcoming years.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0161023

I. INTRODUCTION

The development of the Internet of Things (IoT) is booming as
the number of interconnected smart devices implemented in health-
care,1 buildings,2 factories,3 vehicles,4 cities,5 and a plethora of other
areas is continuously increasing. While in 2022 around 13 × 109

smart devices were estimated to exist, prognoses show that this
number will more than double by 2030, with an expected amount
of 30 × 109 smart devices connected to the IoT. Powering such
an enormous number of remote devices is a crucial aspect since
the usage of batteries poses several challenges, e.g., regular check

of their power levels requiring maintenance, thus increasing their
operational costs. As many IoT devices find a use for indoor appli-
cations, indoor photovoltaics (IPVs) (i.e., solar cells that harvest light
emitted from white light LED—WLED—or fluorescent lamps—FL-
illumination) offer a possibility to continuously supply those devices
with power when indoor light (and also diffuse light from the exter-
nal environment) is on.6 Outdoor photovoltaics (OPVs) harvest the
solar spectrum, which is reduced by atmospheric absorption losses
and therefore subject to the Shockley–Queisser (SQ) limit that pos-
tulates a bandgap of 1.34 eV for an optimum power conversion
efficiency (PCE) of around 33%, as depicted in Fig. 1.7 In contrast,
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FIG. 1. (a) Comparison of WLED, FL, and AM 1.5G solar spectrum. (b) Dependence between light-harvester’s bandgap and maximum achievable PCE for solar and WLED
spectra. Reproduced with permission from Jarosz, Marczyński, and Signerski, Mater. Sci. Semicond. Process. 107, 104812 (2020). Copyright 2020 Elsevier.

single-junction IPVs can exhibit a calculated maximum PCE of
∼51%–68% for bandgaps between around 1.7 and 2 eV due to the
vastly different emission spectra of WLEDs and FLs in compar-
ison to the sun spectrum (Fig. 1).8–11 The discrepancy of those
values originates from the nonuniformity of indoor light sources,
e.g., whether they are calculated for warm or cold LEDs.10 Still, this
shows that IPVs are not only able to surpass PCEs of OPVs but
also that IPV solar absorbers need to possess much larger bandgaps
to achieve such efficiencies. Additionally, indoor light sources pro-
vide light intensities of around 200 lux for living room environments
and up to around 1000–2000 lux for bright light environments, e.g.,
office spaces or stores, in which IPVs are irradiated by a power
density of around 0.5–3 W/m2.9,12,13 This power density is four
orders of magnitude lower than for typical working conditions of
OPVs (1000 W/m2). For example, the PCE of crystalline silicon
solar cells drastically decreases when they are operated, not under
outdoor but, under indoor conditions due to the silicon bandgap
of 1.1 eV and increased Shockley–Read–Hall recombination at low
power irradiation.14,15

An alternative but promising class of light-harvesting materi-
als to silicon are metal-halide perovskites (MHPs) owing to their
advantageous optoelectronic properties, such as high charge car-
rier mobilities,16 long charge carrier diffusion lengths,17 high defect
tolerance, low exciton binding energy,18 and high absorption coef-
ficients, that enable the use of device film thicknesses below 1 μm.
When they are utilized as OPVs, perovskite photovoltaics (PPVs)
reach competing PCEs to silicon solar cells.19 Classical MHPs pos-
sess the stoichiometry ABX3, where the A-site is occupied by an
organic or inorganic monovalent cation like methylammonium
(MA), formamidinium (FA), or Cs+, the B-site is occupied by Pb2+,
and X is a halide (I−, Br− or Cl−). What contrasts these materi-
als from many other semiconductors and makes them particularly
suitable for IPVs is that their bandgap can be adjusted by halide
tuning, i.e., the bandgap increases with decreasing anion size from
iodide to chloride.20–22 This bandgap versatility in MHP materi-
als made it possible for indoor perovskite photovoltaics (IPPVs) to
surpass the 30% and rarely even the 40% PCE threshold.23–27 For
example, the authors of the work of Dong et al. fabricated an IPPV
with an indoor efficiency of 40.24% under 1000 lux FL illumina-
tion by modifying a perovskite layer with the botanic antioxidant
tomato lycopene, which additionally protected the thin films against

oxygen and humidity and therefore increased their stability.25 More-
over, the authors of the work of He et al. were able to achieve 40.1%
indoor efficiency for ∼3 W/m2 WLED (2700 K) irradiation by incor-
porating guanidinium into their perovskite and additionally passi-
vating the perovskite’s surface with 2-(4-methoxyphenyl)ethylamine
hydrobromide to reduce nonradiative recombination.27

Another favorable feature of PPVs is their solution-
processability at low temperatures, which not only suppresses
their processing costs but also enables the fabrication of flexible
substrates.28,29 The latter can either be a practical necessity for
many IoT devices or serve as an opportunity to realize creative
designs.30 However, PPVs tend to degrade under the influence of
high temperatures, under ultraviolet light, and when they are in
contact with water or oxygen, thus, in a humid atmosphere.31–33

This instability of PPVs usually causes a significant decrease in
the initial PCE after several days or a few weeks, which is why
often perovskite films are shielded from moisture and oxygen by
protective interface layers or entire devices are encapsulated to
increase their lifetimes to several weeks or even few months.25,34 It is
important to note that stability tests for PPVs are usually performed
under harsh conditions to simulate their usage as OPVs. Since
indoor conditions are much gentler, e.g., involve lower working
temperatures and UV irradiation, IPPVs will have enhanced device
lifetimes in comparison to OPVs. Still, a requirement to reliably
power IoT devices is that IPPVs sustain their PCE during their
entire life cycles. This allows one to limit operational costs to control
the charge level of batteries, guaranteeing IoT operatively in the
dark hours, and manual replacement, if discharged. Furthermore,
high-efficiency PPVs contain lead, which displays toxicity to the
human body on exposure, hence representing a serious hazard for
users in case of leakage, especially for use in any indoor IoT as well
as in wearable devices.35 Apart from exposition issues, the lead
content also introduces questions and challenges regarding the end
of life or recycling of such devices.35

As a result, there is a broad variety of materials in which lead
has been substituted by less toxic elements to exploit the structure’s
favorable properties while reducing their toxicity.38 Of all lead-free
perovskite materials, tin-based PPVs show the highest efficiencies
but still suffer from low stabilities due to the hardly suppressible oxi-
dation of Sn2+ to Sn4+ in ambient atmosphere because of its very low
redox potential of 0.15 V.39,40 As a consequence, additional focus

APL Energy 1, 021502 (2023); doi: 10.1063/5.0161023 1, 021502-2

© Author(s) 2023

 28 Septem
ber 2023 09:23:13

https://pubs.aip.org/aip/ape


APL Energy REVIEW pubs.aip.org/aip/ape

FIG. 2. Structures of the three heavy pnictogen-based perovskite and PIMs discussed in this review: (a) Cs2AgBiBr6 [reproduced with permission from Slavney et al., J. Am.
Chem. Soc. 138(7), 2138–2141 (2016). Copyright 2016 American Chemical Society], (b) BiOI, and (c) Cs3Sb2I9−xClx [Reproduced with permission from Peng et al., Adv.
Energy Mater. 11(1), 2002761 (2021). Copyright 2021 Wiley].

had been set on the investigation of more stable lead-free perovskite
materials. One of the earliest, and therefore also one of the most fre-
quently explored materials, is the inorganic double perovskite (DP)
Cs2AgBiBr6, whose structure is depicted in Fig. 2(a). In the following
chapters, a general overview of its semiconducting properties, as well
as a detailed summary of the most recent photovoltaic (PV) research,
is given. However, due to its sub-optimal optoelectronic properties,
as well as the issue of scarcity regarding the incorporated Ag, interest
broadened toward other materials that no longer possess the per-
ovskite structure but are still closely related to it, to benefit from its
advantageous optoelectronic properties. Such materials are classified
as perovskite-inspired materials (PIMs). There has been a special
interest in materials based on heavy-pnictogen cations such as Bi3+

and Sb3+ in the form of halides or oxyhalides, e.g., bismuth oxyio-
dide (BiOI) and Cs3Sb2I9−xClx, depicted in Figs. 2(b) and 2(c),37 that
possess a similar electronic structure as Pb2+. A crucial feature of
lead-halide perovskites is the antibonding valence band maximum
(VBM), originating from the Pb(6s)–X(np) antibonding hybridiza-
tion, while the conduction band minimum (CBM) is attributed to
bond-like hybridization among Pb(6p) orbitals, though there is no
actual consensus in the literature on this latter point. Thus, the for-
mation of some of the most energetically favorable defects, e.g., such
as halide or lead vacancies, characterized by dangling bonds of the

complementary element forming the inorganic framework, results
in states located deeply in the VB or CB.

It can be observed that, for the example of MAPbI3, the Pb
5p state is located close to the CBM. Therefore, Pb antisite defects,
besides other intrinsic defects such as iodide vacancies, will be cre-
ated either inside of the CB or slightly below the CBM, the so-called
“shallow defects” [see Fig. 3(b)].41–44 As a result, electrons trapped
in such defects require only low energy, close to or below the ther-
mal energy at room temperature (≈25 meV), to overcome the energy
barrier between the shallow trap and CBM (charge transition level)
to be released. The formation of shallow hole defects works analo-
gously, due to the energetic proximity between VBM and I 5p states,
as depicted in Fig. 3(b).44 Thus, charge carriers in trap states are
likely to be released into the respective bands, which is why such
materials are described as defect tolerant.

In contrast, binary II-VI, III-V, or group IV semiconductors
tend to form a bonding VBM and an antibonding CBM that lead
to the formation of trap states lying deep inside of the bandgap
[Fig. 3(a)]. This leads to the formation of defect states deep within
the bandgap. Accordingly, charge carriers trapped in such deep
defect states require large energies, far above the thermal energy at
room temperature, to be released back into the respective bands.
Therefore, nonradiative recombination is far more likely to take

FIG. 3. (a) Electronic structure comparison of typical binary semiconductors (left) and a lead iodide perovskite (right). Reproduced with permission from Brandt et al., Chem.
Mater. 29(11), 4667–4674 (2017). Copyright 2017 American Chemical Society. (b) Depiction of transition energy levels of point defects. Left: Intrinsic acceptors. Right: Intrinsic
donors. Reproduced with permission from Yin, Shi, and Yan, Appl. Phys. Lett. 104(6), 063903 (2014). Copyright 2014 AIP Publishing LLC.
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place for charge carriers trapped in deep defect states than in shal-
low defect states.41,42 It is important to note that, even though there
is a close structural relation between lead-halide perovskites (LHPs)
and PIMs, the described formation of the electronic structure of the
former cannot be fully transferred to the latter. For example, the
degree of order of [BiBr6]3− and [AgBr6]5− octahedra in Cs2AgBiBr6
strongly affects its electronic band structure, which does not play any
role for LHPs due to the presence of solely lead-halide octahedra in
those materials. Moreover, the presence of Ag+ as well as Bi3+ to
substitute Pb2+ increases the number of intrinsic defect types and
will be discussed further in Sec. II (Fig. 5). The electronic structures
of all three PIMs of interest for this review are described in more
detail in Sec. II.

High defect tolerance is a key factor in why materials possess-
ing LHP-like electronic structures are well suited to be applied as
IPVs. Even at low-intensity indoor illumination, and therefore low
concentrations of excited charge carriers, LHPs and PIMs achieve
comparably high power conversion efficiencies due to the nature
of shallow traps.27,45 Additionally, in those materials, defect con-
centrations can be reduced by passivating strategies and controlled
crystal growth, as will be described in the following sections. This is
an advantage over semiconductors like Si suffering from increased
nonradiative recombination at low intensities due to the presence of
deep trap states.

The double perovskite is here considered as a model compound
in the field of heavy pnictogen-based lead-free PIMs and is further
discussed in Sec. III to provide a general overview of the advantages
and disadvantages of its use in IPV devices. The other two, BiOI and
Cs3Sb2I9−xClx, are emerging species in the field, with high potential
for use in low-cost, low-toxicity IPV. Overviews of recent research
about BiOI are given in Sec. IV and about Cs3Sb2I9−xClx in Sec. V.

Bi and Sb are elements from the 15th group of the periodic
table, also known as group 5A, meaning that they share the same
group as As, which is famous for its high toxicity in its pure form as
well as in its compounds. They belong to the family of pnictogens as
nitrogen (they are the “heaviest” ones in the group) and indeed this
specific nomenclature refers to the suffocating action of pure N2 gas
(from ancient Greek: πν́ιγω “to choke” and gen, “generator”). Since
the goal of applying Bi and Sb in IPVs is the reduction of the bio-
logical hazard in case the devices get damaged and start to leak, an
assessment of the toxicity of those elements is crucial. While the high
toxicity of lead has been broadly investigated due to its vast utiliza-
tion and abundance through the last several millennia, the biological
hazards that stem from Sb and Bi exposition are far less explored.
Bi is known to cause neurological dysfunction when humans are
exposed to small doses periodically over a long time or large doses
within a short time as it was observed for patients that ingested Bi-
based medication.46–48 However, Bi has a toxic intake level of 15 g in
comparison with a 1 mg toxic intake level for Pb for a 70 kg human.49

This underlines the drastically reduced intoxication risk when Pb is
substituted with Bi in IPVs. In contrast to Bi, the toxic intake level
of Sb is far lower (37 mg for a 70 kg human) but still more than an
order of magnitude larger than that of Pb.50 For details about the
consequences of Sb intoxication, its potential carcinogenicity, and
interferences with the metabolism of sugars and lipids, we refer the
reader to recent literature reviews.51,52

Apart from toxicity aspects, both Bi and Sb, unlike Pb, are
included in the critical raw material (CRM) list of the European

Commission (Bi since 2017, Sb since its establishment in 2011).
The CRM incorporates materials that are characterized by economic
importance in industry and technology, are non-substitutable, and
are characterized by a high supply risk. In comparison to the esti-
mated ultimately available 20 000 Mt of lead, the scarcity of Sb and
Bi is further underlined by their far lower estimated availabilities of
100 and 20 Mt, respectively.53 Additionally, in 2016, 58% of the glob-
ally used lead was won from recycling,54 while in 2021 these values
were just 20% for Sb and 0% for Bi.53 This drastically reduces the
global warming potential (GWP) of lead (1.3 kg CO2-eq per kg) in
contrast to Sb (12.9 CO2-eq per kg) and Bi (58.9 CO2-eq per kg).54

Still, the potential global recycling rates for Sb and Bi are 55% and
48%, respectively, which could drastically decrease their GWP in
the future.53 Therefore, the route, in our opinion, is to find new
experimental strategies for replacing both critical and toxic materi-
als by using domestic (i.e., European) elements that would strongly
diminish our dependence on imports:55 For Bi, for instance (but the
argument can be easily generalized to other critical materials), one
must take into account that it is mainly extracted in Vietnam and
China and the recycling processes are too complex and expensive.56

This is of course only one part of the problem: At the early stages of
life of IoT devices, as we are currently, the aim is to create a robust
demand for these technologies and the only way to do so is to make
them reliable by the realization of well-performing devices. The first
steps in perovskites adoption for IPV started from the use of well-
known toxic elements (such as lead, arsenide, and cadmium),57 then
research moved to attempt the implementation of a greener tech-
nology by resorting to atoxic but relatively scarce elements that can
provide sufficient performance. In summary, the choice of a metal
utilized in a light-harvesting material is a balancing act between its
scarcity and performance and we cannot ignore this argument from
the perspective of a more general and progressive advance in the
field.

As the focus of this review lies specifically on recent advances
in the research on MHPs and PIMs like Cs2AgBiBr6, BiOI, and
Cs3Sb2I9−xClx and their potential as indoor light-harvesting mate-
rials, for further information about other PIM-based IPVs, we refer
the readers to the reviews of Ünlü et al.58 and Huang et al.,59

providing more in-depth and complete overviews.

II. THEORETICAL BACKGROUND
Descriptors, like the nature (direct or indirect) of the elec-

tronic bandgap Eg, carrier mobilities and lifetimes, defect tolerance,
absorption coefficient (α), the photoluminescence quantum effi-
ciency (PLQE)(η), effective mass, static polaron binding energy, and
Fröhlich electron–phonon coupling (EPC), are commonly used to
identify material for photovoltaic applications. Density functional
theory (DFT) has established itself as a powerful technique for first-
principles investigations of solids for PV and optoelectronic devices,
which can help establish the origin of these characteristics for pnic-
togens. Among the others, theoretical calculations and simulations
have been performed on Sn-based perovskites, double perovskites,
and other potentially defect-tolerant compounds (A3B2X9, ABZ2,
binary halides, and V–VI–VII materials), which have been identified
as suitable alternatives to lead-based MHPs.59

DPs are a promising class of materials of formula A2B′B′′X6,
with B′ monovalent and B′′ trivalent metal cations. A2B′B′′X6 was
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already considered in the early days of research on metal-halide
perovskites for PV applications to eliminate Pb. Numerous combi-
nations of A, B′, B′′, and X have been identified to be structurally
and thermodynamically stable; however, Cs2AgBiBr6 emerged as
a reference system. Cs2AgBiBr6 is appealing for its optoelectronic
properties, 3D structure, long carrier lifetimes, and low carrier
effective mass as LHPs and also higher stability and nontoxicity.

An important limitation of Cs2AgBiBr6 for OPVs is its rela-
tively large bandgap, 2.18 eV. However, recently it was shown that
this can be reduced by hydrogenation of the sample, achieving a
record 1.64 eV low value.60 This led to a corresponding high 6.37%
power conversion efficiency. First-principles calculations revealed
that the doping is interstitial, with three possible positions, denom-
inated H1(in), H2(in), and H3(in). This results in bonding states
between H-1s and nearby cation orbitals. Depending on the inter-
stitial site occupied by hydrogen atoms, one could obtain a wide
[coupling between H1(in)-1s, Br-4p and Ag-4d], narrow [coupling
between H2(in)-1s, Br-4p and Bi-6p], or a flat band [H3(in)-1s and
Br-4p] (see Fig. 4).

Additionally, device simulation of solar cells based on standard
Cs2AgBiBr6 revealed that the optimization of the SnO2/absorber
interface can boost the cell’s PCE to more than 14%.61 These findings
suggest that the fundamental structural, optical, and electronic prop-
erties of Cs2AgBiBr6, on-purpose doping, which was not of great
help in LHPs, and absorber/hole transport layer (HTL) interface
must be better understood at an atomistic level to improve the effi-
ciency of PIMs. In the following, we present a systematic review of
theoretical results on the reference Cs2AgBiBr6 double perovskite.
First, the structure–property relation and stability of Cs2AgBiBr6
are emphasized. Next, the fundamental optical and electronic prop-
erties, e.g., absorption and emission, followed by electron–phonon
coupling and the effect of defects on the properties of the material
are discussed.

Let us first focus on the relation between the Cs2AgBiBr6 struc-
ture and the fundamental optoelectronic properties of the material.
At room temperature (RT), the stable crystalline phase of this
double perovskite (lattice constant 11.7 Å) belongs to the Fm3m
cubic space group.62 The ordered structure consists of alternating
corner-sharing [AgBr6]5− and [BiBr6]3− octahedra forming a three-
dimensional checkboard, with Cs+ being centered at the cavities. The
corresponding Ag–Br/Bi–Br and Ag–Br–Bi bonds all maintain a 90○

or 180○ angle, and the bond length for Ag–Br and Bi–Br is com-
parable (2.804–2.828 Å). The shorter metal-halide distance to the
corresponding lead-halide perovskite (3.18 Å) is an indication of
the stronger B-X bonds at the basis of the improved stability of the
Cs2AgBiBr6 framework.63 However, there exists a relative mismatch
between ionic radii (1.15 and 1.03 Å for Ag+ and Bi3+, respec-
tively) and the electronegativity (1.93 and 2.02 for Ag+ and Bi3+,
respectively) of the two metals. A consequence of such a mismatch
is the volume variation and distortion/tilting of octahedra (mainly
associated with bond lengths and bond angles) on exposure to exter-
nal stimuli like temperature or pressure (mentioned later in this
section). This has a significant effect on the electronic structure and
consequently on the optoelectronic properties of the perovskites.64

Concerning the electronic structure, Cs2AgBiBr6 VBM and
CBM are very different from ordinary metal-halide perovskites. In
this double perovskite, VBM and CBM are made of Ag-4d, Bi-6s, and
Br-4p, and Ag-5s, Bi-6p, and Br-4s orbitals, respectively.65–67 VBM is

FIG. 4. (a) Band structure of a pure Cs2AgBiBr6 DP (host); (b)–(d) band struc-
tures of Cs2AgBiBr6 in the presence of hydrogen interstitial. Red, light green, blue,
pink, dark green, and orange curves correspond to Bi 6s, Bi 6p, Ag 4d, Ag 5s,
Br 4p, and H 1s orbitals, respectively; (e) H1(in), H2(in), H3(in) represent differ-
ent sites occupied by of the interstitial hydrogen in the [AgBr6]5− and [BiBr6]3−

octahedra, respectively. Reproduced with permission from Zhang et al., Nat. Com-
mun. 13(1), 3397 (2022). Copyright 2022 Author(s), licensed under a Creative
Commons Attribution 4.0 License.

dominated by an antibonding hybridization between Ag-4d and Br-
4p, with a minor contribution from antibonding Bi-6s and Br-4p.
CBM mainly consists of a mixture of Bi-6p orbitals, Bi-6p and Br-
4p antibonding states, and Ag-5s, Br-4p bonding states. At variance
with ordinary halide perovskites, Cs2AgBiBr6 presents an indirect
bandgap. The presence of [AgBr6]5− and [BiBr6]3− in the framework
raises the question of whether in the Cs2AgBiBr6 structure, these
octahedra are alternated or random. Octahedra order/disorder sig-
nificantly affects the optoelectronic properties, including bandgaps,
lattice distortion, defects, and carrier mobility, and can therefore be
used to manipulate light absorption.

The first-principles calculation presented in the work of
Yang et al. revealed enhanced light absorption in the visible and
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near-infrared region on moving from an ordered, i.e., alternated
[AgBr6]5− and [BiBr6]3− octahedral structure, to partially disordered
to completely random ones, as depicted in Fig. 12(b). Depending on
the degree of disorder, changes in the band structure from indirect
to pseudodirect and band shrinkage by 1–1.5 eV were observed.68

Unfortunately, calculations also revealed that such a random struc-
ture and the ensuing improved band structure were possible only
if Cs2AgBiBr6 was synthesized by quenching from temperatures
beyond 1200 K, which greatly limit practical applications. Expos-
ing Cs2AgBiBr6 to high pressures appears to be another alternative
to manipulate the material’s properties. For instance, the authors of
the work of Fu et al. computed the bandgap and structural evolution
of the system for P values in the experimental range.69 Consistent
with their experimental findings, a decrease in the bandgap with
increasing pressure in the 1 atm–12 GPa range is observed for the
cubic phase. However, a more complex trend of bandgap evolution is
observed for the tetragonal phase. In this case, the bandgap decreases
from 2.84 to 2.74 eV in the 1 atm to 6 GPa pressure range, followed
by an increase to 3.01 eV for pressures beyond 6 GPa. Furthermore,
a semiconductor-to-metallic transition is reported at ∼20 GPa in the
work of Islam et al.70 Such bandgap evolutions are attributed to the
pressure-induced symmetry breaking of [AgBr6]5− and [BiBr6]3−

octahedra. In other words, pressure induces tilting of octahedra, the
soft mode in perovskites, leading to orbital interactions resulting in
the evolution of the bandgap.

Let us now focus on the stability of Cs2AgBiBr6 and sum-
marize theoretical results, shedding some light on its superior
stability. Two parameters must be considered: (i) the tolerance
factor—here we highlight the more accurate formulation recently
proposed,

τ = rA/rB − nA

⎛
⎜
⎝

nA −
rA
rB

ln ( rA
rB
)
⎞
⎟
⎠

with rA, rB, nA being ionic radii and oxidation state of A and B ion,
respectively, and (ii) the octahedral factor,

μ = rB/rX ,

where rX is the ionic radius of the X ion. Both factors are com-
monly used to evaluate the structural stability of ABX3 perovskites.
Typically, a perovskite is structurally and thermodynamically stable
when μ < 4.18 and 0.44 ≤ τ ≤ 0.9, and both conditions are essen-
tially met by Cs2AgBiBr6, which presents a τ = 0.56 − 0.60 and a
μ = 4.07 − 4.21. The work of Chapa et al. provided evidence of
mechanical stability of Cs2AgBiBr6 via DFT calculations, while
the thermodynamic stability was confirmed by Zhang and co-
workers.71,72 They evaluated the decomposition energies of possible
decomposition pathways like CsBr, AgBr, Cs2AgBr3, CsAgBr2, and
Cs3Bi2Br9 via first-principles calculations and all the values they
obtained appear to be positive and higher than 20 meV, suggesting a
high thermodynamic stability of Cs2AgBiBr6.

Concerning the properties of Cs2AgBiBr6 affecting its perfor-
mance, the bandgap is certainly the most relevant intrinsic property
for a light-harvesting material because a precise knowledge of Eg
helps to predict the PV maximum efficiency under given illumi-
nation conditions, e.g., within the Shockley–Queisser (SQ) frame-
work. Here, one assumes that all the incident light with energy

larger than Eg is absorbed. However, in real materials, there is a
non-negligible transmission of photons with energies greater than
the bandgap. Cs2AgBiBr6 has an indirect bandgap with reported
values spanning a large energy range, from 1.95 to 2.25 eV.66,73

Within the SQ formalism, these values would allow for theoreti-
cal photocurrents and PCEs under AM 1.5G illumination condi-
tions between 17 mA/cm2 and a PCE of 25% for Eg = 1.9 eV,
and 6 mA/cm2 and a PCE of 12% for Eg = 2.5 eV. These val-
ues are very optimistic concerning the more realistic spectroscopic
limited maximum efficiency (SLME) of 7.9%, estimated based on
first-principles calculations, which consider the calculated shape
of the absorption spectrum and nonradioactive recombination.
This discrepancy suggests that a thorough theoretical analysis of
the optical properties is needed when screening materials for PV
applications.74,75

A typical Cs2AgBiBr6 absorption spectrum can be seen in
Fig. 5(a). There is high absorption below 340 nm (3.6 eV), a strong
feature at around 440 nm (2.8 eV), and weak absorption at lower
energy. The high absorption is attributed to the vertical transition,
and the direct bandgap, while the strong feature observed in the
spectra is still under debate; finally, the long tail toward low ener-
gies indicates the absorption due to the indirect bandgap. It should
be noted that the sharp peak at 440 nm corresponding to 2.8 eV con-
tributes more than 20% of the overall light absorption of Cs2AgBiBr6
perovskite. Peaks at high energies, which are of limited interest for
OPVs, are very relevant for indoor applications, and understanding
their origin may help optimize present materials or develop newer
ones. Some speculations for the origin of the sharp peak include
excitonic absorption, charge transfer-like transition between Ag and
Bi/Br orbitals, or localized Bi 6s-6p transitions. Even though experi-
mental investigations favor the latter to be the cause of this observed
absorption peak, there is no theoretical evidence supporting this
claim.76

The photoluminescence (PL) yield of Cs2AgBiBr6 was reported
to be in a very low range from 0.01% to 0.08% for an excitation
density comparable to one sun, while the decay of the PL inten-
sity is rather slow, indicating long-living charge carriers.77 This
strengthens the interest of the community as these characteris-
tics are promising for efficient extraction of charge carriers. The
PL spectrum is broad and shows a Stokes shift [Fig. 5(a)], which
is also confirmed by Baranowski and co-workers, who reported a
≃500 meV shift between PL and PLE spectra.78 This Stokes shift is
attributed to a strong electron–phonon coupling, a relevant phe-
nomenon affecting PV cells’ efficiency, discussed in detail below.
This conjecture was confirmed by comparing phonon energies as
obtained from Raman spectra with corresponding values obtained
from DFT calculations.78 Nevertheless, the origin of the PL emis-
sion is still debated. The work of Baranowski et al. provided evi-
dence that the PL peak results from spatially localized color centers,
which can be either intrinsic self-trapping of exciton/carriers or
defects.78

PL results are associated with mechanisms—electron–phonon
coupling (EPC) and polaronic effects on carrier mobility—which
critically affect the efficiency of Cs2AgBiBr6-based PV devices. Let
us focus first on the former phenomenon, EPC, i.e., the scatter-
ing of moving electrons by longitudinal optical (LO) phonons,
when atoms move parallel to the phonon propagation direction, or
transverse optical (TO) phonons when atoms move in the plane
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FIG. 5. Optical, transport, and defect properties of Cs2AgBiBr6. (a) Absorption and emission spectra of Cs2AgBiBr6 (here, abs stands for absorption, PL for photolumines-
cence, and EL for electroluminescence). Reproduced with permission from W. Tress and M. T. Sirtl, Sol. RRL 6(2), 2100770 (2022). Copyright 2022 Author(s), licensed under
a Creative Commons Attribution 4.0 License. (b), left: Schematic of the self-trapping mechanism of charge carriers by acoustic phonons or deformation potential. The dots
between adjacent perovskite octahedra represent the lattice units omitted for the sake of simplicity. This panel shows that the deformation of the lattice results in a localizing
potential for holes and electrons. This localizing potential controls the dynamics of charge carriers: Trapping and de-trapping of holes and electrons follows the dynamics of
phonons responsible for the formation of the localizing potential wells. (b), right: Schematic of the energy diagram for carrier self-trapping. Free electrons in the conduction
band are energetically driven to localizing potential, where they remain trapped. Reproduced with permission from Wu et al., Sci. Adv. 7(8), eabd3160 (2021). Copyright 2021
Author(s), licensed under a Creative Commons Attribution 4.0 License. (c), left: Point defect formation energies, ΔH(eV), of intrinsic defects in Cs2AgBiBr6 as a function of
the Fermi level, EF, at representative Br-rich and Br-poor conditions. Defects with very high ΔH values are shown by the dashed lines. (c), right: Calculated transition energy
for intrinsic acceptors (top) and intrinsic donors (bottom). Reproduced with permission from Xiao et al., ChemSusChem 9(18), 2628–2633 (2016). Copyright 2016 Wiley.

orthogonal to their propagation direction. Broadly speaking, the
carrier–optical phonon interactions affect the carrier’s mobility
while the carrier–acoustic phonon interactions influence the ther-
mal properties of materials, like thermal conductivity and thermal
expansion coefficient. For instance, for halide perovskites, it has
been pointed out that low thermal conductivity can lead to a tem-
perature rise in an operating device and cause stability issues. The
resulting large thermal expansion can give rise to thermal strain and
stress,81 possibly mitigated by a self-protecting mechanism recently
proposed.82

On the other hand, perovskites are susceptible to local dis-
tortion by charge carriers leading to the formation of polarons.
A polaron is a quasiparticle formed because of conduction elec-
trons (or holes) interacting with their self-induced polarization in
the polar semiconductor or ionic crystal. This is expected to be
especially important in the case of soft and potentially polar sys-
tems, like ordinary and double perovskites. Polarons can be classified
according to the degree of the spatial localization of the carrier.
One distinguishes between small when it is localized within a sin-
gle site, or large, when it involves several lattice sites, polarons.

Herz and co-workers showed that for traditional perovskites (like
methyl ammonium lead iodide—MAPI—or formamidinium lead
iodide—FAPI), at room temperature, charge carrier scattering is
dominated by the coupling between carriers and longitudinal opti-
cal (LO) phonons rather than interaction with acoustic phonons
or from ionized impurities.83 Within the Fröhlich model (which
addresses electrons in ionic crystals or polar semiconductors and
considers the long-range interaction between an electron and a polar
optical phonon mode under the continuum approximation), the
strength of this carrier–LO phonon interactions is characterized by
Fröhlich polaron coupling constant α, such that

α = 2πq2

h
( 1

εinf
− 1

ε0
)
√

πm∗

hωLO
,

where q is the elementary charge, h is the Planck constant, εinf and
ε0 are the dielectric constant at infinite and zero frequency, respec-
tively, m∗ is the effective mass of the electron or hole, and ωLO
is the frequency of the dominant phonon. For conventional ionic
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inorganic semiconductors, the Fröhlich coupling constant is signifi-
cantly smaller than unity, while the same adopts values of ∼1 to 2 for
electrons and holes in MAPI, respectively. These values are consid-
ered to be “intermediate” for traditional halide perovskites,84 giving
rise to polarons that can limit charge carrier’s mobility in MAPI.85

However, first-principles calculations presented in the work of Steele
et al. on Cs2AgBiBr6 revealed αe and αh values of 2.54 and 2.0,
respecctively.86 Similar values (2.68 and 2.52 for electrons and holes,
respectively) have been reported in the work of Wu et al.79 Using the
Feynman–Osaka formula, the same group estimated polaron mobil-
ities to be equal to ∼27 (e) and 33 (h) cm2/s V for electrons (e)
and holes (h), respectively. These values are much lower than those
observed for selected LHPs, e.g., CH3NH3PbBr3, showing mobili-
ties of μe ∼150 (e) and μh ∼79 (h) cm2/s V−1, while CsPbBr3 shows
mobilities of μe ∼ 48 and μh ∼42 cm2/s V−.187 These results sug-
gested that only Fröhlich coupling may not be responsible for such
a large difference in carrier mobility between the Bi-based double
perovskite and LHP. This prompted investigations on the role of
the deformation potential: local lattice deformations produced by an
electron/hole carrier induce changes in the band structure localizing
it in a small polaron. When electron–phonon interaction strength
is above a given threshold, a transition from free-carriers to a self-
trapped state is observed.88 Following Toyozawa, self-trapping by
charge-induced deformation potential can be assessed by a factor,
g, that in the case of cubic lattices reads

g = Ξ2m/6h̵2Ca, (1)

where Ξ is the deformation potential, m is the bare electron effec-
tive mass, C is the elastic constant, and a is the lattice parameter.89

For Cs2AgBiBr6, the authors of the work of Wu et al. reported val-
ues of 0.87 and 0.89 for electrons and holes, respectively.79 Values
very close to unity indicate the possibility of self-trapping of both
charge carriers in small polarons with a coherent length compara-
ble with the lattice parameter, ∼11.2 Å. They speculate that both
optical phonons (Fröhlich coupling) and acoustic phonons (defor-
mation potential) synergistically contribute to the electron–phonon
scattering mechanism in Cs2AgBiBr6. In other words, electron and
hole carriers in Cs2AgBiBr6 are first localized by optical phonons
and then self-trapped by acoustic phonons, which further localize
the charge carriers [Fig. 5(b)].

Beyond electron–phonon coupling, which has proven to
be an important aspect determining the transport properties in
Cs2AgBiBr6, it is imperative to understand the role of defects, their
stability, hence abundance according to thermodynamics, and their
effect on the properties of materials at a fundamental level: This
may allow achieving highly efficient optoelectronic devices. Con-
cerning defects, one usually distinguishes between point defects
(i.e., vacancies, interstitials, and antisites), line defects (i.e., disloca-
tions), plane defects (i.e., surfaces and grain boundaries), and bulk
defects (i.e., voids or precipitates). One of the reasons for the suc-
cess of lead-based MHPs is their high defect tolerance, i.e., that
the presence of defects does not result in deep defect states, defect-
induced localized electronic states with energy close to the middle
of the bandgap that, according to the Shockley–Read–Hall theory,
induce nonradiative recombination [see Fig. 3(b)]. This defect toler-
ance is attributed to the strong antibonding coupling between Pb
s and halide p orbitals for the VB, and Pb p and halide s ones

for the CB.90 Cs2AgBiBr6 DP exhibits lower defect tolerance owing
to the presence of two B-site metal ions. The authors of the work
of Xiao et al. computed the formation enthalpies and thermody-
namic transition energy levels of typical point defects (vacancies,
cation-on-anion antisites, anion-on-cation antisites, and interstitial)
in Cs2AgBiBr6 under representative Br-poor and Br-rich conditions
[Fig. 5(c)].80 They concluded that even in Ag-rich conditions, Ag
vacancies are the most easily formed defects. Ag vacancies, how-
ever, are shallow and do not deteriorate optoelectronic performance,
like Pb vacancies in MAPbI3 (see Fig. 3). The dominant deep-
level acceptor defects include AgBi, BiAg antisites, and VBi. They
suggested that the formation of deep defects can be significantly
suppressed by synthesizing the materials under a Br-poor/Bi-rich
growth condition, which was deemed necessary for PV and other
optoelectronic applications of Cs2AgBiBr6. Similar conclusions were
reported in the work of Li et al.91 However, in addition to iden-
tifying AgBi, BiAg antisites, and VBi, the authors also identified
halogen vacancy VBr as a deep-level defect. It is worth remarking
that defects seem to be very sensitive to the synthesis environment of
Cs2AgBiBr6.

Though experimental works have identified some of the detri-
mental defects mentioned above and developed strategies to pas-
sivate them, the charge carrier trapping mechanism is unclear.
Recently, the authors of the work of Liu et al. implemented machine
learning methods, DFT calculations, and nonadiabatic molecular
dynamics (NA-MD) to investigate the recombination mechanism
in defective Cs2AgBiBr6 induced by negative VBr.92 The distribu-
tion of excess charge between the metal atoms close to the vacancy
was identified to be at the basis of the deep trap state. According
to their calculations, the electrons from the vacancy are first local-
ized on the adjacent (to the vacancy) Bi atom and then are shared
with the neighboring Ag atom. This charge transfer transforms the
trap state from shallow to deep. The same authors also proposed a
strategy to mitigate this effect. Doping the system with indium, and
replacing the Ag involved in the trap with In, prevents the delocal-
ization of charge responsible for deep trapping (Fig. 6). The work
of She et al. revealed another mechanism for the mitigation prop-
erties of indium: The longer In–Bi bond and the relatively weaker
hybridization of the In-p and Bi-p orbitals prevent the formation of
deep traps.93

We conclude this part on Cs2AgBiBr6 mentioning that, so far,
investigation of trapping and recombination at surfaces and grain
boundaries in this material is still lacking. It is worth remarking
that in the case of LHPs, it was shown that often trapping and
recombination of charge carriers occurs at grain boundaries and sur-
faces94 and more specifically interfaces between the perovskite and
(HTL)/electron transport layer (ETL). Hence, theoretical research
on these extended defects is especially important for progress of the
field.

Bismuth oxyiodide (BiOI), a PIM composed of elements from
the V, VI, and VII groups has recently gained popularity as a poten-
tial candidate for PV thanks to its 104 cm−1 absorption coefficients in
the visible wavelength range.59 BiOI, belonging to a tetragonal struc-
ture with space group P4/nmm, is composed of a layer of (Bi2O2)2+

slabs interleaved by a double layer of I, forming –I–Bi–O–O–Bi–I–
slabs stacked along the c-axis held together by nonbonding van der
Waals interactions [Fig. 7(a)]. As a result of such a structural con-
figuration, an electric field is developed between the (Bi2O2)2+ and
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FIG. 6. (a) Mechanism of sharing of the electrons trapped in a bromide vacancy. The electron is initially accepted in a Bi orbital and then shared with Ag. This brings to a
sizable and local distortion of the lattice transforming the shallow into a deep trap state. (b) Element-projected density of states (DOSs) in pristine and In-doped Cs2AgBiBr6.
The insets show the electron localization function (ELF) maps around the vacancy sites. Red and blue indicate ELF values of 1 and 0, respectively. This panel shows that
indium prevents the formation of deep trap states. Reproduced with permission from Liu et al., J. Phys. Chem. Lett. 13(16), 3645–3651 (2022). Copyright 2022 American
Chemical Society.

FIG. 7. (a) Crystal structure of BiOI. BiOI is a 2D material made of BiO layers intercalated by I ions. (b) BiOI band structure. The arrow highlights the indirect nature of the
bandgap. (c) Total density of states (DOS) and individual atomic contributions to it (PDOS) of BiOI. This shows that the valence band maximum mostly comes from I 5s and
5p orbitals, while the conduction band minimum mostly arises from Bi 5s and 6d. Reproduced with permission from W. L. Huang and Q. Zhu, Comput. Mater. Sci. 43(4),
1101–1108 (2008). Copyright 2008 Elsevier.

two I− layers. A prior research, assessing the performance of BiOI
as a photocatalyst, reported improved photocatalytic activity due
to effective electron–hole charge carrier separation by this built-in
electric field.95 This mechanism of charge separations is appealing
also for PV applications, but, no reported theoretical studies have

explored the influence96 of this intrinsic property on charge carrier
dynamics in BiOI for PV applications. Furthermore, like other heavy
pnictogens-based semiconductors, an important limitation of BiOI
for OPV is its wide indirect bandgap of ≈2 eV [Fig. 7(b)]. While the
indirect nature is still a problem for IPV, its relatively large bandgap
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value is optimal for indoor light harvesting owing to the spectra of
indoor light sources being blue-shifted compared to the AM 1.5G
spectrum, as shown in Fig. 1.37

It is useful to analyze the electronic structure of BiOI in com-
parison with that of lead-based perovskites, where the valence 6s
orbitals of Pb2+ hybridize with the halide p orbitals to form a pair
of bonding and antibonding states within the upper VB. The empty
valence Pb p orbitals also hybridize with the anion s orbitals to form
the antibonding state at the CBM. In addition, the high spin–orbit
coupling results in a further decrease in bandgap.84 The combination
of these effects is at the basis of the formation of only/predominantly
shallow trap states in lead-halide perovskites, a key characteristic for
high PV performance materials (see Sec. I for more details). BiOI
shares several characteristics with the electronic structure of these
last ones, as band edges are predicted to have an antibonding orbital
character. In particular, the VBM is predominantly made of I-5p
orbitals hybridizing with Bi-6s ones with some contribution from
O-2p states. The CBM is mainly made of Bi-6s, with contributions
from s and p orbitals of I and O [Fig. 7(c)]. This raises hope that BiOI
is defect tolerant.

One of the first relevant computational and experimental works
on BiOI has indeed found that the material is tolerant to vacancy
and antisite defects. To understand the tolerance of BiOI to intrin-
sic point defects, the authors of the work of Hoye et al. calculated
the formation energy as a function of Fermi energy of VBi, VO,
and VI vacancies, and OI, IO, BiO, BiI, OBi, IBi antisite defects.97

The authors concluded that owing to their low formation energies,
VBi, OI, and VI were the prevalent defects under I-rich conditions,
while VI and OI prevail under Bi-rich conditions (Fig. 8). Other
defects had significantly higher formation energies (ΔHD,q > 1 eV),
implying that they had much lower equilibrium concentrations and
can likely be neglected. It should be noted that all the defects were
shallow because their charge transition levels were either inside or
close to the band edges. They also reported a high (relative) dielec-
tric constant of 45, which typically means effective screening of
charged defects, consequently leading to a low trapping probabil-
ity. This provides the theoretical rationale for the defect tolerance
of BiOI.

These conclusions were challenged by the authors of the work
of Brandt et al., who investigated the decay time of charge carri-
ers in a series of materials, including BiOI and SbSeI pnictogens,
by time-resolved PL (TRPL).41 They found that the carrier lifetimes
of explored pnictogens were hundreds of nanoseconds shorter with
respect to carrier lifetimes observed in CH3NH3PbI3. These results
suggest defect tolerance as assessed by thermodynamic transition
energy level may be an insufficient heuristic to judge the suitability
of a material for PV applications. Additionally, photoinduced cur-
rent transient spectroscopy measurements performed in the work of
Huq et al.98 showed that BiOI films have deep traps located at 0.3
and 0.6 eV from the band edges, which were not identified in the
calculations.

The authors of the work of Ganose et al.43 remarked on the
defect tolerance challenge in wider bandgap semiconductors. Here,
we report some criteria that have been proposed in the literature and
that theoretical research may in screening to help address the defect
tolerance challenge in wider bandgap semiconductors. The authors
of the work of Ganose et al. proposed enhancing ionic (vibra-
tional) contributions to the static dielectric constant, exploiting, for

example, spontaneous electric polarization, like in SbSI possessing
a Curie temperature of 291 K, or flexibility of the framework, like
in MHPs. Therefore, the authors of the work of Brandt et al.41

themselves proposed additional screening criteria for the selec-
tion of materials that are likely to exhibit a long carrier lifetime.
The first criterion stems from the heuristic observation that there
is a correlation between the symmetry of the crystal structure’s
low effective masses and long lifetimes (>660 ns), such as double
perovskite Cs2AgBiBr6, among the materials considered here. The
second criterion is the importance of the choice of anion for a given
cation. As already mentioned in the Introduction, one of the reasons
for the defect tolerance of MHPs is the formation of antibonding
orbitals at the valence band edge. The conclusion of the work of
Brandt et al. is that the energy mismatch between Bi(6s) and I(5p)
orbitals makes their hybridization insufficient to achieve good defect
tolerance.

A comment is in order about theoretical research on defects
and related electronic states. The apparent mismatch between cal-
culations, which reveal no likely defects associated with such deep
gap states, and experimental results from the work of Brandt et al.
and, especially, that of Huq et al. can be due to several facts. First,
defect calculations are typically performed in the zero-temperature
approximation, i.e., after creating the defect, the atomistic structure
of the sample is either held fixed at the perfect crystalline structure or
relaxed to the nearest local minimum. A limited number of studies,
mostly devoted to lead-based MHPs, have shown that the finite tem-
perature structure of the defect can significantly differ from the one
obtained within the standard zero-temperature approximation.99,100

Moreover, at finite temperature, the structure can significantly
change from charge state to charge state, a phenomenon strongly
affecting the nature of defect states that is overlooked in the zero-
temperature approximation. The mismatch between computational
results and that presented in the work of Huq et al. is not necessar-
ily due to artifacts resulting from the simulation protocol but might
also be due to processes that have not been investigated, so far. For
example, for LHPs, on which research has been more intense, it
was found that interstitial iodide, a shallow defect in the bulk, may
become a trap state at grain boundaries.94 Finally, the analysis of
shallow or deep gap states focuses on the equilibrium abundance of
defects. This, however, disregards nonequilibrium effects, i.e., defect
abundance beyond their thermodynamic value: Once formed dur-
ing film deposition, typically a nonequilibrium process, annihilation
might be too slow for defect concentration to achieve its equilib-
rium value, possibly resulting in the observed deep gap state. Thus,
despite the significant progress made in this field, systematic theo-
retical research is needed to address defect tolerance in BiOI, which
might also help identify heuristic criteria for selecting novel PV
materials.

The search for lead-free PIM alternatives has focused on ele-
ments with electronic configurations analogous to lead in LHPs as
well as a crystal structure based on corner-sharing [PbX6]4− octa-
hedra. Indeed, the defect tolerance of the latter has been linked to
the high symmetry of these structures and the ionic–covalent bond-
ing arising from the stable ns2 configuration of the Pb2+ cations
hybridizing with halide anions.90 Both antimony and bismuth for-
mally fit this criterion as their valence ns2 electrons hybridize
with halide anion orbitals to form a similar electronic struc-
ture. Antimony-based compounds are more appealing due to their
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FIG. 8. Top: Phase diagram of the Bi–O–I system, showing the stability region of BiOI as well as phases with close equilibrium conditions. Bottom: Formation energy of intrinsic
point defects in BiOI at the four extremes in the phase-stable region for BiOI. These diagrams allow one to identify the most likely defects in the various thermodynamic
conditions as a function of the fermi energy of the system. Points A and B correspond to I-rich growth conditions, whereas points C and D correspond to Bi-rich conditions.
Adapted with permission from Hoye et al., Adv. Mater. 29(36), 1702176 (2017). Copyright 2017 Author(s), licensed under a Creative Commons Attribution 4.0 License.

appreciably smaller exciton binding energy (∼100 meV range)
compared to the bismuth-based counterparts (∼300 to 400 meV),
promising a higher PCE.101 However, due to the +3-oxidation state
of Sb, it is not possible to directly substitute it in ABX3 materi-
als. Instead, a defect-ordered A3B2X9 perovskite can be formed,
with A+: MA+, FA+, Rb+, K+, Cs+; B3+: Sb3+; X−: Cl−, Br−, I−.
This can be thought of as A3B2(⋅)X9, in which every third metal
cation in ABX3 is substituted for a vacancy, (⋅). Systems with A3B2X9
composition can arrange in the structure of a different kind and
often form 0D materials of the kind shown in Fig. 9(a), consist-
ing of isolated bioctahedral [B2X9]3− groups alternating with A+-site
cations.

The band structure of such systems is rather flat, implying high
effective masses of charge carriers, hence reduced mobility and lim-
ited efficiency.84 However, this effective mass can be reduced by
tuning the A-site or X-site ions to stabilize the corresponding 2D
structure [Fig. 9(a)], possessing better electronic characteristics. In
particular, smaller A cations favor the formation of the 2D phase
over the 0D one [Fig. 9(c)].102 For example, according to numerous
reports, MA3Sb2I9 (ionic radius ∼180 pm) forms in the 0D phase
whereas (NH4)3Sb2I9, Rb3Sb2I9, and K3Sb2I9 (ionic radius ∼150 pm)
in the 2D polymorph. It is worth noting that the 0D and 2D phases
of Cs+ (ionic radius 167 pm) have similar formation energies, and
which polymorph is formed depends on the synthesis conditions.
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FIG. 9. (a) Layered (2D) structure of A3Sb2X9. (b) (0D), face-sharing fused bioc-
tahedron dimer structure of A3Sb2X9; (c) schematic representation showing the
impact of the A cation having a different ionic radius: A bigger A cation (X) results
in the 0D dimer structure and a smaller A (y) one in the 2D layered structure phase.
Adapted with permission from Nie et al., Energy Environ. Sci. 13(8), 2363–2385
(2020). Copyright 2020 Royal Society of Chemistry.

The 2D A3B2X9 phases can be stabilized by alloying halides, I with
Br or Cl, favoring a change in the structure from face- (0D phase)
to corner-sharing [BX6]3− octahedra (2D phase). For instance, the
authors of the work of Mie et al. obtained 0D to a 2D structure tran-
sition via fractional substitution of iodide with chloride in Cs3Sb2I9
(leading to Cs3Sb2I9−xClx) with a low-temperature, solution-based
deposition process.103

2D Cs3Sb2I9 has attracted significant interest owing to its lowest
bandgap, among its other halide derivatives (Cs3Sb2Cl9, Cs3Sb2Br9),
which results in potentially higher performance of OPV due to
higher absorption coefficient at 1.5 AM conditions (>105 cm−1).
However, similar to LHPs, Cs3Sb2X9-αYα possesses a compositional
tunable bandgap, which makes this material very interesting for IPV
applications. DFT band structure calculations showed that the VBM
of 2D Cs3Sb2I9 is composed of mixed I p and Sb s orbitals, whereas
CBM is mainly derived from Sb p states [Fig. 10(a)].104 It is rather
interesting to note that this band structure strongly mimics the 2D
layered (N = 4) lead-halide counterpart (Cs2PbI4), where the VBM
consists of hybridized filled Pb-6s and I-5p orbitals, while the CBM
mainly consists of empty Pb-6p orbitals [Figs. 10(c) and 10(d)].105,106

Thus, one expects 2D Cs3Sb2I9 to deliver similar structural charac-
teristics and optoelectronic properties to its lead-based counterpart.
The 2D Cs3Sb2I9 does not only display a lower direct bandgap of
∼2 eV but also shows improved band dispersion compared to its
0D counterpart, which, on the contrary, has a much larger indirect
bandgap of 2.4 eV [Fig. 10(b)]. Furthermore, it has been verified
by the space charge limited current (SCLC) that 2D Cs3Sb2I9 thin

films have a hole mobility of 6.81 cm2/V s−1, which is almost double
that in 0D polymorph, which is also indicative of the reduced carrier
effective mass in the case of the 2D phase.

Despite the positive aspects highlighted above, theoretical stud-
ies of defect properties by Saparov and co-workers have suggested
the presence of dominant deep-level defects in 2D Cs3Sb2I9.104 Out
of the studied intrinsic point defects, like cation vacancies (VCs, VSb),
iodide interstitial (Ii), Cs on Sb cation substitution (CsSb), anion-
on-cation antisites (ICs, ISb), iodide vacancy (VI), cation interstitial
(Csi, Sbi), Sb on Cs substitution (SbCs), and cation-on-anion antisite
substitution (CsI, SbI), the thermodynamically dominant defects are
VCs, Ii, ISb, Csi, and VI; among these, only Csi and VCs produce shal-
low levels, whereas Ii, ISb, and VI produce deep levels according to
the calculated charge transition levels.

These defects have also been considered responsible for the
limited stability of both 0D and 2D polymorphs of Cs3Sb2I9 to
humidity, air, heat, and light.107 The authors identified the loss of
iodine from the system as the prime reason for the degradation of
the Cs3Sb2I9 system. Unfortunately, no theoretical explanation has
yet been provided to help devise strategies to counteract this phe-
nomenon. Finally, mild fabrication conditions favor the formation
of 0D Cs3Sb2I9, while to obtain the 2D polymorph, specialized tech-
niques, such as thermal evaporation or treatments at temperatures
≥230 ○C, must be used.108

Halide alloying is proposed to overcome some of the limitations
of Cs3Sb2I9 without impairing the intriguing characteristics of the
material. According to theoretical investigations of Park and Hong,
33% Cl substitution in Cs3Sb2I9 leads to formation of stable 2D
Cs3Bi2I6Cl3 and was accompanied by 0.22 eV bandgap reduction
compared to 0D Cs3Bi2I9.109 While reduction of the bandgap is nei-
ther important nor desirable for IPV, the authors of the work of
Jiang et al. also reported that partial replacement of iodide with
chloride in the Cs3Sb2I9 lattice suppresses the formation of the
0D phase.110 The previous observations were supported by Peng
and co-workers, who reported a PCE of 2.15% for high-quality 2D
Cs3Sb2ClxI9−x films.101 However, none of the theoretical calculations
report the composition–structure–optical property relations specifi-
cally for Cs3Sb2I9−xClx PV cells. However, a recent theoretical study
carried out by Pradhan et al. showed that a minimal (two atoms per
formula structure) substitution of Br in Cs3Sb2Cl9, Cs3Sb2Cl7Br2,
led to an indirect (2.28 eV)-to-direct (2.17 eV) bandgap transi-
tion.111 The splitting of p-states of halides and Sb just above the
Fermi level induced by change in the terminal Cl/Br–Sb–Cl/Br bond
angle is observed to be the primary reason for transition of the
band from an indirect to direct type with Br substitution. Hence,
halide alloying does appear to be an effective strategy to obtain high-
quality 2D structures and, henceforth, materials that can deliver high
PCE. Despite the progress, the still limited efficiency raises numer-
ous questions about charge transport between the material and the
HTL/ETL. Hence, extensive and systematic theoretical research is
important for the progress of this field.

III. HEAVY PNICTOGEN-BASED PEROVSKITES
AND PIMs: THE MODEL CASE OF THE Cs2AgBiBr6 DP

In the frame of the three PIMs discussed within this review,
the ionic structure of the Cs2AgBiBr6 DP is undoubtedly the clos-
est to the original ABX3 perovskite structure. In this material, the
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FIG. 10. Partial density of states (PDOSs) of (a) layered and (b) dimer modifications of Cs3Sb2I9, respectively. (c) In the panel, the corresponding band structures are shown.
Adapted with permission from Saparov et al., Chem. Mater. 27(16), 5622–5632 (2015). Copyright 2015 Author(s), licensed under a Creative Commons Attribution 4.0 License.
(d) PDOSs of Cs2PbI4 (N = 4); (e) calculated band structures of Cs2PbI4(N = 1–4). Reproduced with permission from L. Zhang and W. Liang, J. Phys. Chem. Lett. 8(7),
1517–1523 (2017). Copyright 2017 American Chemical Society.

divalent Pb2+ cations on the B-site are substituted by a (theoreti-
cally) equal ratio of monovalent Ag+ and trivalent Bi3+ cations, to
form a perovskite-like structure in which [AgBr6]5− and [BiBr6]3−

octahedra are arranged in an alternating fashion [see Fig. 2(a)].
Accordingly, this material and materials in which analogous substi-
tutions are performed are named DPs or elpasolites. As Cs2AgBiBr6
is a fully inorganic DP and Ag+ and Bi3+ are very inert cations,
this material is generally characterized by high stability to environ-
mental conditions. In contrast to its lead-containing counterparts,
Cs2AgBiBr6 possesses an indirect bandgap that is reported to be
between 2 and 2.2 eV.66,112,113 Although this bandgap energy is only
slightly exceeding the optimum value for IPVs (see Fig. 1), its indi-
rect character and other optoelectronic properties of this material,
like the strong electron–phonon coupling (described in detail in
Sec. II),114,115 and the fast surface carrier recombination,116 prevent
it from achieving large PCEs as a light-harvesting material in PPVs.
Still, since Cs2AgBiBr6 is one of the earliest PIMs investigated,36

extensive research on this material can serve as the basis to syn-
thesize and characterize related PIMs, which can help overcome
the efficiency-hampering features of Cs2AgBiBr6. For this reason,
we summarize here relevant information about the state-of-the-art
research progress on Cs2AgBiBr6, to show from which of these find-
ings other PIMs can benefit. It is important to note that, in the

vast majority of reports that studied Cs2AgBiBr6 as light-harvesting
material, the PV devices were not characterized under indoor but
rather under outdoor irradiation. Still, Cs2AgBiBr6 IPVs will benefit
from investigations about the material’s crystallization behavior, its
optoelectronic properties, or the dependence of its bandgap on the
structure. Moreover, research on entire solar cells will support the
investigation on IPVs, owing to Cs2AgBiBr6’s suitable bandgap for
the scope. For example, recently, some of us reported on a “green”
Cs2AgBiBr6-based solar cell architecture by substituting the gold
back electrode and HTL with a single layer of carbon black that was
obtained from upcycled 5-year-old used car tires and deposited by
ultrasonic spray-coating from atoxic isopropanol with no additives
(Fig. 11).117 This approach of utilizing an end-of-waste material,
in conjunction with a sustainable PIM as a light-absorber, dras-
tically reduces production costs and toxicity concerns for devices
expected to operate within households and at the same time enables
the fabrication of solar cells with exceptionally high open-circuit
voltages (VOC).

Cs2AgBiBr6 is prepared analogously to its lead counter-
parts from solution, e.g., via spin-coating,118,119 by evaporation,
even single-source evaporation,120 or by pulsed laser deposition
(PLD).121 The first critical step to creating well-performing PVs
is to fabricate homogeneous, pinhole-free perovskite thin films
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FIG. 11. (a) Process for the production of an end-of-waste carbon black powder from waste tires. (b) Schematic of the ultrasonic spray-coating method used to deposit the
carbon electrode on Cs2AgBiBr6 solar cells. (c) Cross-section scanning electron microscope image of the resulting solar cell. (d) Current density–voltage characteristics of
the device in dark, light, and after application of gentle pressure on top of the carbon electrode with a conductive glass slide. Adapted with permission from Schmitz et al.,
ChemSusChem 15(22), e202201590 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution 4.0 License.

that feature large grain sizes, thus reducing the number of grain
boundaries, which serve as dominant nonradiative recombina-
tion sites and as main channels for ion transport.122 To reduce
this degradation-inducing ion diffusion during long-term opera-
tion,123 the authors of the work of Li et al. added the ionic liquids
1-butyl-1-methylpyrrolidinium chloride (BMPyrCl) and 1-butyl-
3-methylpyridinium chloride (BMPyCl) to interact with the Br−

ions, pinning them in the perovskite structure.124 This drastically
improved the resulting device long-term stability.

Moreover, control over the PIMs crystallization process is
crucial to fabricate high-quality thin films. The grain growth and
homogeneity of PIM thin films can either be positively affected
by introducing additives, such as thiourea (TU),118 formamidinium
acetate,119 an (HBr)-assisted synthesis,125 or by covering the ETL
with methylammonium chloride before spin-coating Cs2AgBiBr6.126

The latter does not only enhance the crystallization but also reduces
trap-assisted recombination by facilitating the electron extraction
from the perovskite to the ETL.126 A more fundamental method
to enhance the film quality is to perform solvent engineering.
The authors of the work of Abdelsamie et al. were able to obtain
detailed insights into the crystallization process when antisol-
vent dropping was performed during the spin-coating process,
using in situ spectroscopy and in situ grazing incidence wide-
angle x-ray scattering (GIWAXS).125 They found that antisolvent

dropping increased the film homogeneity by inducing instantaneous
supersaturation and crystallization of the wet film. Furthermore,
not only does antisolvent dropping require a hot casting but also
the dropping time within a narrow window is critical to creating
pinhole-free films.

Since the bandgap of Cs2AgBiBr6 is too large even to achieve
an optimum PCE in IPVs, various options to decrease it have been
investigated. Analogous to lead-based perovskites, ionic substitu-
tion, especially anion exchange, is a promising attempt to tune the
bandgap. In this regard, substituting Br− by I− would reduce the
material’s bandgap. Simulations by the authors of the work of Alla
et al. indicate that Cs2AgBiI6 could reach up to ∼29% PCE in com-
bination with suited ETL and HTL in OPVs. Despite this, pure
Cs2AgBiI6 has not found use in real devices due to its unstable
nature.127 On the contrary, a partial substitution of Br− by I− via
anion exchange utilizing methylammonium iodide (MAI) during
post-treatment to fabricate CsAgBiBr6−xIx (0 ≤ x ≤ 4) thin films led
to a bandgap reduction by up to 0.3 eV for an iodide content of x = 4
[Fig. 12(a)].128 Shifting the bandgap toward larger values is also pos-
sible by substituting Br− with Cl− instead of I−. The authors of the
work of Ahn et al. showed this for their mechanochemically synthe-
sized CsAgBiBr6−xClx (0 ≤ x ≤ 6) powders, gradually blue-shifting
the material’s absorption as well as emission spectra with increasing
Cl− content.129 Interestingly, Raman spectral analyses pointed out
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FIG. 12. (a) Bandgap tuning through halide exchange via MAI post-treatment. Adapted with permission from Wu et al., ChemSusChem 14(20), 4507–4515 (2021). Copyright
2021 Wiley. (b) Schematic bandgap dependency on the degree of disorder in the [BiBr6]3− and [AgBr6]5− octahedra for Cs2AgBiBr6. Reproduced with permission from Yang,
Zhang, and Wei, J. Phys. Chem. Lett. 9, 31–35 (2018). Copyright 2018 American Chemical Society. (c) Color of single crystals as well as (d) Ag–Br and Bi–Br bond lengths
for varying annealing temperatures, and (e) effect of 400 ○C annealing temperature on VB, CB, and Fermi energy. Reproduced with permission from Zhang et al., Small
18(24), 2201943 (2022). Copyright 2022 Wiley.

that the formation of Br−-rich and Cl−-rich octahedra is preferred
rather than a homogeneous alloy.130 Not only the anionic but also
the cationic substitution of Bi3+ can have an impact on the bandgap.
The incorporation of Sb3+ on the Bi3+ site can lead to a reduction of
the bandgap.131 However, Sb3+ hardly substitutes Bi3+ except when
utilizing a mechanochemical or a spray-drying synthesis that allows
up to 40% of Sb3+ substitution.131

As mentioned in Sec. II, composition alternation is not a neces-
sity to tune the material’s bandgap. Due to the special property of
Cs2AgBiBr6, containing a mixture of two different B-site octahedra,
a variation of their structural arrangement, too, strongly influences
its bandgap. First-principles calculations show that the large indi-
rect bandgap that is typically observed for Cs2AgBiBr6 exists due to
the highly ordered structure of alternating [BiBr6]3− and [AgBr6]5−

octahedra.68,132 However, as soon as antisite-type defects are created,
changing the ordered structure to a disordered one, not only does

the bandgap decrease gradually with the degree of disorder, reach-
ing a minimum of 0.44 eV for a fully disordered structure,68 as it
is depicted in Fig. 12(b), but also the bandgap character changes
from indirect to direct132 or pseudodirect.68 Since the energy dif-
ference per mixed cation site between the ordered and disordered
Cs2AgBiBr6 is quite large with a value of 0.141 eV, most reported
thin films and single crystals possess the ordered structure and
therefore the unwanted large indirect bandgap.

The authors of the work of Zhang et al. proved this theoreti-
cal model experimentally by annealing a Cs2AgBiBr6 single crystal
at various temperatures. They observed a shift in UV–vis absorption
spectra and photoluminescence spectra as well as a coherent change
of the single crystal color from red to black at 400 ○C, depicted
in Fig. 12(c), that corresponded with a bandgap reduction from
2.05 to 1.69 eV.133 Lower temperatures from room temperature up
to 300 ○C did not induce any change in optical properties and an
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FIG. 13. (a) Polaron hopping mechanism in Cs2AgBiBr6: Excited carriers relax via coupling with longitudinal optical (LO) phonons. Distortion of the soft Cs2AgBiBr6 lattice
triggers acoustic phonons in which the carriers are self-trapped. This ultrafast trapping process favors the polaron hopping transport. Reproduced with permission from Tailor
et al., J. Phys. Chem. Lett. 14(3), 730–736 (2023). Copyright 2023 American Chemical Society. (b) Comparison of Cs2AgBiBr6 DOS at T = 0 K and room temperature, (c)
electrical conductivity tensors calculated for T = 300 K for Cs2AgBiBr6 and for (d) CsPbI3. Reproduced with permission from J. Gebhardt and C. Elsässer, Phys. Status Solidi
B 259(8), 2200124 (2022). Copyright 2022 Wiley.

annealing temperature of 450 ○C led to the decomposition of the
material, which follows the thermal stability limit of 410 ○C, reported
by Dakshinamurthy and Sudakar.134 For the 400 ○C annealed single
crystal, a large change of Ag–Br and Bi–Br bond lengths occurred,
shown in Fig. 12(d), that could not be attributed to temperature-
induced lattice expansion but was explained by the formation of AgBi
and BiAg antisite defects.133 As a result, those antisite defects broaden
the band edges, change the energy levels of VBM and CBM, which
could be observed by x-ray photon spectroscopy measurements, and
therefore decrease the bandgap [Fig. 12(e)].

Finally, a hydrogenation of Cs2AgBiBr6 thin films, resulting
from interstitial doping with atomic hydrogen atoms, also strongly
affects their bandgap.60,61 Using this method, the group of Sui
was able to reduce the bandgap from 2.18 to 1.64 eV, to create
Cs2AgBiBr6 OPVs with a record PCE of 6.37%.60 They also observed
that the hydrogenation treatment improved the material’s charge
carrier concentration, mobility, and lifetime. Numerical simulations
show that an optimization of the ETL toward a SnO/ZnO0.4S0.6 dou-
ble ETL system as well as an increased Cs2AgBiBr6 film thickness
could increase the OPV PCE to 14.23% and a PCE of 15.61% at a
lower intensity of 40 mW/cm2, which hints at the perspective use of
this architecture in IPVs.

Besides the optimum band alignment between Cs2AgBiBr6 and
ETL as well as HTL, respectively, and the width of the bandgap,
its character, followed by other intrinsic optoelectronic proper-
ties have deeply been investigated to reveal the reason for its
weak PV performance of Cs2AgBiBr6. Recent electrochemical analy-
ses such as temperature-dependent electrochemical spectroscopy,136

temperature-dependent ac conductivity analysis,115 and field-effect
transistor measurements122 revealed that the dominant conduction

mechanism in this material is thermally activated polaron hopping,
which is depicted in Fig. 13(a). Additionally, Gebhardt and Elsässer
used a self-energy-corrected DFT method to investigate the elec-
tronic structure of Cs2AgBiBr6 in which they emphasized that the
inclusion of structural dynamics broadened the CB and therefore
decreased the indirect bandgap, an aspect, which many calculations
neglect but is crucial for an accurate description of its electronic
structure, as shown in Fig. 13(b).135 Furthermore, they debated the
low DOS in CB, as well as the absence of states between the CB
and the next band CB + 1, is the cause of the low conductivity of
Cs2AgBiBr6, since charge extraction in photovoltaics does not only
rely on charge carriers that occupy the band edges. While the con-
ductivity in the VB of Cs2AgBiBr6 [Fig. 13(c)] is like that of CsPbI3
[Fig. 13(d)], its CB conductivity is significantly lower, which results
in PCEs for Cs2AgBiBr6 that are an order of magnitude lower than
those of LHP solar cells.

In summary, these investigations show that there are unex-
ploited aspects of Cs2AgBiBr6 for PVs, which is contrasted by its
unfavorable intrinsic optoelectronic properties. Still, the detailed
analyses of this material can pave the way for related PIMs that, by
clever design, can overcome the limits of Cs2AgBiBr6.

IV. EMERGING PIMs: THE CASE
OF THE BiOI OXYHALIDE

The BiOI oxyhalide PIM is at the forefront of many differ-
ent research efforts, trying to implement it both in (I)PV6 and
also in photoelectrochemical systems for the solar-driven splitting
of water to produce hydrogen or for the reduction of CO2.137

Bi- and Sb-based chalcohalides are also investigated for similar
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purposes. Although we do not discuss them here, we want to address
the reader with another interesting and very recent review on
the topic.138

The BiOI semiconductor has a layered structure [see Fig. 2(b)],
with layers being held together by weak van der Waals forces along
the c-axis, analogous to its sister halide species like BiI3 and Ag3BiI6.
Although the 2D structure is not generally considered favorable for
light-induced charge separation processes, this issue could become
almost irrelevant when a semiconductor growth strategy has been
properly developed to induce the orientation of the c-axis paral-
lel to the substrate (and thus to the ETL and HTL). The authors
of the work of Crovetto et al. have reported a detailed analysis of
the three sister bismuth halide semiconductors (i.e., BiOI, BiI3, and
Ag3BiI6) in terms of electronic properties, thin film growth, and PV
performance in single-junction solar cells.139 All three of them have
common features, such as the low to moderate temperature suit-
able for their synthesis [here carried out through oxy(iodization) of
metallic precursors], the optimal bandgaps for top absorbers in tan-
dem solar cells, and a relatively deep VB. However, this survey shows
that texture control, i.e., crystals’ orientation, could only be achieved
partially for BiOI and BiI3, with the former showing overall the best
PV parameters, with a maximum PCE of 0.66%.

The first consistent contribution to making the PV perfor-
mance obtained from BiOI-based solar cells competitive with other
emerging semiconductors has been given in the work of Hoye et al.

in 2017.97 In this milestone work, the authors have investigated
all-inorganic devices with configuration ITO∣NiOx∣BiOI∣ZnO∣Al
[Fig. 14(b)], in which the BiOI photoabsorber layer was grown by
chemical vapor transport (CVT), a process with excellent perspec-
tives for industrialization. The thus produced BiOI layers resulted to
be very stable under standard environmental conditions (20–25 ○C
ambient temperature, 46%–67% relative humidity, and standard
laboratory illumination) without any encapsulation, as shown by the
x-ray diffraction (XRD) patterns measured over 197 days
[Fig. 14(a)]. The stability was confirmed by a direct compar-
ison within entire PV architectures with a classical LHP, i.e.,
MAPI. While the latter is well known for its strong sensitivity to
moisture, causing a progressive PCE decay within a few minutes
of operation, the BiOI-based devices were found to maintain their
initial performance for up to 3 days [Fig. 14(c)]. Although the best
PCE values were lower than 2%, an impressive external quantum
efficiency (EQE) of 80% was measured, thanks to the densely
packed morphology of the NiOx HTL and BiOI layers. In addition,
the first evidence of the better suitability of this semiconductor
for PV operation under low-intensity illumination comes from
the observed trend in Fill Factor (FF) reported in Fig. 14(c): This
figure of merit is indeed at its maximum at the lowest tested light
intensity. The observation agrees with the trends in shunt and
series resistances, indicating an increase in photogenerated carrier
recombination when carrier densities rise, at elevated light intensity.

FIG. 14. Characterization of CVT BiOI thin films and solar devices. (a) Long-term stability of the CVT BiOI films as determined by x-ray diffraction on films kept in air for a
prolonged time. (b) Solar cell architecture as seen by cross-section SEM image and BiOI film morphology as seen in top-view SEM images (left: sole BiOI; right: ZnO further
grown onto BiOI). (c) Performance of BiOI and CH3NH3PbI3 devices over time under constant 1 sun illumination (left) and effect of light intensity onto cell parameters (right).
Adapted with permission from Hoye et al., Adv. Mater. 29(36), 1702176 (2017). Copyright 2017 Author(s), licensed under a Creative Commons Attribution 4.0 License.
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The same group achieved a preferential orientation along the
c-axis with higher control over the BiOI layer. This allowed a shift
of the VOC from 0.7 to 0.9 V, which is near the calculated theoretical
limit of 1.34 V.140 Tuning of the orientation was possible thanks to
the variation of operative conditions used for CVT: In a nucleation-
dominated regime, the c-axis orientation results are favored
[Fig. 15(b)] compared to a grain-growth dominated one, in which
a/b-axis orientation is preferred [Fig. 15(a)]. This morphological
change has a direct influence on solar cell performance, as shown
in Figs. 15(c) and 15(d) with higher VOC measured in devices fea-
turing the absorber in preferential c-axis orientation. However, this
arrangement is detrimental to charge extraction, as clearly shown by
the concomitant decrease in current density [Fig. 15(c) and 15(e)], as
the ETL and HTL are not directly connected with the higher mobil-
ity crystal planes. The authors concluded that for the specific case
of (I)PV applications, a combination of a/b-axis and c-axis oriented
platelets might be necessary within the photoactive layer. Alter-
natively, a back-contact architecture may be explored using c-axis
oriented BiOI. From this last orientation, other applications might
benefit, for example, field-effect transistors.141

Recently, there has been a growing interest in demonstrating
the use of solution-processing methods to fabricate films of BiOI
suitable for PV. Soga and co-workers have pioneered the succes-
sive ionic layer adsorption and reaction (SILAR) method carried
out on a spin-coating platform (previously SILAR was reported only
through dip-coating) as a simple and “green” technique to prepare
BiOI thin films suitable for PV.141 In this first contribution, 300
nm thick films of BiOI on FTO were obtained by applying 30 reac-
tive cycles of SILAR employing water solutions of Bi(NO3)3●5H2O
and KI as the alternatively-deposited precursors, although no indi-
cations of annealing treatment are provided. The films were used in

dye-sensitized solar cell-like configurations as photoanodes with a
liquid iodide/triiodide electrolyte couple, delivering very low PCE
(0.05%). Improvements in device performance were obtained by
applying a 100 ○C 1 h annealing treatment in air on the spin-SILAR
deposited films, reaching a PCE of slightly more than 0.1%.142

The most remarkable and recent result obtained from solution-
processing of BiOI is undoubtedly the one presented in work of
Feeney et al., in which solar cells with the same all-inorganic archi-
tecture as the one employed in the work of Hoye et al. were
fabricated uniquely resorting to solution-based deposition of both
the BiOI photoactive layer and the NiOx HTL and ZnO ETL.143

Here, the authors have resorted to the templated conversion of bis-
muth iodide thin films through hydrolysis in a methanol/water bath,
in a low-temperature (<100 ○C), carbon-free iterative process, which
is depicted in Fig. 16(a). In detail, they first spin-coated BiI3 solution
onto substrates that were annealed, afterward. Then, they submerged
the films in a 1:1 mixture of methanol and water to convert the
BiI3 to BiOI and then rinsed it two times in pure methanol, before
drying the thin films at 100 ○C [Fig. 16(a)]. The nickel oxide HTL
was instead prepared via sol–gel, while the ZnO ETL was obtained
from direct spin-coating deposition of ZnO nanoparticles. In sim-
ilar solar cells, the PCE was strongly influenced by the number of
BiOI layers (and partially by that of the ETL), with a peak perfor-
mance at three layers of around 0.7% [Fig. 16(a)]. In the attempt to
exploit the effect of a preferential a/b-axis orientation in the BiOI
film, the authors further examined the effect of using sodium iodate
as a templating agent and dopant in the hydrolysis bath. Figure 16(b)
shows the effect of this treatment, with a relevant improvement
happening only at 0.5 mM concentration of the iodate template,
allowing partial vertical deposition of the BiOI grains within the
films, which favors charge extraction. In this configuration, PCE

FIG. 15. Effect of controlled orientation of BiOI films on PV parameters. Morphology of thin film photo-absorbers having preferential (a) a/b-axis and (b) c-axis orientation.
(c)–(e) PV data for the differently oriented films. Reproduced with permission from Jagt et al., J. Mater. Chem. C 8(31), 10791–10797 (2020). Copyright 2020 Author(s),
licensed under a Creative Commons Attribution 3.0 Unported License.
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FIG. 16. Solution-processed BiOI thin films and devices. (a) Sketch of the deposition solution-based method, device architecture, and device characteristics at different
thicknesses of the HTL, ETL, and photo-absorber. (b) Effect of iodate treatment on the device performance and crystalline grain orientation. Adapted with permission from
Feeney et al., Nanotechnology 34, 305404 (2023). Copyright 2023 Author(s), licensed under a Creative Commons Attribution 4.0 License.

shifted to an average of 0.75%, thanks to the improvement in current
density.

Ultimately, studies on bandgap tuning in BiOI might also
allow to improve (I)PV performance of this material: Although the
bandgap is optimal for indoor conditions, some slight changes might
still allow it to reach better match with the spectrum of LEDs, for
example. Moreover, narrowing the gap might pave the way for uti-
lization of this material in outdoor applications. For the moment,
very few reports have studied this issue and mostly about the use
of the material as a photo(electro)catalyst: Zhang and Zhang have
reported iodine self-doping of BiOI,144 while the authors of the
work of Ren et al. have studied the effect of defects engineering
by acting on oxygen vacancies.145 These are undoubtedly valuable

approaches, but likely they require a better rationalization for use in
solar cells.

V. EMERGING PIMs: THE CASE OF Cs3Sb2I9−xClx
Considering antimony, when Sb replaces the Pb2+ cation in a

metal-halide structure, being its stable cation trivalent, the resul-
tant basic unit is of the form SbX6

3−. The tridimensional shape is
an octahedron, where the halides are coordinated by the A+ cation,
providing a PIM with a particular dimensionality and structure.
A3B2X9 usually crystallizes into zero-dimensional (0D) or two-
dimensional (2D) species [for comparison, the A2BIBIIIX6 DP is a
tridimensional—3D—species, see Fig. 2(a)].
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In particular, the fully inorganic Cs3Sb2I9 PIM shows either a
0D dimeric form or a layer-shaped 2D one. Colloidal nanocrystals
of this compound possess deeper defect levels compared to the lead-
based counterparts, thus affecting electronic properties and requir-
ing tight control over the defect’s chemistry.146 The 2D form has an
optical bandgap of 2.05 eV and it is known for being notably sta-
ble in ambient conditions compared to MAPbI3. Colloidal Cs3Sb2I9
nanocrystals are synthesized in a 2D structure with a high absorption
coefficient, making them a valuable candidate for perovskite light
absorbers. The substitution of the A+ cation with other alkali met-
als like K or Rb creates other interesting light absorbers that were
previously reviewed.147

The solution-processed PIM forms the 0D structure, whereas
the 2D form is obtained only when a solid or gas reaction takes place.
The authors of the work of Saparov et al.104 determined a bandgap
of 2.05 eV, an absorption coefficient of 105 cm−1, and an ionization
potential of 5.6 eV. However, the high number of defects that form in
both cases hugely affects the PV performances, thus providing a gen-
eral PCE not higher than 1% in OPV architectures.108 Furthermore,
the high binding energy and the presence of an indirect bandgap of
2.5 eV cause low photocurrents.148 In addition, it is worth mention-
ing that some recent studies have shown the possibility of tuning
the optical bandgap exploiting high pressure: Narrowing of bandgap
takes place from the initial 2.05 eV value to 1.36 eV, with proved
recrystallization of the lattice.149,150 These studies demonstrate that
a similar strategy can be useful for successful bandgap tuning of 2D
structures.

For this reason, halide doping strategies have been applied, to
improve optoelectronic properties of the A3Sb2I9 PIM. One of these
strategies resorts to the use of an HCl treatment. Cl− anions are sus-
pected to suppress the formation of Sb–I–Sb clusters, thus improv-
ing the crystallization process. In an important work, Zhou and
co-workers demonstrated that, by incorporating a discrete amount
of chloride into the methylammonium (MA) antimony iodide PIM
(MA3Sb2I9), a stabilized high-quality 2D layered phase film forms:
By proper calculations, it is possible to demonstrate that chloride
inclusion energetically favors the 2D layered phase with respect
to the 0D dimeric phase, thus corroborating the experimental evi-
dence (Fig. 17). This modification provides a PCE of more than
2% (2.15%–2.17% stabilized efficiency), that was the record for the
time.110 In the same period, the authors of the work of Umar et al.151

proposed an antisolvent engineering methodology for stabilizing the
planar phase, by adding a chloride additive like HCl, achieving a
best PCE of 1.2%, probably lower due to the fast crystallization that
produced smaller grains (not bigger than 50 nm).

For increasing the size of crystalline domains, chemical
additives were employed, such as N-Methyl-2-pyrrolidone (NMP),
thiourea (TU), and bis(trifluoromethane)sulfonimide lithium
(the well-known LiTFSI used for 2,2′,7,7′-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9′-spirobifluorene (SPIRO-OMeTAD)
HTLs p-doping). These compounds have the ability to form
complexes with the trivalent antimony cation, thus retarding the
perovskite formation process through the so-called “intramolecular
exchange:” The authors of the work of Yang et al.152 applied lithium
bis(trifluoromethane)sulfonimide (LiTFSI) to MA3Sb2I9−xClx films,
reaching 3.34% PCE value and retaining 90% of the initial PCE
after storing the solar cells under ambient conditions for 1400 h
(Fig. 18). This result is very relevant, since the MA-based Sb(III)

FIG. 17. Effect of chloride addition to dimeric/layered structural transition in Sb(III)-
based PIMs. Reproduced with permission from Jiang et al., J. Am. Chem. Soc.
140(3), 1019–1027 (2018). Copyright 2018 American Chemical Society.

PIM usually suffers from chemical instability due to the presence of
humidity, with respect to the all-inorganic sister species previously
discussed.

TU and NMP are used for their capability of acting as Lewis
bases as it is commonly reported for LHPs.153 The presence of an
intermediate complex [formed from the reaction with the Lewis
acid, i.e., the Sb(III) halides] decreases the formation rate constant
and thus also the rate of crystallization. However, the use of Lewis
adduct phases is usually applied to organic–inorganic perovskites
like MA or FA Pb perovskite.154–156 The authors of the work of
Singh et al.157 for the first time used the methodology with the full
inorganic Sb-based PIM, by selectively adding either TU or NMP,
achieving notable efficiencies (more than 1.5%), substantially given
by increase in the photocurrent (3.5 vs 2.5 mA cm2 for the control
sample). The authors indicate that this improved efficiency origi-
nated from diminished charge carrier recombination, as confirmed
by PL measurements and EQE analysis. However, the NMP additive
is more effective than TU because the latter makes the films more
vulnerable to environmental stress.

However, TU addition is beneficial for obtaining a tuned
morphology. The orientation of crystals on the substrate surface
indeed strongly affects the efficiency158 of solar cells when 2D
layers are considered. For this reason, several efforts were made in
forcing vertical growth: In a very recent report,159 2D Cs3Sb2I9−xClx
film with (201) preferential orientation was realized. In this work,
the authors added TU to the precursor solution and, thanks to
the C=S group in this molecule, the crystallization dynamics
were regulated so that the (201) orientation could be achieved
instead of the unwanted (001) orientation, providing a stabilized
efficiency of about 2.2%. In another relevant work,160 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)indanone))-5,5,11,11-tetrakis
(4-hexylphenyl)dithieno[2,3-d:2́,3́- d́]-s-indaceno[1,2-b:5,6- b́]dithi-
ophene, usually abbreviated as ITIC additive, was used both as

APL Energy 1, 021502 (2023); doi: 10.1063/5.0161023 1, 021502-20

© Author(s) 2023

 28 Septem
ber 2023 09:23:13

https://pubs.aip.org/aip/ape


APL Energy REVIEW pubs.aip.org/aip/ape

FIG. 18. LiTSI addition to MA3Sb2I9−xClx PIM and OPV stability tests. Adapted with permission from Yang et al., ACS Appl. Mater. Interfaces 12(14), 17062–17069 (2020).
Copyright 2020 American Chemical Society.

Lewis base and as a complimentary ETL for an antimony-based
PIM to improve both the quality and the spectral coverage of the
light-absorber film. The resulting solar cells (with the architecture
ITO/PEDOT:PSS/Cs3Sb2I9/ITIC/PCBM/Ca) showed the highest
reported efficiency so far, to the best of our knowledge, i.e., 3.25%.

The compositional manipulation of Cs3Sb2I9 to realize a repro-
ducible 0D to 2D structural conversion, while preventing the for-
mation of the preferential in-plane orientation, commonly obtained
by solution-based low-temperature routes involving a mixture of
halides (chloride and iodide), is a relevant result reported in a recent
study of Peng et al.101 In this contribution, the active layer is com-
posed of a sandwich structure (Cs3Sb2Cl3I6/Cs3Sb2I9) that allows
obtaining unoriented perovskite films that provide superior EQEs.
The consequence of this outcome is that layered all-inorganic Sb

halides could potentially deliver higher PV performances by align-
ing their perovskite sheets in the out-of-plane direction as it usually
occurs in layered LHPs.161

VI. CONCLUSIONS
In this Review, we combine discussion on theoretical back-

ground and experimental results to provide an up-to-date overview
of the potential for application in IPV of three representative PIMs,
which are the DP Cs2AgBiBr6, here considered as a model system
for pnictogens-based species, BiOI, and Cs3Sb2I9−xClx. Although
the current (I)PV performance of these semiconductors is still
rather low (PCEs rarely above 5%), their bandgaps (in particular
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the ones of the two latter PIMs) are close to the optimum value of
1.9 eV, with EQE spectra in devices matching very well the emis-
sion spectra of WLEDs and FLs. Ideal IPV cell efficiencies have been
estimated to have the potential to reach maximum values around
40% (but only slightly more than 10% for the Ag–Bi DP).6 Those
numbers justify the need for more thorough investigations to be
carried out in the future on performance optimization in these
materials, which will be achieved through a better understanding
of their defects physics as well as their structural and morpholog-
ical arrangements when deposited as thin films. For example, in
this Review, we described how doping of such materials can on
the one hand tune the bandgap toward optimum values and on the
other also improve properties such as carrier mobility and lifetime,
i.e., for hydrogenated Cs2AgBiBr6.60 Therefore, we believe that fur-
ther research on this process will improve the efficiency of PIMs as
indoor light-harvesters, eventually.

However, this cannot be seen as the only advantage to investi-
gate the implementation of BiOI and Cs3Sb2I9−xClx in light energy
harvesting devices. Perhaps, the biggest advantage is deriving from
the good level of sustainability characteristics of these PIMs, based
on low-toxicity elements like the heaviest pnictogens Sb and Bi,
which contrasts with that of other emerging semiconductors of the
same family, i.e., the LHPs. The purchase criticality of the former
compared to the latter is currently more pronounced, but there
are very optimistic perspectives for an increased recycling rate,
which will certainly be sought if demonstration for technological
and, consequently, industrial utility is achieved. In the end, silicon,
the main protagonist of the semiconductor industry, is also listed
among CRMs, but this does not prevent its widespread implemen-
tation in a wide range of applications for which semiconductors are
necessary.

The current requirements for more sustainable energy har-
vesters, which can also be produced at low costs and undergo ease
of recovery postmortem, calls for a collective effort involving mate-
rials scientists, physicists, and engineers toward the identification of
the most promising semiconductors, taking into consideration the
many aspects discussed above. We believe that for the two emerg-
ing PIMs discussed here, by taking inspiration from what has been
previously learned for the more studied Cs2AgBiBr6, it will be pos-
sible to achieve excellent results in terms of device efficiency within
the next 5–10 years, whereas the environmental stability is already
a well-recognized asset. In this way, we soon expect to have IPV
devices to power our IoT systems within households and other
private or public spaces and also perhaps within “delicate” environ-
ments, such as those connected to agriculture and farming, based on
these and other similar materials, which will contribute to close the
loop between energy efficiency and sustainability of production and
operation.
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